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Non-Intrusive Monitoring for Condition-Based Maintenance

ABSTRACT

The Navy's Integrated Condition Assessment
System (ICAS) is continuously evolving to meet
the needs of today’s fleet as well as the require-
ments of future ship designs. This paper de-
scribes a technology known as the non-intrusive
load monitor that could support the evolution of
ICAS and other condition-based maintenance
(CBM) systems. The non-intrusive load monitor
(NILM) [8, 9, 10] can be used in many instances
to determine the state of electromechanical sys-
tems strictly from easily acquired electrical
measurements. This paper explores the potential
applicability of the NILM to naval vessels using
field data collected on tHdSCGC Seneca

INTRODUCTION

Monitoring of machinery systems has become
increasingly important in meeting the rapidly
changing requirements of U.S. warships. As the
pressure to reduce manning on ships increases,
so does the need to reduce organizational level
maintenance. Increased operating tempos are
requiring maintenance providers to make repairs
faster and ensure that equipment operates relia-
bly for longer periods.

ICAS

The Integrated Condition Assessment System
uses a CBM approach to reduce the burden of
preventive maintenance practices on crews while
improving coordination with shore-based main-
tenance providers. A shipboard ICAS installa-
tion is typically made up of several Windows
NT workstations, printers, portable (manual) and
installed (automatic) data acquisition devices,
and a CD-ROM tower of Navy logistic products,
all linked by a fiber-optic Local Area Network.
ICAS data is transmitted from ships to shore-
based support facilities on a periodic basis, or

immediately in the event of a key equipment
failure. ICAS data potentially improves the effi-
ciency of technical support visits and evaluation.
It also potentially improves the accuracy of fu-
ture work packages and class maintenance data-
bases. ICAS is the U.S. Navy's “Program of
Record” for CBM and is currently installed on
over 97 ships fleet wide [6].

In order to benefit from the use of CBM systems
and smaller crews, it is imperative that ships
have large sensor networks to provide informa-
tion regarding component status. As a result,
modern naval vessels are now equipped with
vast and costly arrays of advanced sensors. Cur-
rent ship classes such as the DDG-51 are adding
significant numbers of sensors through retrofits,
while some estimates indicate that the DDX will
have as many as 250,000 sensors [2].

Non-Intrusive Monitoring

The NILM is a device that can determine the
operating schedule of all of the electrical loads
in a target system strictly from measurements
made at the electric utility service entry [8, 18].
For example, the NILM can disaggregate and
report the operation of individual electrical loads
such as lights and motors from measurements of
voltage and current made only at the electric
meter where utility service is provided to a
building [9, 11]. It can identify the operation of
electromechanical devices in an automobile
from measurements made only at the alternator
[15]. The NILM is capable of performing this
disaggregation even when many loads are oper-
ating simultaneously. We have begun to con-
sider the application of the NILM to ship-board
power systems [3, 7].

The NILM is in many ways an ideal entry point
for measuring and collating useful information
about any system that uses electromechanical
devices. It requires a bare minimum of installed



sensors, reducing expense and potentially en-
hancing system reliability. Because the NILM
can associate observed electrical waveforms
with the operation of particular loads, it is possi-
ble to exploit modern state and parameter esti-
mation algorithms to verify the operation and
“health” of electromechanical loads [11, 12, 13,
16]. The NILM can also monitor the operation
of the electrical distribution system itself, identi-
fying situations in which two or more otherwise
healthy loads interfere with each other's opera-
tion through voltage waveform distortion or
power quality problems [10, 14].

Challenges Facing Future Diagnostic
Systems

In the next few years, ICAS may have the ability
to predict a fault on a particular machine or elec-
tromechanical load. With that ability, the ICAS
could alert the ship’s control system of the im-
pending failure so that the load in question could
be secured and an alternate unit could be
brought on line [4, 6]. One of the many chal-
lenges facing the Navy is the rapidly increasing
number of sensors required to achieve this vi-
sion. The data communications wiring required
for machinery monitoring systems “makes up a
large part of the overall system complexity, cost
and weight.” One estimate for non-military in-
dustrial wiring of this kind is $5-10 per foot [5].
In addition to installation costs, cables are costly
to maintain and increase the footprint of a sensor
system: “They are vulnerable to damage and
need to be removed and re-run whenever equip-
ment needs moving, replacement or mainte-
nance” [1]. Finally, the amount of power re-
quired for a network comprised of tens or hun-
dreds of thousands of sensors is likely to be sig-
nificant.

As the number of shipboard sensors grows, the
issues of cable cost, size, weight, maintenance,
and power demand are magnified. The Navy's
current DDG-51 Class already has 1,342,000
feet of cables to support electrical power distri-
bution, communications and sensors [19]. By
introducing the NILM into an engineering space
or a similar substantial section of a ship’s elec-
trical distribution system, it may be possible to
mitigate the numerous economic and implemen-

tation issues associated with a large sensor net-
work. Using data from field experiments con-
ducted on-board th8enecathe following sec-
tions explore the feasibility of using the NILM
on operational vessels to reduce the overall
number of sensors.

SHIPBOARD APPLICATIONS OF
THE NILM

A complete NILM system consists primarily of
commercial-off-the-shelf (COTS) hardware. A
shipboard monitoring system consists of a cus-
tomized NEMA-type enclosure to house the
measuring transducers for voltage and current at
a point on the (typically three phase) power dis-
tribution system. The remainder of the NILM
includes a Pentium-class computer, keyboard,
monitor, data acquisition card (either PCI or
USB) and an uninterruptible power supply. The
computer executes the custom NILM signal
processing software that disaggregates individ-
ual load events from the aggregate current and
voltage data. Figure 1 shows a NILM on-board
theSeneca

FIGURE 1: NILM installation on the Seneca

Several NILM systems have been installed on-
board theUSCGC Senegaeach monitoring a

relatively small collection of loads. For exam-
ple, the NILM system shown in Figure 1 moni-
tors a collection of four motors (two vacuum



pumps and two transfer pumps) for the waste-
water handling system. The NILM systems in-
stalled on theSenecantentionally monitor col-
lections of loads that are small and relatively
easy for the NILM to recognize and disaggre-
gate. We made the decision to monitor small
sets of loads during field testing in order to focus
on the development of diagnostic indicators for
particular loads of interest to us and the crew.
Examples of results frorBenecaare presented

in Figures 2 through 5 below, including data
from the auxiliary sea water (ASW) pumping
system for heat loads, the waste-water vacuum
pumps, and the rudder hydraulic steering gear.
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FIGURE 5: Steering pump transients

The NILM measures voltage and current on the
power distribution system at the point where it is
installed. From this data, the NILM continu-

ously computes spectral envelopes that corre-
spond to the harmonic content of the current
waveform with respect to the phase of the volt-
age waveform. Harmonic current content at the
line-voltage frequency corresponds, in steady-
state operation, to conventional definitions of

real and reactive power flow [8]. The graphs in

Figures 2 through 5 illustrate the short-time

harmonic content corresponding to real power
flow during operation of the indicated loads. The

NILM also computes reactive power flow and

higher harmonic content, although these traces
are not shown in the figures.

Notice in Figures 2 through 5 that different loads
performing different physical tasks exhibit char-



acteristic transient shapes that can be used as difficult to identify the operation of individual

“fingerprints” to recognize the operation of par-
ticular loads. During installation at a site, the
NILM is trained to recognize these fingerprints.
Following training, the transient event detection
algorithm can recognize and identify these fin-
gerprints or templates even when many loads are
turning on and off at the same time.

In some cases, the figures show both normal and
pathological signatures, e.g., Figures 2 and 3.
Figure 3, for example, shows start-up transients
for an ASW pump during normal operation and
also during an impending failure of the motor-
to-pump head mechanical coupling. The NILM
can use the differences between “healthy” and
“pathological” transient observations to recog-
nize impending failures or maintenance needs.
References [3, 7-13, 16, 17] discuss the adapta-
tion of the NILM to perform diagnostic monitor-
ing using a variety of approaches to signal proc-
essing and state and parameter trending.

To ameliorate the issues associated with the rap-
idly increasing number of sensors on naval ves-
sels, a single NILM must be able to perform
load detection and CBM for more than just a few
loads. If a single NILM can monitor the loads in
a reasonably sized engineering space, then sig-
nificant economies might be achievable. For
example, a NILM capable of monitoring a sig-
nificant collection of loads might be collocated
with the Multi-function Monitor (MFM) electri-

cal protection equipment installed on many
ships. In this case, each NILM would find a
natural location on the ship’s power distribution
system, and would monitor a significant collec-
tion of loads.

INVESTIGATING THE POTEN-
TIAL OF THE NILM

In order to monitor more loads, a NILM must be
installed further upstream in the electrical power
distribution network. As this is done, the NILM
is said to become less “intrusive.” Despite the
obvious benefits presented by moving the NILM
further from the component level, there is a
trade-off involved. Specifically, as the NILM
moves further upstream, it becomes increasingly

loads from the measured aggregate current. A
natural question arising from this situation is the
following: “How ‘non-intrusive’ can the NILM

be while still providing useful information about
the operation of individual loads?”

The extent to which the NILM can be truly non-
intrusive raises a direct trade-off between moni-
toring hardware expense and signal processing
effort. That is, if several components are moni-
tored by one NILM, sensor numbers will be re-
duced but signal processing demands will likely
increase. To investigate the plausibility of
monitoring multiple components with a single
NILM, a simulation of a machinery space was
developed using field data from tBeneca

Development of a Machinery Space
Simulation

Several NILM systems were employed on the
Senecdo collect focused data on individual ship
systems, including the ASW pumps, vacuum
pumps, and steering gear hydraulic pumps. This
data was collected with the NILM positioned
close to small groups of loads of interest in order
to search carefully for diagnostic indicators that
could be used for NILM CBM. In practice, a
NILM might ideally be located in a ship’s engi-
neering control center to monitor a larger collec-
tion of loads. Ideally, the NILM would not sim-
ply disaggregate and identify the operation of
individual loads, but also recognize key diagnos-
tic indicators determined through close examina-
tion of the loads during the research phase.

For the “close” examination that has occurred
during our early field tests, each NILM is con-
figured with an input sensing range for current
and voltage designed to take full advantage of
the NILM’s analog-to-digital (ADC) conversion
resolution. Load data from these experiments,
therefore, comes with a “scaling factor” of watts
per ADC count tailored for those loads. Some
of our observed component power ratings and
scaling factors for the real power spectral enve-
lope are shown in Table 1. The differences in
scaling factors are a logical consequence of the
very different sizes of the loads of interest, rang-
ing from the smallest power consumer, a sewage



vacuum pump, to the largest consumer, one of
the ASW pumps. The vacuum pumps can be
monitored with a higher input signal gain on the

NILM data acquisition system, providing signals

with the smallest watts per count resolution in

our experiments. Conversely, the NILM moni-

toring the ASW pumps is configured with the

lowest input signal gain, yielding the largest

watts per ADC count in our field work.

In practice, a genuinely “non-intrusive” NILM
will employ a current sensor that is a compro-
mise designed to permit observation of the larg-
est power transients of interest while still provid-
ing the best resolution possible for the smallest
transients of interest. To study the challenges
that would be faced by a single NILM monitor-
ing an aggregate current feeding all of the loads
in Table 1, raw data observations of every load
were put on a common scale. That is, base data
from individual load observations could be
summed with high accuracy off-line in Matlab.
This summed data can be rescaled and digitally
quantized to emulate the effect of observing the
actual aggregate stream with a particular ADC
front-end sampling the combined current signal.
In other words, given the fine observations of
small collections of loads made by several
NILMs, it is possible to use this data to assemble
one stream with the information content that
would have been produced by a single NILM
monitoring all of the loads of interest.

TABLE 1: Power ratings and scaling factors

Component Rating Scaling Factor
(Hp) (watts/count)

#1 ASW pump 40 7.11

#2 ASW pump 40 7.11

#2 Vent Fan 15 0.642

#1 Sewage 1.5 0.619

Vacuum Pump

#1 Sewage 2 0.619

Discharge Pumg

#1 Steering 15 6.31

Pump

#2 Steering 15 6.31

Pump

In this section, summed and re-quantized data
will be used to determine the plausibility of us-

ing the NILM to monitor complex combinations
of loads from a single point. For these experi-
ments, the aggregate data was re-quantized using
a simple scheme assuming that the real-power
spectral envelope would be represented with 12
bits. In fact, this is an overly draconian simplifi-
cation. The NILM is able to employ significant
signal processing and also 14-bit data conver-
sion on the current and voltage measurements to
enhance the input dynamic range. The simple
12-bit quantization in this section is a conserva-
tive choice.

As an example of this re-quantization procedure,
consider a machinery room simulation using
several of the components listed in Table 1.
Evaluation of the component data reveals a
maximum power that could be consumed by this
collection of loads on an aggregate service, that
is, a single utility feed for the collection of loads.
A NILM monitoring this aggregate load would
operate with a front-end ADC scaling that per-
mitted full-range observation from zero watts to
this maximum power level. To create a conser-
vative, quantized data stream representing what
would be seen on the aggregate service, wave-
forms representing the sum of power consumed
by these loads would be divided by this maxi-
mum power, and scaled in a range between zero
and 4095 (the maximum number that can be rep-
resented by a 12-bit ADC). Finally, the “floor”
function in Matlab is applied to the data to ac-
count for quantization, thus eliminating decimal
fractions and producing a hypothetical real
power spectral envelope waveform consisting of
integer values between 0 and 4095. A Matlab
script helps perform the summing and rescaling,
making it easy to conduct hypothetical studies
using different collections of loads and assuming
different operating schedules.

Waveform Recognition

With the ability to assemble realistic aggregate
waveforms attributable to collections of loads of
interest, the NILM can be easily tested off-line
to determine the likelihood of successful load
recognition. The transient event detector (TED)
for the NILM has evolved, and is discussed in
several different incarnations in [8], [11], and

[17], for example. The full TED employed in the



NILM uses information from different spectral
envelopes, and also at different points in time, in
order to make a successful transient identifica-
tion. This section reviews a vastly simplified
approach to event detection that both illustrates
some of the tools used in the TED and also pro-
vides quick, rough assessments of the likely suc-
cess of the NILM in the anticipated aggregate
load environment.

This simplified TED works as follows. Identify-
ing a fast-varying section of an observed tran-
sient creates a "fingerprint" signature for a load
of interest. Figure 6, for example, shows the
start-up transient of one of the vacuum pumps
onboardSeneca A fingerprint template vector,

t, consisting of N samples might be constructed
by sampling a varying region of the appropri-
ately scaled and quantized transient, derived be-
tween 3.45 and 3.6 minutes, for example, in
Figure 6.
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FIGURE 6: Vacuum pump start transient
The vectorf, consists of elements:

tfi, i=0...N—1.

An “ac-coupled” and amplitude normalized ver-
sion of this vector, designatédc, can be com-
puted as:

[t~ & T el
[t = % 25" ¢li)] 1

A transversal filter can now be used with this
template tac, to search an incoming data stream

tac =

for the vacuum pump “fingerprint” [8]. Such a
transversal filter would have an impulse re-
sponse corresponding to the time-reversed sam-
ples of the vectaiac. When the filter response is
convolved with an incoming data stream, the
output of the filter will be unity whenever the
original template pointst, appear in the data
stream.

Essentially, this process computes the inner
product between the ac-coupled and amplitude
normalized templateiac, and a sliding window

of data sampled from the incoming aggregate
data stream. A unity output could indicate a per-
fect match. It could also indicate a window of
data in the input stream with a unfortunately
large norm and a different shape from the tem-
plate. For this reason, a more sophisticated ap-
proach to detection is employed in the NILM
TED. The simple approach described here illus-
trates a key computational component of the
more sophisticated NILM TED, and also permits
a quick check of the reasonability of deploying
the NILM to monitor a large collection of loads.

Five templates were developed for component
start-up transients from the quantized and scaled
data (Table 2).

TABLE 2: Target component templates

Template| Component
tl #1 Sewage Vacuum Pump
t2 #1 Sewage Discharge Pump
t3 #2 Vent Fan
t4 #1 Steering Pump
t5 #1 ASW pump

A comparison was made of these templates with
respect to the original transient data for that load
and also with respect to other load data windows
used to develop templates. This comparison is
presented in Table 3. When a template is com-
pared to the entire signature from which it origi-

nated, the transversal filter output peaks at a
match value of 1.0, as seen in the center diago-
nal of Table 3. When a template is compared
with a signature of a different component, the

result is a peak value other than 1.0. In reality,
small variations in transients and noise from

other loads make the case of a perfect match



unlikely. Thus, it is wise to determine a range of

peak values that can be considered to be a
matching range. The values off the center di-

agonal in Table 3 provide some means for de-
termining at least a crude set of boundaries. For
example, these comparisons suggest that any
peak value in the range from 0.9 to 1.1 could be

considered a recognizable event.

A total of seven tests were conducteging
combinations of components from Table 1. The
tests are grouped into three sets and are summa-
rized in Table 4. The overall goal of these ex-
periments was to determine if a target event
could be detected against the background noise
of the simulated engine room. The results of
each test are described in the following section.

TABLE 3: Waveform match values

Templates

Transient

Signature | t1 t2 t3 t4 t5

Vacuum 1.0 0.652| 0.352| 1.543 0.53p

Discharge 0.864 | 1.0 0.201 1.751 0.05p

Vent Fan 1.267 | 0.6 1.0 2.073 0.06

Steering 0.415| 0.339( 0.2211 1.0 0.021L

ASW 165 | 13.26| 548 | 2841 1.0
Tests

The first set of five tests was performed in order
to evaluate the ability of the basic TED to iden-
tify a single target transient against a steady-
state background signal. To implement these
tests, one representative transient for each of the
five loads listed in Table 2 was added to a syn-
thesized steady-state background signal at 3 dif-
ferent points in time. Figure 7 shows one such
composite signal. A similar signal was created
for each of the five loads listed in Table 2, and
each of these was passed to the basic TED. The

background signal used for each test was the
same, and it was comprised of steady-state sig-
natures produced by each of the following loads:
the #1 ASW pump, the #2 ASW pump, the #2
Vent Fan with clean filters, and the #2 Vent Fan
with blocked filters. Table 5 lists the match val-
ues for each test case, and Figure 8 shows the
TED output waveform for a series of 3 sewage
vacuum pump starts.

TABLE 4: Test table

Test| Test Description
Set | Number
1 1 Recognition of vacuum

pump starts against steady-
state background
2 Recognition of discharg
pump starts against steady-
state background

D

3 Recognition of vent fan
starts against steady-stdte
background

4 Recognition of steering

pump starts against steady-
state background

5 Recognition of ASW
pump starts against steady-
state background

2 6 Recognition of steering
pump start against mult|-
ple steering pump trar-
sients

3 7 Recognition of ASW

pump start against mult
ple steady-state and trap-
sient events KT

The near-unity peak match values listed in Table
5 indicate that each of the loads can certainly be
recognized individually while other loads are in
steady operation. That is, a simple disaggrega-
tion of a load from a background stream of other
loads operating in steady-state would be no
problem in this hypothetical scenario.

A second set of numeric experiments was con-
ducted in order to evaluate the ability of a par-
ticular template to identify the operation of its
associated load from several different transient



Transient Event Detector Input for Test 1
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FIGURE 8: TED output for test 1 - Recognition of
3 sewage vacuum pump starts

events. In this case, instead of superimposing
identical transients, the data used for this test
were 16 different steering pump start transients
recorded while th&eneca’sudder was fishtail-
ing (i.e. the behavior shown in Figure 5). Al-
though this test could have been performed with
any of the loads listed in Table 2, the steering
pump serves as an excellent example since our
“real world” field data shows slight variability in
the steering pump transient signature from start
to start. Ultimately, this test will be repeated
exhaustively for each load.

TABLE 5: Match values for tests 1-5 - Motor
starts against steady-state background

Test/ Match Values

Motor Mean
Start Event | Event | Event

#1 #2 #3

1 1.024 0.9534 0.9675 0.981p
Vacuum

Pump

2 1.011 1.035 0.9963 1.0141
Discharge

Pump

3 1.001 1.033 0.9767 1.0036
Vent Fan

4 0.9555 0.9761 1.0200 0.983p
Steering

Pump

5 0.9991 1.001 0.9973 0.999]1L
ASW Pump

Each of the 16 different transients used in the
second set of tests was added to the same syn-
thesized steady-state background signature used
in the previous set of tests. Again, the compo-
nent signals were processed using the engine
room emulation and waveform recognition proc-
esses described previously. In this test, 12 of the
16 transients yielded peaks in the 0.9 to 1.1
match value range. The peaks of 4 of the 16
steering pump starting transients were slightly
below the match bounds of 0.9 to 1.1. These
four values are shown in Table 6.

TABLE 6: Match values exceeding bounds of 0.9-
1.1 for test 6 — Recognition of steering pump stast
during rudder fishtailing

Pump Peak Value Deviation from
Run Match Band

2 0.8306 0.0694

6 0.8820 0.0180

7 0.8880 0.0120

11 0.8488 0.0512

In this case, the simplistic approach to transient
recognition is slightly stressed by the variability

in the pump transients and the background sig-
nals. The match deviations are small, however,
and the more sophisticated TED used in the full
NILM would be able to recognize even the four

transients referred to in Table 6. In fact, a tem-
plate constructed not from a single observation



but from the average of several training observa-
tions of the steering pump, would allow even the
simple detection scheme to work in the antici-
pated match range with success.

A final set of tests was performed in order to

evaluate the ability of one template, the sewage
vacuum pump template t1, to identify its associ-
ated transient against a background of both

steady-state and transient component signatures.

In this case, the sewage vacuum, sewage dis-
charge, vent fan and ASW start-up transient sig-

natures used to develop Table 3 were each sepa-

rately superimposed on the synthesized steady-
state signature used previously. The simple
transient event detector easily determined that
the only peak value in the matching range was
due to the vacuum pump transient. Table 7 lists
the peak match value for each transient.

TABLE 7: TED output for test 7 - Recognition of
sewage vacuum pump start against multiple
steady-state and transient events

Load Peak Value Deviation frorf
Match Band

Discharge 2.430 1.330
Pump
ASW 16.53 15.43
Pump

Vent Fan 1.280 0.180
Motor

Vacuum 0.9653 Zero
Pump

Test Summary

The results of the first set of tests showed that
start-up transients, even from a small component
such as the 1.5 Hp sewage vacuum pump, con-
sistently generate a match value inside the se-
lected detection range of 0.9 to 1.1. The find-
ings of the second set of experiments indicate
that a single template will recognize many (12 of
16) similar transients generated by the same
component. These results further indicate that
the steering pump template would recognize all
of the similar transients if the threshold were to
be expanded slightly (by 0.0694) to include the
outliers listed in Table 6. An examination of the
column labeled t4 in Table 3 suggests that such a

small change would not be likely to result in any

false detections. The results of the final test

demonstrate the use of a single template (vac-
uum pump) to recognize a component start-up
against a more complex background of both

steady-state and transient signatures. In this
case the smallest component (the sewage vac-
uum pump) was still recognized.

CONCLUSION

The data analysis in this paper provides the first
indications that the NILM with a full transient
event detector could successfully monitor large
collections of loads on a warship. A typical
trade-off is also apparent. The most minimal
monitoring installation might attempt to use one
or two NILMs at the generating points on a ship
to track all loads. This provides the cheapest
arrangement in terms of installation effort and
hardware expense. It also places the highest
possible burden on the TED software, and
plainly could lead to misidentifications. Alter-
natively, individual monitoring of every load
provides accurate information (to the extent that
the large network of sensors are all working) at
the expense of substantial sensor installation and
maintenance costs. In the coming year we hope
to continue field tests and refine the understand-
ing of just how “non-intrusive” the NILM can be
while still providing acceptable performance.

Present machinery monitoring programs are lay-
ing the foundation for future systems that will
one day provide a fully integrated ship control
system. NILM is a sensor technology that has
the potential to provide a great deal of opera-
tional and diagnostic information when in a
“stand-alone” mode or when tied into existing
machinery-monitoring systems such as ICAS.
The testing conducted for this paper indicates
that NILM also has the potential to help reduce
the number of sensors in current and future war-
ships by monitoring multiple components simul-
taneously. This in turn could greatly reduce the
installation and maintenance costs associated
with machinery monitoring. Once the NILM is
able to associate observed waveform features
with the operation of particular loads, it may be
possible to compute diagnostic indicators and



use the NILM as a platform for condition-based
monitoring.
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