Condition Based Monitoring and Protection in

Electrical Distribution Systems

by

ARCHIVES

Uzoma Orji

B.S., Electrical Engineering
Massachusetts Institute of Technology (2006) APR

PROD AN

Massachusetts Institute of Technology (2007)

Submitted to the Department of Electrical Engineering and Computer
Science
in partial fulfillment of the requirements for the degree of

Doctor of Philosophy
at the
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
February 2014
(© Massachusetts Institute of Technology 2014. All rights reserved.

N0 1 7o ) U AP

Certified by, e e,
/ - Steven B. Leeb
Professor of Electrical Engineering and Computer Science

N Thesis Supervisor

Accepted by .......oo e ivepy - prmnre g - - TR
[
ﬂ d Leslie A. Kolodziejski

Chairman, Departmental Committee on Graduate Theses

[P———

M.Eng., Electrical Engineering aﬁRAR!E‘;Q} :

MASSACHUSETTS INSTTTUTE]
OF TECHNOLOGY

e A B ALY AL






Condition Based Monitoring and Protection in Electrical
Distribution Systems
by

Uzoma Orji

Submitted to the Department of Electrical Engineering and Computer Science
on September 16, 2013, in partial fulfillment of the
requirements for the degree of
Doctor of Philosophy

Abstract

The U.S. Department of Energy has identified “sensing and measurement” as one of the “five
fundamental technologies” essential for driving the creation of a “Smart Grid”. Consumers
will need “simple, accessible..., rich, useful information” to help manage their electrical
consumption without interference in their lives. There is a need for flexible, inexpensive
metering technologies that can be deployed in many different monitoring scenarios. Individ-
ual loads may be expected to compute information about their power consumption. New
utility meters will need to communicate bidirectionally, and may need to compute param-
eters of power flow not commonly assessed by most current meters. These meters may be
called upon to perform not only energy score-keeping, but also assist with condition-based
maintenance. They may potentially serve as part of the utility protection gear. And they
may be called upon to operate in new environments, e.g., non-radial distribution systems as
might be found on microgrids or warships. This thesis makes contributions in three areas
of condition-based maintenance and protection in electric distribution systems.

First, this thesis presents a diagnostic tool for tracking non-integer harmonics on the
utility. The tool employs a modified algorithm to enhance the capability of the Fast Fourier
Transform (FFT) to determine the precise frequency of a newly detected harmonic. The
efficacy of the tool is demonstrated with field applications detecting principal slot harmonics
for speed estimation and diagnostics. Second, data from nonintrusive monitors have been
shown to be valuable for power systems design. This thesis presents a new behavioral mod-
eling framework developed for microgrid-style shipboard power system design using power
observations from the ship’s electrical distribution service. Metering can be used to inform
new designs or update maintenance parameters on existing ship power systems. Finally,
nonintrusive metering allows for new possibilities for adaptive fault protection. Adaptive
thresholding of voltage magnitude, angle and harmonic content will be demonstrated for
improving protection schemes currently used in ship electrical distribution systems.

Thesis Supervisor: Steven B. Leeb
Title: Professor of Electrical Engineering and Computer Science
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Chapter 1

Introduction

When the U.S. Department of Energy identified “sensing and measurement” as one
of the “five fundamental technologies” essential for driving the creation of a “Smart
Grid”, one of the goals included a “deployment of ‘smart’ technologies . .. for meter-
ing, communications concerning grid operations and status, and distribution automa-
tion.” Other goals included “integration of ‘smart’ appliances and consumer devices”
and “development and incorporation of demand response, demand-side resources, and
energy-efficiency resources” [1]. The Smart Grid would require “smart” metering de-
vices and communication networks to collect and deliver necessary information about
the power system for the operation of the power grid to the consumer. Consumers
will need quick, easy access to “simple, accessible ..., rich, useful information” to
help manage their electrical consumption without interference in their lives.

There is also a need for flexible, inexpensive metering technologies that can be
deployed in many different monitoring scenarios. Such smart devices should be able
to provide not only just the total power consumed but could also give diagnostic pa-
rameters of loads from the electrical signals. Diagnostic parameters such as the rotor
speed of an induction motor and high frequency variation of the power consumption
can be extracted by smart meters to provide additional information about the health
of these loads.

As these demands become apparent for a smarter grid, new technologies will be

needed for efficient control and access to power systems. These include the need for
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diagnostic systems to track pathological energy consumption, new design techniques
for smaller or “islanded” power systems and new protection schemes. This thesis

looks to make contributions in these areas.

1.1 Contributions

Extensive research has been in condition based monitoring by tracking speed, vi-
bration, temperature, pressure and other metrics to monitor monitor faults such as
broken rotors bars, damaged bearings, rotor eccentricity and shaft speed oscillations.
These methods are not only limited for single loads but also may require intrusive
installation of external sensors. This thesis will develop methods to track harmonics
using power measurements from electrical signals in single loads and will also extend
these methods for multiple loads.

Second, data from nonintrusive monitors have been shown to be valuable for
power systems design. This thesis presents a new behavioral modeling framework
developed for microgrid-style shipboard power system that improves upon existing
methods. The framework makes use of using power observations from the ship’s
electrical distribution service to develop stochastic models used in simulating the total
load of a ship. Metering can be used to inform new designs or update maintenance
parameters on existing ship power systems.

Finally, nonintrusive metering allows for new possibilities for adaptive fault pro-
tection in zonal electrical distributions. Current methods use static threshold levels
for fault detection which may be insufficient depending on type of fault or operating
condition. This thesis presents an adaptive fault detection which uses the data from
nonintrusive for improved fault detection. Adaptive thresholding of voltage mag-
nitude, angle and harmonic content will be demonstrated for improving protection

schemes currently used in ship electrical distribution systems.
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1.2 Organization

A background information on previous work on nonintrusive load monitoring (NILM)
is presented in Chapter 2. Hardware improvements were made to NILM to allow for
tracking of small harmonics in the electrical signals used for condition-based mainte-
nance (CBM) through electrical monitoring.

Chapters 3 and 4 present methods for estimating speed and vibration by tracking
harmonics in the electrical signals for loads. Experiments and results are presented to
show the results of the methods. The NILM environment allows for CBM for multiple
loads as will be explained. Chapter 5 discusses CBM for vibration using acceleration
when tracking harmonics in the electrical signals becomes infeasible.

Chapter 6 describes the framework that can be used for future ship for improved
reliability of electric distribution systems. A software graphical user interface (GUI)
is shown to implement the design of the framework.

Chapter F presents a testbench shipboard dual-generator setup and Chapter 7
describes the implementation of a multi-function monitor in the protection of a test-
bench MVAC zonal electrical distribution system. Computer simulation is used to
shown the efficacy of the improved algorithm for zonal protection.

Finally, Chapter 8 summarizes and gives recommendations for future work.
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Chapter 2

Nonintrusive Load Monitor

(NILM)

The nonintrusive load monitor has been demonstrated [2-5] as an effective tool for
evaluating and monitoring electro-mechanical systems through analysis of electrical
power data. The power distribution network can be pressed into “dual-use” service,
providing not only power distribution but also a diagnostic monitoring capability
based on observations of the way in which loads draw power from the distribution
service. A key advantage of the nonintrusive approach is the ability to reduce sensor
count by monitoring a collections of loads. A pictorial representation of the NILM is
shown in Fig. 2-1

Nonintrusive electrical monitoring has been described in [7, 8] and in other pub-
lications. The systems that are described in these papers can be split into two broad
categories: transient and steady-state approaches. The transient approach [8] finds
loads by examining the full detail of their transient behavior. Reference [2] describes
a platform for transient-based nonintrusive load monitoring appropriate for many ap-
plications. The following sections will discuss the data acquisition, preprocessor and

event detector modules.
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voltage current
measurements measurements

Control
inputs

Outputs Status Reports

Fig. 2-1: A block diagram of the nonintrusive load monitor (NILM) [6].

2.1 Data Acquisition

NILM experiments from previous research collect data from a current sensor with
only analog filtering for anti-aliasing. There is a large 60 Hz line frequency component
that dominates the current signal, making detection of the smaller harmonics in the
current discussed in chapters 3 and 4 more difficult. To improve the detectability of
the harmonics, a 60 Hz notch filter is implemented to remove the large line frequency
component before the data acquisition hardware in the NILM samples the current.
In Fig. 2-2, the stator current signal is sent through a 60 Hz notch filter. The
output is amplified by a gain stage and later filtered by a passive antialiasing filter.
The output buffer drives the input of the NILM data acquisition hardware. The notch
filter stage allows for improved signal detectability of the smaller slot harmonics. By
removing the large dominant line frequency, the smaller harmonic signals can then
be amplified, increasing the overall signal-to-noise ratio by reducing the effect of

quantization noise in the analog-to-digital converter (ADC) of the NILM.
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Fig. 2-2: Schematic of the 60 Hz notch filter circuit. The circuit notches the 60 Hz
frequency, amplifies the signal and sends the signal through an antialiasing filter.

31



2.2 Preprocessor Module

The NILM detects the operation of individual loads in an aggregate power measure-
ment by preprocessing measured current and voltage waveforms to compute spectral
envelopes [9]. Spectral envelopes are short-time averages of the line-locked harmonic
content of a signal. For an input signal (t) of current, the in-phase spectral envelopes

ay of x are

ar(t) = %/t—Tx(T) sin(kwr)dT, (2.1)

where k is the harmonic index. The quadrature spectral envelopes by are

be(t) = %/t_Tm(T) cos(kwr)dr. (2.2)

These spectral envelopes may be recognized as the coefficients of a time-varying
Fourier series of the input waveform. For transient event detection on the ac util-
ity, the time reference is locked to the line so that fundamental frequency spectral
envelopes correspond to real and reactive power in steady state. Higher spectral
envelopes correspond to line frequency harmonic content. A high performance tran-
sient event detection algorithm [8, 10] is available to disaggregate the fingerprints or
spectral envelope signatures of individual loads in the aggregate measurement. This

transient event detection is critical for pre-trigger and post-trigger event detection

described in §2.3.

2.3 Event Detector Module

By computing line-locked spectral envelopes from input signals, NILM can detect the
activation of a motor of interest. Special attention can then be paid to the aggregate
current frequency content just before and just after this turn-on transient, as will be
shown in Chapters 3 and 4, to identify important frequency content that occurs at
frequencies that are not line-locked.

Reference [9] introduces a nonintrusive transient classifier (NITC) program shown
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in block diagram form in Fig. 2-3. The relevant parts of the NITC routine are slightly
modified for the purposes of this thesis.

Data Collection Hardware
Un Z'n.
Preprocessing
raw envelopes
Pattern Matching
tag, envelope
tag data and raw

envelope, tag
and match data

Text Diagnostics

Graphics

Fig. 2-3: Original nonintrusive transient classifier (NITC) block diagram. The original
NITC main program preprocesses, pattern matches and produces output for three
data queues [9].
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The updated NITC block diagram is shown in Fig. 2-4.

Notch Filter

Data Collection Hardware

Preprocessing

Transient Event Detector

pre-trigger post-trigger

Fig. 2-4: Updated nonintrusive transient classifier (NITC) block diagram. This ver-
sion includes the filter and outputs the pre-trigger and post-trigger data.

Once the unfiltered data has been collected by the hardware, the data is prepro-
cessed to produced the spectral envelopes. The pattern matching routine identifies
a trigger event once a motor has turned on. The outputs of this pattern matching
routine are now the filtered raw data before and after this trigger event. Once the
pre-trigger and post-trigger data are saved, they can be used to identify frequency

content used for condition based monitoring in Chapters 3 and 4.
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Chapter 3

Speed Detection Using Slot

Harmonics

Harmonic analysis of motor current has been used to track the speed of motors for
sensorless control. Algorithms exist that track the speed of a motor given a dedicated
stator current measurement, for example [11-15]. Harmonic analysis has also been
applied for diagnostic detection of electro-mechanical faults such as damaged bearings
and rotor eccentricity [16-27].

Rotor slot harmonics are widely used in nonintrusive speed detection algorithms
used in many control applications. The ability to estimate the speed of an electric
machine from its electrical signals provides a method that does not require the instal-
lation and maintenance of sensors or any other hardware. This chapter discusses the
limitations of previous research that use these rotor slot harmonics for speed tracking.
The improved method developed in this research provides a routine that can estimate
the speed with a reduced number of line cycles for faster updates. This chapter con-

cludes with examples that require speed estimation for various applications.

3.1 Summary of Diagnostic Harmonics

Induction motors are vital components of many industrial processes. Extensive re-

search is being done to develop techniques to monitor these motors to minimize the
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risk of unexpected system failures and reduced motor lifetime. Generally, condition
monitoring algorithms have focused on the stator, the rotor or the bearings for sens-
ing certain failures. Most of the recent research is now focused on the electrical
monitoring of the stator current spectrum of the motor to sense various faults [16] as

discussed below.

3.1.1 Air-Gap Eccentricity

Two methods have been proposed for detecting air-gap eccentricity. Reference [26]

monitors the sideband frequencies of slot harmonics located at

1—3s

fslot+ecc = f [(kR + nd) +v|, (31)

where f is the supply frequency; k = 0,1,2,...; R is number of rotor slots; ny =
0,%1,... is the order of rotor eccentricity; s is the per unit slip, S is the speed in
rotations per minute (rpm), p is the number of pole pairs and v = +1,+3,... is
the stator MMF harmonic order [15, 28]. For specific values of k, ny and v, the
corresponding slot harmonics can be used to track speed of the induction motor. A
speed detection scheme using these harmonics is discussed later in this chapter.

The second method, used in [18], searches for fundamental sidebands of the supply

frequency. These eccentricity harmonics are located at

1im(1;3>}, (3.2)

fecc - f

where m =1,2,3,....

3.1.2 Shaft-Speed Oscillation

Shaft-speed oscillation is a mechanical fault that can be enhanced by certain rotor

imbalances. An improperly mounted motor or an unbalanced fan can accentuate
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shaft-speed oscillation frequencies [18]. The frequencies of interest are predicted by

fsso=f{k<1;8)iv .

Chapter 4 discusses how the shaft-speed oscillation harmonics can be used for vibra-

(3.3)

tion analysis.

3.1.3 Bearings Damage

Misalignment of the bearings can produce physical damage of the raceways which
house the bearings. The resulting mechanical displacement causes the air gap to vary

and the eccentricity harmonics are located at the following frequencies given by

fbng - |f :tmfi,o| 3 (34)

where m = 1,2,3,... and f;, is a characteristic vibration frequency based on the

dimensions of the bearings. The location of the vibration frequencies are given by

7 bd
fo=2f, [1 £ 2 cos ﬂ} , (3.5)

where n is the number of bearing balls, f, is the mechanical rotor speed in rotations
per second, bd is the ball diameter, pd is the bearing pitch diameter, and j is the
contact angle of the balls in the raceway [22].

This thesis does not explore diagnostics using these bearings frequencies. The

following section discusses the slot harmonics derived from (3.1).

3.2 Rotor Slot Harmonics

Rotor slot harmonics present in the stator current of a motor arise from the inter-
action between the permeance of the machine and the magnetomotive force (MMF)

of the current in the stator windings. As the motor turns, the rotor slots alter the
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effective length of the airgap sinusoidally, thereby affecting the permeance of the ma-
chine. This sinusoidal behavior is seen in the flux, which is the product of the MMF
and the permeance across the airgap. The odd harmonics present in the stator cur-
rent introduce additional harmonics. Static and dynamic eccentricity harmonics also
appear in the stator current as the rotor turns irregularly in relation to the stator.
The slot harmonics, including the principal slot harmonic (PSH), are located at

frequencies

-5 S
fsh:f [Rlp +I/J :f [R3_6()6+V]’ (36)

where f is the supply frequency; R is number of rotor slots; s is the per unit slip,
S is the speed in rotations per minute (rpm), p is the number of pole pairs and
v = *1,43,... is the stator MMF harmonic order [15, 28]. These harmonics are
located in the family of harmonics given by (3.1) for k = 1 and ny = 0. For the
data presented in this thesis, there was little rotor imbalance so the most visible slot
harmonics are given by (3.6).

When the locations of these speed-dependent harmonics are found, the speed of
the electric machine can be calculated rather easily. A full discussion on how these
speed-dependent harmonics appear in the stator current can be found in Appendix
A.

A substantial amount of literature makes use of (3.6) for speed detection [11-
13, 15, 29, 30]. To illustrate, the frequency spectrum of 5 seconds of current from
a motor with its slot harmonics (3.6) is shown in Fig. 3-1 for different values of v.
The motor used was a three-phase machine with R = 48 rotor slots and p = 3 pole
pairs loaded by a dynomometer to run at s = 0.0171 or 1180 rpm. Typically, the slot
harmonics with k = 1, referring to the fundamental harmonic of the stator current,
and with ny = 0, referring to the case in which the motor has no eccentricity, are
the most pronounced in the current spectrum [11, 31]. The PSH corresponds to the

harmonic with v = 1. For a given ng, the slot harmonics differ exactly by 2f in (3.6).

Analog techniques [29, 30] have been implemented to track these harmonics. The
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Fig. 3-1: Slot harmonics for a motor with the following parameters: f=60, k=1,
R=48, ny=0, s = 1.71% or 1180 rpm. The harmonics shown in the figure are labeled
with the corresponding value of v.

performance of these approaches can be limited in terms of accuracy, linearity, res-
olution, speed range, or speed of response [14]. Any analog filtering can require
extremely complex circuitry and any output signal can be corrupted by noise. Dig-
ital techniques employing the Fast Fourier Transform (FFT) were developed [12] to
overcome the flaws in the analog methods. These FFT methods were limited by the
uncertainty principle, i.e. the trade-off between high frequency resolution and the
response time to changes of speed that deteriorates with long data records. Para-
metric estimations [11, 13, 15] of the current spectrum were used to overcome the
limitations of FFT by attempting to model the process that samples the data using
a priori knowledge. However, these estimations require digital filters which make
these methods less robust than the FFT. With a high stator frequency, the longer
computations times can reduce any advantage these parametric methods may have
over the FFT.

Some research has been done to combine the FFT and parametric estimation
methods [11, 15]. In [11], the techniques do a successful job in tracking the slot
harmonics in estimating speeds in a controlled environment. The authors make use
of the periodicity of the slot harmonics by aliasing the spectrum such that these
harmonics line up to increase detectability.

There are certain trade-offs that must be made when deciding on the proper
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methods for detecting these speed-dependent rotor slot harmonics. The choices are
often dictated by the practical setting. In the experiments conducted in this research,
it is observed that the principal slot harmonic (PSH) is the most pronounced slot
harmonic in the motors. The methods discussed here, therefore, will only search for
the PSH, which simplifies the complexity of the algorithm unless otherwise specified.
Furthermore, the method combines the powers of the FFT and a search routine to
find the best estimate for the true location of the PSH. Moreover, previous work could
only estimate the speed of a single motor [11-15]. This method can estimate speed

of multiple motors in a multi-motor environment. A full discussion follows below.

3.3 Practical Limitations on Slip

For high-efficiency induction motors, the slip s usually does not exceed 5% and pos-
sibly less. This assumption leads to interesting simplifications when searching for
the principal slot harmonic (PSH). The PSH refers to the slot harmonic with v = 1,
k=1, and ng = 0 in (3.6) and is used in speed detection algorithms since it is often
the most pronounced (11, 31]. The slot harmonics for different values of v differ by
2f = 120 Hz. If the principal slot harmonic was confined to a frequency window of
width 120 Hz under these practical limitations of slip, there would be no ambiguity
in determining the window in which the PSH is located.

For example, Table 3.1 tabulates the maximum slip for different values of R and
p for which the PSH would be confined to a 120 Hz wide frequency window. For
a motor with R = 60 and p = 1, a maximum slip of s = 0.033 would need to be
assumed in order to constrain the PSH to a 120 Hz wide window. This assumption
would be unreasonable because it would be possible for the motor to be running with
a slip of 0.04. In this situation, there would be some ambiguity in determining in
which window the PSH lies.

On the other hand, a motor with R = 48 and p = 3 can have a maximum slip
of s =0.125 to unambiguously determine the window of the PSH. If the motor were

running with no slip (s = 0), the principal slot harmonic would be located at 1020 Hz.
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Table 3.1: Maximum Slip for Unambiguous Speed Estimation for Several Values of
R and p

R 1 2 3 4

16 | 0.1247 | 0.2494 | 0.3742 | 0.4989
20 ] 0.0997 | 0.2000 | 0.3000 | 0.4000
241 0.0833 | 0.1667 | 0.2492 | 0.3333
28 1 0.0714 | 0.1428 | 0.2142 | 0.2856
321 0.0622 | 0.1244 | 0.1875 | 0.2489
34 | 0.0586 | 0.1172 | 0.1758 | 0.2344
40 1 0.0500 | 0.1000 | 0.1500 | 0.1989
441 0.0453 | 0.0906 | 0.1358 | 0.1811
481 0.0417 | 0.0833 | 0.1250 | 0.1667
521 0.0383 | 0.0767 | 0.1150 | 0.1533
56 | 0.0356 | 0.0711 | 0.1067 | 0.1422
60 | 0.0333 | 0.0667 | 0.1000 | 0.1333

If the motor were running with slip (s = 0.125), the principal slot harmonic would
be located at 900 Hz. Therefore, it can be assumed that the principal slot harmonic

will be located in the 120 Hz window between 900 Hz and 1020 Hz. This slip satisfies

any reasonable low-slip assumptions.

3.4 Speed Estimation via Slot Harmonics

Using a “low-slip” assumption in which the PSH is restricted to a single 120 Hz wide
frequency window, this section will describe the application of the slot harmonics in
determining speed of operation just after startup in a multi-load/multi-motor envi-
ronment. All Matlab code for this optimized speed estimation method is shown in
Appendix B. To demonstrate the effectiveness of the algorithm, the speed estimation
method was conducted with the following two motors. The first motor (Motor 1)
was a three-phase motor from an HVAC evaporator in an air-handling unit. Motor
1 had R = 48 rotor slots and p = 3 pole pairs. The second motor (Motor 2) is a
single-phase line-to-line machine from a fresh-air ventilation unit with R = 34 rotor
slots and p = 1 pole pairs.

Consider an illustrative example in Fig. 3-2 in which the transient responses
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of induction motors are shown as they turn on and off. = The region labeled A is

Transient Responses
T T

Normalized Amplitude
s

Time (s)

Fig. 3-2: Electrical current data stream with transient responses of induction ma-
chines.

when Motor 1 (the evaporator motor) turns on. Zooming in on Region A shows the

transient response of Motor 1 as shown in Fig. 3-3. The region labeled B in Fig. 3-2

Zoomed-In Region of Transient Response

Normalized Amplitude

1
6.4 66 6.8 7.2 7.4 7.6

7
Time (s)

Fig. 3-3: The turn-on transient when Motor 1, labeled Region A in Fig. 3-2.

marks the region in which Motor 2 turns on so that both motors are running. The
spectral envelope corresponding to “real” power as calculated by the NILM described
in §2.2 is shown in Fig. 3-4.

For the motors used in these experiments, Table 3.1 confirms that they satisfy the
low-slip assumption. The PSH for Motor 1 will be between 900 Hz and 1020 Hz while
the PSH for Motor 2 will be between 1980 Hz and 2100 Hz using (3.6).
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Fig. 3-4: Spectral envelope calculation.

As Motor 1 turns on, the NILM characterizes this new load from its transient
turn-on response and spectral envelope as described in Chapter 2. After Motor 1 has
turned on, the window of interest to locate the PSH for Motor 1 is shown in Fig. 3-5.

Using 5 seconds of current data, sampled at 7800 Hz, the location of the PSH can

x10° PSH Window of Motor 1
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Fig. 3-5: FFT frequency content of the current between 900 Hz and 1020 Hz after
Motor 1 has turned on and reached steady state.

be estimated to be 994 Hz by finding the location of the maximum value within the
window. Using (3.6), the speed can be estimated to be 1167.500 RPM.

By taking the maximum value within the PSH window, the resolution of the
estimate is limited to the size of the FFT frequency bins, which is determined by the

sampling time. The estimate of the PSH (and the motor’s speed) can be refined even
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further. As shown in Fig. 3-6, the energy of the PSH is actually spread over several

frequency bins implying that there is not enough resolution to determine the PSH

precisely [32]. One way to obtain finer resolution would be to sample data over a
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Fig. 3-6: Current spectrum with with Motor 1 running. The frequency content of the
PSH is spread over multiple bins.

longer interval, which is unattractive as the speed of the motor may vary during the

interval. Furthermore in control systems that require constant speed updates, longer

sampling times may negatively impact the overall performance of the controller. A

different approach is to use the information in the frequency bins near the peak.

Consider the example in Figure 3-7 of the FFT of 5 seconds of a pure sine wave

with a frequency of 994.34 Hz. For longer sampling times, the frequency resolution is

Fig. 3-7:
seconds.
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The FFT spectrum is shown for the sinusoid with a sampling time of 5
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fine enough such that the underlying frequency can be resolved relatively accurately.
Compare this result with that of Fig. 3-8 and Fig. 3-9 in which the data length
is reduced to 0.5 seconds and 0.05 seconds respectively. The energy of the signal
is spread over an increasingly wider frequency band as the data duration decreases.
The frequency resolution becomes so coarse that a reliable speed estimate based on

maximum value would be poor.

T = 0.5 sec
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Fig. 3-8: The FFT spectrum is shown for a sinusoid with a frequency of 999.34 Hz
with a sampling time of 0.5 seconds. As expected, the energy from the sinusoid is
spread over multiple bins.
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Fig. 3-9: The FFT spectrum is shown for the sinusoid with a frequency of 999.34 Hz
with a sampling time of 0.05 seconds. The frequency resolution is very coarse that a
reliable speed estimate based on maximum value would be poor.

When dealing with the short, 0.05 second long data, each bin of the resulting FFT
is 20 Hz wide. Estimating the frequency (994.34 Hz, in this example) from simply
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looking at the peak within a window could only hope to provide resolution of 20 Hz.
The situation can be improved by producing 0.05 seconds of data from each of a
family of sine waves with frequencies in the neighborhood of the observed peak. An
optimization routine can pick the frequency and amplitude of a sinusoid whose FFT
is the best fit (in the minimum squared error sense) for the observed data over the
entire frequency neighborhood around the peak. This routine makes the assumption
that there is only a single, pure sinusoid in the window responsible for all observed
frequency content. For each frequency it loops through, a sine wave is generated and
multiplied by a corresponding scale factor. The scale factor is the quotient of the
spectral energy of the actual data and that of the unscaled sine wave. The frequency
(and scale factor) that produces the least amount of error is the output of the routine.
Appendix B shows the Matlab code used to implement the optimation routine. In
this case, the optimization routine selects exactly 994.34 Hz as there is no noise to
corrupt the data. Essentially, a finer estimate can be made by using the energy that
has spread over several bins as opposed to only making use of the content in just one
bin.

This same idea can be applied to the actual data taken from Motor 1. All of the
following data is taken at a sampling frequency of 7800 Hz. Using the full 5 seconds
length of data, the estimate of the PSH for Motor 1 is 994.100 Hz. A speed estimate
of 1167.625 RPM is then calculated from this estimate of the PSH. The results of
applying the optimization routine to shorter lengths of data are shown in Fig. 3-
10 where the frequency content for 0.5 seconds of data of Motor 1 near the PSH is
displayed.

The optimization routine finds the the frequency of a sinusoid whose FFT best
matches the observed data, in this case 994.420 Hz. Again, the optimization routine is
making the assumption that there is only a single, pure sinusoid responsible for all new
observed frequency content in the post-trigger window. If there is no load turned on
in the pre-trigger window, the routine can assume that the observed frequency content
in the post-trigger window comes from one sinusoid. The dotted line in Fig. 3-10 is

the FFT of a 0.5 second sinusoid with a frequency of 994.420 Hz. The FFT of this
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Fig. 3-10: The observed PSH is shown in the solid line. The dotted line is the FFT
of the best-fit sinusoid. The sampling time is 0.5 seconds.

sinusoid closely matches that of the observed data (solid line) in the region of interest.
A speed estimate of 1168.025 RPM is then calculated from the optimized estimate of
the PSH. This is repeated for 0.05 seconds of data in Fig. 3-11. The optimized PSH
is 994.980 Hz and the corresponding speed estimate is 1168.725 RPM.
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Fig. 3-11: The observed PSH is shown in the solid line. The dotted line is the FFT
of the best-fit sinusoid. The sampling time is 0.05 seconds.

By utilizing more data from the nearby frequency bins, and the assumption that
only a single sinusoid is responsible for the observed frequency content, the routine
can predict speed estimates on a smaller data set. Table 3.2 displays the results of
the optimizing routine for different sampling times.

Not only can this speed detection estimate speeds of a single motor with small data
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Table 3.2: Optimization Routine PSH and Speed Estimates at Different Sampling
Times

T (sec) | Line Cycles | PSH (Hz) | Speed (RPM)

) 300 994.100 1167.625

3 180 994.111 1167.639

1 60 994.240 1167.800

0.5 30 994.420 1168.025
0.1 6 994.500 1168.125
0.05 3 994.980 1168.725
0.0333 2 982.600 1153.250
0.0166 1 995.640 1169.550

records, NILM allows for the capability of detecting many motors in a multi-motor
environment described in §2.3. When Motor 2 turns on, there are scenarios that may
complicate tracking speeds. If both motors are identical in parameters, the worst
case scenario would have both motors running at the same speed. In such a case, the
principal slot harmonic (PSH) of each motor would be at the exact same location.
To prevent this, if possible, the motors can be selected so that such a scenario could
not occur. For example, Motor 1 was an intake ventilation unit taken off a US Coast
Guard ship. The exhaust ventilation unit used on the ship was an identical motor.
Tracking the speeds of both of these machines would be difficult if the slip of both
machines are running at the same speed. However, for new ships, motors can be
selected with different number of rotor bars such that their principal slot harmonics
would appear in separate windows.

Another potential problem that could complicate speed detection is the utility
line having its own set of harmonics which are visible in the current spectrum. The
frequency spectrum of the utility line is shown in Fig. 3-12.

The 17th line harmonic at 1020 Hz could be troublesome in trying to identify the
PSH of Motor 1. Fortunately, as these undesirable harmonics are located at integer
multiples of 60 Hz, they can be filtered out using the digital filter y[n] = z[n]—z[n— N]
where N is the number of sample points per 60 Hz line cycle. In this experiment, all
data is sampled at 7800 Hz, which corresponds to N = 130. This filter will notch out

all the integer multiples of the line frequency.

48



J Frequency Spectrum of Utility Line

n

T T

- - - -
N » [l o
T T T T
I 1 1 1

FFT Amplitude
& -

)
o
T
.

)
S
T

1

o
o
T

; . A - A 11 ji
940 950 960 670 980 990 1000 1010 1020 1030
Frequency (Hz)

80
Q

Fig. 3-12: Frequency spectrum of the voltage from the utility line with inherent
distortions.

The PSH for Motor 2 was determined to be between 1980 and 2100 Hz. The
current spectrum of the pre-trigger window when only Motor 1 was running is shown

in Fig. 3-13. There are no harmonics caused by any line distortions that appear

a5’ 10°* PSH Window of Motor 2

FFT Amplitude

-
T
1

Il
o

T
1

0
1980 2000 2020 2040 2080 2080
Frequency (Hz)

Fig. 3-13: The aggregate current spectrum in the PSH window of Motor 2 when only
Motor 1 is running. There are no noticeable features which should make the detection
of the PSH of Motor 2 difficult.

in this PSH window. Detecting the PSH of Motor 2 should be rather feasible in this
scenario.

In this experiment, the parameters of the motors were chosen such that the PSH
of each motor would appear in separate windows. One problem, which shows up in

this experiment as Motor 2 turns on, is the addition of eccentricity harmonics [16].
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Motor 2 is loaded with a fan which exacerbates these eccentricities. Figure 3-14 shows
the window of interest for the PSH of Motor 1 when both motors are running.
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Fig. 3-14: The aggregate current spectrum in the PSH window of Motor 1 when both
motors are running.

In this research, the motors examined had slot harmonics that are larger in ampli-
tude than any of the eccentricity harmonics given by (3.1). Tracking these eccentricity
harmonics may be possible by first estimating the speed of the eccentric motor. Once
the slip is estimated, all possible eccentricity harmonics can be tabulated and tracked.
Changes in the observed amplitudes of these eccentricity harmonics can be used to
diagnose the health of the motor. Also, the above algorithm can use knowledge of
eccentricity harmonics to make better speed predictions by properly including the
effects of the eccentricity harmonics in the observed frequency content.

The current spectrum for the post-trigger PSH window for Motor 2 is shown in
Fig. 3-15. When compared to the pre-trigger PSH window shown in Fig. 3-13,
the content in the post-trigger window can be assumed to have come from a single
sinusoid. Under this assumption, the optimized PSH for Motor 2 is estimated at

2046.28 Hz which corresponds to 3505.20 rpm.

3.5 Limitations to Proposed Method

Earlier, it was mentioned that Motor 2 was an intake ventilation fan that was paired

with an identical motor used in the exhaust fan. In some cases, it may not be possible
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Fig. 3-15: The aggregate current spectrum in the PSH window of Motor 2 when both
motors are running.

to replace motors such that their principal slot harmonics are in the same window.
However to further motivate the need to take this into consideration, examine the
following experiment.

Figure 3-16 shows the laboratory setup of the single housing used to enclose two
ventilation fans. As constructed, the two ventilation fans would share the same
airspace in that the air being filtered in by the intake fan is then pushed out by the
exhaust fan. These two fans are mechanically coupled and their load conditions are
different when they are turned on at the same time.

When each fan is on by itself, the location of the PSH is tracked by monitoring the
proper PSH window. For each of these fans, the motors are identical and the PSH
window is between 1980 Hz and 2100 Hz. The frequency content for 5 seconds of
current from the intake fan when on by itself is shown in Fig. 3-17. The optimization
routine estimates the principal slot harmonic to be 2042.100 Hz with a corresponding
speed of 3497.824 rpm. The frequency content for 5 seconds of current from the
exhaust fan when on by itself is shown in Fig. 3-18. Its PSH is estimated to be
2047.680 Hz with a corresponding speed of 3507.671 rpm.

When both motors are turned on, the loading conditions are different and the
speed of each motor changes. The PSH window when both motors are on is shown

in Fig. 3-19. Table 3.3 summarizes the differences in the location of the principal
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Fig. 3-16: Single housing used to enclose two ventilation fans.
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Fig. 3-17: Frequency content of the intake fan current. Its PSH is estimated to be
2042.100 Hz and the speed is then estimated to be 3497.824 rpm.
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Fig. 3-18: Frequency content of the exhaust fan current. Its PSH is estimated to be
2047.680 Hz and the speed is then estimated to be 3507.671 rpm.
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Fig. 3-19: Frequency content of the current when both the intake and exhaust fans
are on. The PSHs of both fans have shifted as the loading conditioning have changed.
Comparing these PSHs to the PSHs when each motor was turned on alone becomes

challenging.
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slot harmonics of the both fans when the loading conditions change over time.

Table 3.3: Differences in the location of the principal slot harmonics of the intake and

exhaust fans when the loading conditions change over time.

Intake Exhaust
PSH RPM PSH RPM
Intake Only 2042.100 | 3497.824 - -
Exhaust Only - - 2047.680 | 3507.671
Intake + Exhaust | 2040.400 | 3494.823 | 2045.200 | 3503.029

In the previous sections, the optimization routine was shown to work best when
the motors are selected in such a way that the principal slot harmonics of each motors
appears in different windows. Under these conditions, it can be assumed that the fre-
quency content of the current in a post-trigger window comes from a single additional
sinusoid. The routine can then find the frequency of this sinusoid that best fits the
data to estimate the location of the PSH. It was shown in this section, that if the
machines are mechanically coupled and the PSH appear in the same window, the
routine breaks down. Any sinusoid in the pre-trigger window has shifted and a more
sophisticated routine will need to be designed that keeps track of how mechanically
coupled motors affect one another. If the machines are not mechanically coupled, the
routine would work as long as any motors in the pre-trigger window have not changed

slip significantly as the new load turns on.

3.6 Airflow Diagnostics Application

For an example of the utility of knowing motor speed in addition to power consump-
tion for load diagnostics, consider ventilation systems in residential or commercial
buildings. A number of surveys of airflow faults in buildings hint at the range and
extent of these problems. One compendium of fault surveys [33], which examined 503
rooftop air-conditioning units in 181 buildings in five states in the Western U.S. from
2001-2004, found that the airflow was out of the specified range in approximately 42%
of the units surveyed. A separate study [34] of 4,168 commercial air-conditioners in

California reported that 44% of the surveyed units had airflow that was out of speci-
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fications. Studies of 29 new homes in Washington State [35] found that average duct
leakage rates to the exterior ranged from 687 to 140 cubic feet per minute (CFM).
Extrapolating from such fault surveys, one estimate for the total energy consumed
by duct leakage is $5 billion/year [36].

A system that is able to monitor the state of airflow and detect faults in venti-
lation systems would fulfill a significant need in contemporary buildings, due to the
prevalence of airflow faults. One widely used ventilation system employs air-side dis-
tribution systems for air-conditioning units typically called air handlers, air handling
units, or AHUs. A picture and a visual representation of the AHU used in [37] are
shown in Fig. 3-20.

outlet & A
|~ blower wheel
.\ fan motor
— evaporator
/ filter
inlet | \
airflow

Fig. 3-20: Schematic diagram and picture of air handler unit [37].

A common fault in these systems occurs when the filter to the air handler, or
the evaporator itself, is clogged, causing the airflow through the fan to be reduced.
While the most notable effect of such a fault will be on the reduction in the air
delivered to the building occupants, this fault can also potentially chill the volume of
air flowing through the AHU further than is intended. A dramatically reduced flow
rate could also affect the system health of the overall air-conditioning system, and of
the compressor more specifically; if little air is traveling through the evaporator, the
cooling load on the evaporator could be substantially reduced, causing the amount

of refrigerant evaporated in the evaporator to be much smaller than required by the
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design specifications. This could potentially result in liquid refrigerant entering the
compressor through the suction line, causing the ingestion of liquid refrigerant by
the compressor, permanently damaging it. Also, the accumulation of material on
the filter or the evaporator can also effect the health of building occupants. The
accumulation of bacteria or mold on these surfaces can affect people breathing the
air.

The architecture of the airflow estimation method in [37] is dependent upon the
estimation of three related quantities: the mechanical torque applied to the fan 7; |
the speed of the fan blades wy, and the fan curve at the operating point of the fan.
Since the fan curve is measured empirically by the manufacturer, it is necessary to
develop a method to determine wy and 7¢ from the motor electrical variables V;,, and

Ir,. The block diagram in Fig. 3-21 shows the estimation scheme employed in [37].

Vi, torque-speed
In estimation

(W, i ) fan

curve

!

Tr(wy)wy

speed
estimation

Fig. 3-21: Structure of the airflow estimation method [37].

To identify the airflow Qy, the speed w; and the torque-speed curve 7¢(w,) are first
estimated independently from the electrical variables. The methods introduced in [37]
describe a way that the speed wy of the fan blades can be nonintrusively estimated.
The torque 74(w,) at the motor’s present operating point can then be identified by
monitoring the voltage and current supplied to the fan. With these estimates of wy
and 7y, the operating mechanical shaft power Wy can be identified. The mechanical
power and the operating speed are then used to identify the point on the fan curve
that describes the fan’s current state, thereby generating an estimate of the volumetric

airflow @y through the fan. An estimate of @; (cfm) can be recorded many times
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after many starts of the fan. These estimates can be collected in a histogram and

tracked and trended over time as shown in Fig. 3-22 [37] for diagnostic purposes.
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Fig. 3-22: Illustration of airflow detectability using torque-speed curves that are gen-
erated from minimization against the motor current and the torque-speed curve, as
collected for each blockage condition [37].

Fig. 3-22 shows experimentally derived histograms for the airflow of the AHU
when the intake filter is unblocked, 30% blocked, 50% blocked and leaky. As expected,

the airflow estimates are indicative of the mechanical condition of the AHU.

3.7 Reciprocating Compressors Application

Another application for nonintrusive speed detection is described in [38] for non-
intrusive fault detection in reciprocating compressors. The standard reciprocating
compressor is a machine that relies on the electromagnetic domain of the induction
motor, the mechanical motion of the crankshaft and reciprocating pistons, and the
fluid flow regime of the gas dynamics governed by the compressor’s valves. The
three-phase induction motor drives the crank shaft of the reciprocating compressor,
which causes motion of the pistons. The goal of the nonintrusive fault detection algo-
rithm is to provide a signal of exceptional sensitivity to mechanical faults within the

compressor from nonintrusive electrical measurements. The compressor voltage and
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current signals are used to “invert” the induction motor model equations to calculate
the torque and speed of the motor. The motor shaft speed, along with the driving
torque, is used to calculate the load torque on the crankshaft. The crankshaft load
torque signal is sensitive to valve and other mechanical faults in the compressor. In
[38], a longer custom shaft was built into the induction machine so that a custom
mount could be added. An encoder with 2500 counts is attached on the mount to
provide speed readings. This intrusive modification of the reciprocating compressor
circumvents the goal of nonintrusive fault detection.

The utility of the nonintrusive speed detection algorithm is clearly evident in this
application. To compare, the compressor has a steady tank at 70 psi. The algorithm
in [38] uses a running average of 1 second with a 50% overlap to compute speed from
the encoder. The encoder speed estimate is shown as the solid line in Fig. 3-23. The

nonintrusive speed detection estimate is shown as the dotted line in Fig 3-23.
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Fig. 3-23: Speed estimate comparison of a compressor with a steady tank at 70 psi.
The solid line is the estimate from the custom mounted encoder and the dotted line
is the nonintrusive speed detection estimate.

The data between the two methods agree well. The main difference is that the
nonintrusive speed detection algorithm did not require any modification of the com-

pressor.
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3.8 NilmDB and Cottage Street School

NilmDB is a database system created by Jim Paris [39] that can manage the large
quantity of data collected by a NILM device. The algorithms incorporated in NilmDB
allow for quick processing of data on different time scales. Load identification can
be made based up on startup transients which can be on the order of milliseconds
whereas load duty cycles can be on the order of hours or days. NILM Manager is
an online web interface created by John Donnal [40] that provides a graphical user
interface for viewing the NilmDB data. A screenshot of the NILM Manager is shown
in Fig. 3-24.

Select Data to Plot

-Or- Open Saved Plot

Fig. 3-24: NILM Manager startup screen [40].

The Laboratory for Electromagnetic and Electronic Systems at MIT has partnered
with the Cottage Street Elementary School (Fig. 3-25) in Sharon, MA to install a
NILM device in their boiler room as shown in Fig. 3-26. The NILM device is con-
nected to the most critical electrical subpanel that serves as the hub for the kitchen,
septic, heating, hot water, communications, and other key systems. The ultimate
goal is to track consumption with the goal of translating data into cost savings for
this facility.

A test was conducted to determine if the NILM installation can monitor the speed
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Fig. 3-25: Cottage Street Elementary School in Sharon, MA

Fig. 3-26: NILM install at the Cottage Street School

of a ventilation fan connected to the panel. The motor driving the fan is single-phase
with 34 rotor slots. Figure 3-27 shows the raw current drawn by the panel which

shows the transient response of the motor as it turned it on.

Transient Responses
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Fig. 3-27: Raw current with ventilation fan turn on transient

The PSH of the ventilation fan can be found by comparing the FFT window of
the motor current before and after the motor has turned on. Figure 3-28 shows the
FFT of the current during the pre-trigger window before the motor has turned off.
Figure 3-29 shows the FFT of the current during the post-trigger window after the
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Fig. 3-28: Pre-trigger PSH window of ventilation fan

motor has turned on and reached steady state.
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Fig. 3-29: Post-trigger PSH window of ventilation fan

The PSH of the motor is visible near 2040 Hz. The FFT optimization routine

is conducted to estimate the underlying location of the harmonic. The results are

tabulated in Table 3.4 for various lengths of time.

Table 3.4: PSH estimation for various lengths of times

Time Length PSH RPM

D 2037.651 3489.972
1 2039.689 3493.568
5 2039.237 3492.771
10 2039.239 3492.774

3.9 Summary

This chapter illustrates how the known behavior of motor harmonics could be ex-

ploited with reasonable assumptions about operating conditions to estimate speed in
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a nonintrusive setting. Spectral envelope computations are used to characterize the
operating schedule of loads as then turn on. Once recognized as “on”, the current
before and after the transient can be analyzed to estimate the speed of the new motor
joining the collection of operating loads on the monitored service. A fine estimate
of speed can be calculated by employing an optimization routine to find the optimal
frequency of a sinusoid that closely matches the spectral content of the observed data.
This optimization routine allows for smaller sampling windows to obtain desirable fre-
quency resolution. This technique can be extended to estimate the speeds of multiple
motors from an aggregate current signal. The efficacy of this technique was tested in

various applications and even in the field.
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Chapter 4

Vibration Monitoring Using Shaft

Speed Oscillation Harmonics

Previous research has been done to study the effects of mechanical faults on the stator
current spectrum [16-27, 41]. These faults, including broken rotors bars, damaged
bearings, rotor eccentricity, bearings failures, and shaft speed oscillations, produce
distinct harmonics in the current spectrum. One mechanical fault of interest is the
shaft speed oscillation, which can be enhanced when an imperfectly balanced fan is

attached to the motor shaft. The frequencies of interest [18] are predicted by

fsso:f[k(l—s)iV-
D

These harmonics from the shaft speed oscillations are present in the stator current,

(4.1)

complicating the detection of the principal slot harmonics.

The ac utility line is a potentially distorted sinusoid containing only the funda-
mental frequency f and harmonic multiples of this frequency. Depending on the time
of day, the amount of loading on the utility line can vary substantially and can cause
large distortions on the utility line. Also, line impedances create voltage distortions
at frequencies determined by other loads in the system. These distortions, like the

mechanical faults, introduce extra harmonics on the current spectrum.
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4.1 Current Method

According to [42], the United States Coast Guard uses vibration analysis to assess
a particular electric machine’s condition including bearing faults, misalignment, im-
balance, electrical faults and several other potentially damaging faults. The current
method of vibration monitoring requires mounting a sensor to the outer hub of the
motor and taking readings from a hand-held vibration meter. There are some in-
herent flaws in this method. One concern with this method involves the position of
the transducer that is placed on the outer hub. A preliminary study by Thomson et
al. [43] showed that stator frame vibration changes as a function of the transducer
position around the periphery of the frame. There is no guarantee that the trans-
ducer will be placed at the same location each time there is a maintenance check.
The accuracy of these readings over time may not be as reliable and trustworthy as
needed. Another flaw in the previous method includes the high cost of performing
such quarterly vibration monitoring checks by bringing in outside experts to perform
the vibration analysis. Finally, these vibration checks are only conducted four times
a year which may not frequent enough to catch any serious, potentially fatal, damage
in a motor.

Electrical-based vibration monitoring is a proposed solution that overcomes some
of the shortcomings in the previous method. By monitoring the current drawn by
the machine, the data recorded can be trusted and will be consistent throughout
the life of the motor. Whereas the results from the previous method’s data can be
altered by simply moving the transducer, electrical-based readings are more reliable.
Secondly, electrical-based monitoring can be automated so that a computer can track
the vibration of the motor more periodically instead of the four times a year as was the
case for the previous method. Implementing an electrical-based vibration monitoring

“in-house”

would not require contracting outside experts as the analysis can be done
by a computer. This chapter will propose a method that can track vibration on a

motor using only electrical signals.
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4.2 Shaft Speed Oscillation Harmonics

To predict the location of shaft speed oscillation harmonics in the current spectrum,
a simplified steady-state equivalent circuit is used to model the motor. The following
derivation is adapted from [18]. The equivalent circuit only includes a slip dependent

rotor resistance as shown in Fig 4-1.

Fig. 4-1: Simplified steady-state equivalent circuit model of motor containing only a
voltage source and a slip-dependent rotor resistance. The location of the shaft speed
oscillation harmonics can be determined by fully expressing the stator current 4,(t).

The shaft speed of the motor is assumed to be comprised of an average speed and
a sinusoidally varying component given by (4.2). The line voltage is modeled as a
pure sine wave of the line frequency given by (4.3). The relative phases between the
sinusoids are ignored in this derivation. The shaft speed n(t) and line voltage v(t)

n(t) = Navg + » _ Nisin (2rkf.t) (4.2)
k
v(t) = Vsin (2n ft), (4.3)

where N,,, is the unperturbed synchronous speed (rpm), Ny are the Fourier compo-
nents of the speed fluctuation, f, is fundamental frequency of the speed fluctuation,

V is the voltage amplitude, and f is voltage line frequency. The line current i,(t) is
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given by the following expression:

is(t) = v(t)/r(s) (4.4)

where r(s) is the slip-dependent rotor resistance and is expressed as R/s for some

nominal resistance R and slip s. The slip s of the motor is defined as

Noyne — n(t)
Nsync ’

S =

(4.5)

where N,y is the synchronous speed of the motor.

Combining (4.4) and (4.5), the line current can be fully expressed as

() = = ]:7/ (Nsy,w — Navg — 3 _ Nisin (27k fct)) sin (27 ft) (4.6)
sync &

Letting A = V(Neyno—Nava) o1 g Ap =

RS .
RNsync RNsync ’
is(t) = Asin (27 ft) = ) Aysin (2wk f.t) sin (27 ft) (4.7)
k

The expression for i,(t) can be expressed by taking the fundamental frequency of
the speed fluctuation, f., to be equal to the shaft speed. The underlying assumption
is that the shaft speed oscillation is periodic with the position of the shaft. Substi-
tuting f. = f==2 where p is the number of pole pairs and using the product of sines

trigonometric 1dent1ty,

wl}

iy(t) = Asin 2nft) + Y (cos or (kf. + f) )——cos(27r(lcfc—f)t))

k
= Asin (27 ft) +Z% {cos (27rf <k1;5+1) t)
k

_ cos (27rf (kl - S _ 1) t)} (4.8)
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The stator current i,(t) has a line frequency component which is present from
the non-varying speed component of the rotor. The other two terms are symmetric
sidebands which arise from the shaft speed variation. Therefore, the shaft speed

oscillation harmonic can expressed as

fsso:f[k(l_s)il
y4

where s is per unit slip, k = 0,1, 2... and p is the number of pole pairs.

, (4.9)

4.3 Single Motor Environment

To verify the expression in (4.9), the following experiment was conducted. A 3 phase,
p = 3 pole pair induction machine is loaded with an evaporator fan in a heating,
ventilation and air conditioning (HVAC) unit. Additional weight was placed on the
fan to create an imbalance leading to more vibration by adding paper clips to the fan
blade. A current transducer was placed around one of the phases and thirty seconds
of data were recorded for each incremental weight added.

A fast Fourier transform (FFT) was taken on the data to compute the spectral
content. For this motor, with p = 3 and for a low-slip assumption (s < .05) and
a f = 60 Hz supply line frequency, the principal shaft speed oscillation (k = 1) is
between 79 Hz and 80 Hz. Figure 4-2 displays the frequency content of the motor for

different amounts of paper clips.

Table 4.1: This table lists the normalized energy content for different amount of weight
added. This shaft speed oscillation harmonic energy correlates well with vibration
reading from a vibration meter.

Number | Vibration | Normalized
of clips | Reading (g) Energy

0 0.03 3.1570
4 0.09 6.5454
6 0.10 8.2172
10 0.19 15.9049

Table 4.1 lists the normalized energy content in the frequency window shown in
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Fig. 4-2: Energy content for an HVAC evaporator fan for different amounts of weights.
More weight leads to more vibration and more energy content in the shaft speed
oscillation harmonic.

Fig. 4-2. The second column displays the reading from an Extech 407860 Heavy
Duty Vibration Meter in units of g. The results show that the energy from the shaft
speed oscillation harmonic correlates well with radial vibration.

A second experiment was conducted on a pair of single phase ventilation fans
donated by the Industrial Electric Shop (IES) on the 1st District Coast Guard base in
Boston, Massachusetts. These machines were previously used for intake and exhaust
ventilation in the main engine room aboard one of the Coast Guard’s 49 ft buoy
boats. For these motors, with p = 1 and for low-slip assumption (s < .05) and a
f = 60 Hz supply frequency, the principal (k = 1) shaft speed oscillation harmonics
are between 117 Hz and 120 Hz. To avoid the 120 Hz supply harmonic, the window
of interest only monitored the frequencies between 117 and 119 Hz. Each motor was
turned on independently and recorded for 30 seconds.

Figure 4-3 graphs the frequency content of the intake fan for different amounts
of weight. Figure 4-4 graphs the content of the exhaust fan. Data were taken under
normal (black trace) conditions, with a little screw (green) and a big screw (blue)
attached to the hub of the fan blade.

Table 4.2 lists the normalized energy content in the frequency window for the

ventilation fans. The vibration readings were recorded from an Extech 407860 Heavy
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Fig. 4-3: Shaft speed oscillation harmonic energy content for intake ventilation fan.
More eccentric weight correlates with more energy content from the shaft speed os-

cillation harmonic.
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Fig. 4-4: The shaft speed oscillation harmonic energy content for the exhaust venti-

lation fan is shown.

Table 4.2: Vibration reading and energy content of intake and exhaust ventilation fans
under normal conditions, with a little screw and a big screw. More weight correlates
with more vibration and more energy from the shaft speed oscillation harmonic.

Intake Exhaust
Eccentric Vibration | Normalized | Vibration | Normalized
Conditions | Reading (g) Energy | Reading (g) Energy
Normal 0.37 2.8134 0.78 4.0989
Little Screw 0.47 3.4555 1.09 4.3861
Big Screw 0.59 3.9153 1.15 4.6918
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Duty Vibration Meter in units of g. The results show that the energy from the shaft

speed oscillation harmonic correlates well with radial vibration.

4.4 Multiple Motor Environment

The previous section demonstrated the effectiveness of using the energy of the shaft
speed oscillation harmonic as a measure of radial vibration when only one motor is
running on the utility line. This section will extend the algorithm in a multiple motor
environment.

A nonintrusive load monitor (NILM) can be used to determine the operating
schedule of major electrical loads from measurements taken from a building’s electric
utility [7, 8]. Dynamic changes in the power and harmonic consumption of a load,
e.g., during turn-on or turn-off transients, can serve as a fingerprint for identifying
load operation [2, 9] as discussed in §2.3. For example, an observed turn-on transient
or exemplar from a training observation produced by one of a collection of loads can
be used to identify the load in an aggregate current measurement. An analogous
procedure can be performed using turn-off transients. All that is needed, in principle,
to determine the operating schedule of a collection of loads is to record the aggregate
current drawn by those loads and then match each observed transient to the turn-on
or turn-off fingerprint of a particular load in the collection.

The ability of the NILM to identify loads based on their turn-on transients was
used to detect the speed of a motor in a multiple motor environment using principal
slot harmonics [44]. By keeping track of the current and voltage before (pre-trigger)
and after (post-trigger) a turn-on transient, the algorithm can estimate the speed of
the new load. A similar method is introduced here to estimate the energy content of
a shaft speed oscillation harmonic in a multiple motor environment.

The speed estimation method described in [44] had to calculate the location of
the principal slot harmonic. For vibration analysis, the method must calculate the
amplitude, or the energy, of the shaft speed oscillation harmonic. This difference

leads to a slight modification in how the pre-trigger and post-trigger current spectral
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information are handled.

Section 4.4.1 will discuss how the method will estimate the energy of the shaft
speed oscillation harmonic when there is no harmonic from a previous motor in the
frequency window of interest. This could mean that there was no motor running prior
to a trigger event or it could mean that the speed variation harmonic(s) of previous
motor(s) show up in a different window than does the harmonic of the motor causing
the trigger event. Section 4.4.2 will discuss how to estimate the energy of the harmonic
of a motor in a window when there is another motor with the same number of pole

pairs currently running.

4.4.1 No Previous Motor

Consider the single-phase, single pole-pair intake ventilation fan and the three-phase
three pole-pair HVAC evaporator fan described earlier. When the intake ventilation
fan is running by itself, there is a speed variation harmonic near 118 Hz harmonic
described by (4.9) as shown in Fig. 4-5. Furthermore, there is no harmonic content

near 79 Hz as shown in Fig. 4-6.

10 Experiment A Segment 1 f,5, Harmonics
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T T
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Fig. 4-5: Harmonic content of a single phase, p = 1 ventilation fan near 118 Hz is
shown.

When the HVAC motor turns on, the harmonic content near 118 Hz from the
intake ventilation fan is still present in Fig. 4-7 but now there is a spike in the 79

Hz window in Fig. 4-8. The harmonic content near 79 Hz can be thought of as the
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Fig. 4-6: No harmonic content near 79 Hz.
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Fig. 4-7: Harmonic content of a single phase, p = 1 ventilation fan and a three phase,
p = 3 HVAC motor. The p = 1 ventilation fan has content near 118 Hz.
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Fig. 4-8: The p = 3 HVAC fan has its harmonic near 79 Hz.
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sum of the content from the intake ventilation fan and the content from the HVAC

motor. Figure 4-9 shows the harmonic content near 118 Hz while Fig. 4-10 shows the

content near 79 Hz when only the HVAC motor was on.
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Fig. 4-9: The three phase, p = 3 HVAC fan has no harmonic content near 118 Hz as

shown.
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Fig. 4-10: No content near 79 Hz.

4.4.2 Previous Motor

In the case in which there are two speed oscillation harmonics in the same window,

the phase between the two harmonics is now a concern since the method wishes to

estimate the amplitude of each harmonic. Consider the following example of two

fundamental sinusoids with a relative phase angle of ¢ with frequencies 117.5 and
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117.6 Hz, respectively. Let Y(¢,t) = sin(2x - 117.5 - t) + sin(27 - 117.6 - t — @) be
the sum of the two sine waves. Depending on the value of ¢, the amount of spectral
energy contained in a window centered around 117.5 Hz varies. Table 4.3 shows the
amount of a spectral content in a window between 117 and 118 Hz for several values

of ¢ using a 10 second long data record.

Table 4.3: Energy content of 2 sinusoids with various phase angle difference. The
harmonic content energy is a function of this phase difference.

¢ | Energy (-10%)

0° 4.3200
15° 4.4269
30° 4.7176
45° 9.1274
60° 5.9950
75° 6.0749
90° 6.5356

105° 6.9550
120° 7.3170
135° 7.6097
150° 7.8247
165° 7.9559
180° 8.0000

As evident in Table 4.3, the energy contained in the window varies depending on
the phase difference between the two sinusoids. This fact could lead to an incorrect
estimation if the window is not chosen at the appropriate time. Unfortunately, there is
no simple way of knowing beforehand when the two shaft speed oscillation harmonics
will interfere constructively. To circumvent this problem, tracking the energy over a
long enough period with a sliding window will guarantee that eventually these two
harmonics will constructively interfere. The following example illustrates this point.

Consider the following scenario involving the intake and exhaust ventilation fans.
Assume that the former is running at a slip of s; with a corresponding shaft speed
oscillation harmonic located at f,,,; given by (4.9). This harmonic can be modeled
as yr(t) = sin(27 foeort). Now assume that the exhaust ventilation fan is running at a
slip of 8g with a harmonic located at f,,,5. The exhaust speed oscillation harmonic

is modeled as yg(t) = sin(2x fssort — ¢) where ¢ is the relative phase angle between
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yr(t) and yg(t).

The algorithm essentially takes advantage of the beat frequency between y;(t)
and yg(t). If the spectral energy is tracked long enough, the shaft speed oscillation
harmonics will be in phase and the energy of each harmonic can be estimated more
reliably. As an illustration, assume the intake fan is running at s; = 0.0417 with
Jssor = 117.5 Hz. Also, assume the exhaust fan is running at sg = 0.04 with fer =
117.6 Hz with a phase angle ¢ = /7. With a sampling rate of 8000 Hz, a 30 second
data record of y;(t) + yr(t) is shown in Fig. 4-11. The spectral energy of the shaft
speed oscillation harmonics is calculated over a 10 second window. A sliding window
with an offset of T,ffse¢ = 0.25 seconds is moved along the entire 30 second window
and the spectral energy is calculated in each window.

Figure 4-12 shows the result of the sliding window spectral energy calculation. It
is evident that spectral energy is periodic based on the beat frequency between the
harmonics. The two peaks in the figure coincide with the alignment of the phases of

the two shaft speed oscillation harmonics.

Amplitude

1 1 L L L
o 5 10 15 20 25 30
Time (sec)

Fig. 4-11: A plot of two sinusoids with frequencies 117.5 and 117.6 Hz with a phase
difference of ¢ = 7 /7 is shown.

The beat period can be calculated by the following expression

11
Joeat  fl81—sE|’

Tbeat - (410)

where f is the frequency of the supply line and s; and sg are the slips of the intake

75



1 1 1 L

; ; ; i
0 10 20 30 40 50 60 70 80
Window Number

Fig. 4-12: The sliding window algorithm shows the beat period of the energy content.

and exhaust ventilation fans, respectively.

In the previous example with f = 60 Hz, s; = 0.0417 and sg = 0.04, the theoret-
ical beat period is Theqt—theo = 9.8 seconds. Careful examination of Fig. 4-12 shows
that the local maxima occur during the 24th and 64th windows, or every Wieq: = 40
windows. With the window offset period of T,ss.; = 0.25 seconds, the experimental
beat period is Tieat—eap = Whaeat - Tofsset = 10 seconds. If the sampling frequency was
faster or if the window offset period was shorter, the error between the theoretical
and experimental beat periods would be smaller.

If the slip of the exhaust fan were to decrease to sg = 0.0383, the beat frequency
increases and the beat period should decrease. Figure 4-13 shows the results in which
the window beat count has decreased to Wit = 20 windows which results in an
experimental beat period of Tpeat—ezp = Wheat * Toffset = O seconds. The experimental
result agrees with the theoretical calculation of Tieat—theo = 4.902 seconds.

In summary, to compute the energy of a shaft speed harmonic contributed by a
motor when there is another motor running with the same number of poles requires
an additional amount of work. The first step is to calculate the slip of each motor.
Reference [44] suggests one possible method of estimating slip for two motors in
a multiple motor environment. Once the slips have been estimated, the theoretical
beat Tyeq: period is computed using (4.10). This algorithm then requires observing the

aggregate current stream from a sliding window for at least Tj..: seconds to observe

76



1 1 L 1 1 1 1 L
0 10 20 30 40 50 60 70 80
Window Number

Fig. 4-13: Sliding window algorithm of 2 sinusoids with slips of .0412 and .0383.
With a larger absolute difference in slips between the 2 motors, the beat period has
decreased.

at least one peak in the beat period. The maximum energy observed over this time is
used as the estimate of sum of the energy of the two shaft speed oscillation harmonics
from the two motors.

This algorithm breaks down if both motors are running at the exact slip. In this
instance, the energy observed is only a function of ¢4+ which is the phase angle

between the two motors the instance the second motor turns on.

4.4.3 Experiment

The theory described in the previous section is applied in the experiments described
below. Both the intake and exhaust ventilation fans were used. In the following two
experiments, the exhaust fan has no additional weights attached to the fan hub. The
intake fan has no additional weight but in the first experiment, an air filter is used
to partially block the air flow. In the second experiment, a piece of cardboard filter
is used to fully block the air flow to change the slip of the intake fan.

Figures 4-14 - 4-16 show the shaft speed oscillation harmonics appearing in the
aggregate current. The spectral data shown are taken with a sampling time of 30
seconds and sampling frequency of f; = 8000 Hz. When the intake fan is running by

itself, its harmonic is shown in Fig. 4-14. The exhaust fan is later turned on and both
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harmonics are shown in Fig. 4-15. Figure 4-16 contains the shaft speed oscillation

when the exhaust fan is on by itself.
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Fig. 4-14: When the intake ventilation fan runs by itself, its shaft

harmonic is shown.
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Fig. 4-15: The exhaust ventilation fan is then turned on and both oscillation harmon-

ics are shown.

Analysis of the principal slot harmonics in Fig. 4-17 can be used to estimate the

speed of any motor [11-15, 44]. When both motors are running, the intake ventilation

fan is running at a slip of sy = .0249 and the exhaust ventilation fan is running at a

slip of sg = .0276.

To get an accurate estimate of the energy of the shaft speed oscillation harmonic

from the exhaust fan, the sliding window algorithm mentioned before will have to be

employed. Equation (4.10) estimates that the beat period of the oscillation harmonics
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Fig. 4-16: The intake ventilation fan is then turned off and the oscillation harmonic
of the exhaust fan when running by itself is shown.
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Fig. 4-17: The principal slot harmonics of the intake and exhaust ventilation fans
with an air filter placed over the intake fan. These harmonics can be used to estimate
the speeds of each motor.

79



i Theat—theo = 6.1728 seconds. The result from the sliding window algorithm is shown
in Fig. 4-18 with a data length of 10 seconds and an offset length of Tt = 0.25

seconds.
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Fig. 4-18: The bottom two traces show the sliding window algorithm results when the
intake and exhaust ventilation fans are running by themselves. The top trace shows
the sliding window when both fans are on. The harmonic energy content is periodic
and the period can be determined from calculating the slips of each fan.

The beat periods in counts of the sliding window between the three peaks are 24
and 28. The experimental beat period in seconds is Teeqt—exp = Wheat * Toffset- There-
fore, the beat period is between 6 and 7 seconds which agrees with the theoretical
calculation of 6.1728 seconds. Section 4.4.4 will provide a discussion on the numerical
results.

The second experiment is similar to the first but a piece of the cardboard is used
to block the air of the intake fan thereby altering the slip. The shaft speed oscillation
harmonics are shown when the intake motor is on by itself (Fig. 4-19), when both
motors are on (Fig. 4-20) and when the exhaust motor is on by itself (Fig. 4-21).

Analysis of the principal slot harmonics in Fig. 4-22 shows that when both motors
are running, the intake ventilation fan is running at a slip of s; = .0253 and the
exhaust ventilation fan is running at a slip of sg = .0271. The theoretical beat period
of the oscillation harmonics is Theqt—theo = 9.2593 seconds.

The results from the sliding window algorithm is shown in Fig. 4-23. The beat

period in window counts between the two peaks is 37 which results in an experimental
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Fig. 4-19: When the intake ventilation fan runs by itself with a higher slip, its shaft
speed oscillation harmonic is shown.

45 T T T T T T T T T

Amplitude
o ©
N (4] w o

-
o

a
o
- T N

-

N ——— 1 L s y
118 1181 1182 1183 1184 1185 1186 11867 1188 1188 119
Frequency (Hz)

Fig. 4-20: The exhaust ventilation fan is then turned on and both oscillation harmon-
ics are shown.
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Fig. 4-21: The intake ventilation fan is then turned off and the oscillation harmonic
of the exhaust fan when running by itself is shown.
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Fig. 4-22: The principal slot harmonics of the intake and exhaust ventilation fans
with cardboard placed over the intake fan. These harmonics can be used to estimate
the speeds of each motor.

beat period of Tyeqt—ecp Of 9.25 seconds. Both the theoretical and experimental beat

periods agree with one another.
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Fig. 4-23: The bottom two traces show the sliding window algorithm results when
the intake and exhaust ventilation fans are running by themselves. The intake fan’s
airflow is blocked by a piece of cardboard. The top trace shows the sliding window
when both fans are on. The harmonic energy content is periodic and the period can
be determined from calculating the slips of each fan.

4.4.4 Slip Difference

The biggest problem facing the vibration monitoring algorithm deals with the slip

changes that occurs when both ventilation fans are running at the same time. When
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both motors are loading the utility line, the voltage amplitude drops and this slows
down the motors. This slip difference however also manifests itself in the shaft speed
oscillation harmonic as the total energy does not remain consistent. One possible
explanation is when the slip changes, the motor is operating at a new point on its
torque-speed curve. Each point on the curve may react differently to eccentric weight
depending on the torque turning the shaft. Another explanation for the change in
harmonic content is that the circuit model in Fig. 4-1 includes a slip-dependent
resistance. If the slip changes, then the amplitude of the current will also change.
Table 4.4 shows how the slip differs for the intake and exhaust ventilation fans

when each is running by itself versus when they are running at the same time.

Table 4.4: Slip changes for the intake and exhaust ventilation fans. As shown, the
slip increases (speed decreases) for each motor when both are turned on.

Experiment 1 Experiment 2
Filter Board
Segment Intake | Exhaust | Intake | Exhaust
Intake Only 0237 - .0242 —
Intake + Exhaust | .0249 0276 .0253 .0271
Exhaust Only - .0260 — .0259

Table 4.5 shows the total amount of energy in the window in which the shaft speed
oscillation harmonic is located. Recall that Experiment 1 had an air filter placed over
the intake fan while Experiment 2 had a cardboard blocking the airflow over the
intake fan. The expected sum is the sum of the first 2 columns, the energy content
from each fan when they are running by themselves. The observed sum is the actual

observed energy content. The results show that there is some error in estimation.

Table 4.5: This table shows the energy content of each fan when they are running by
themselves. It also shows the error between the expected energy content when both
are running and the observed.

Expected | Observed
Intake | Exhaust Sum Sum
Experiment 1 ’ 2.6796’ 1.6787 ‘ 4.3583 ‘ 4.1344

Experiment 2 | 2.9756 | 1.5902 4.5658 4.3411

If the exhaust ventilation fan’s vibration had to be estimated assuming the intake’s
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vibration is as enumerated in column 1, then the estimate would be higher than the
true value. To circumvent this problem, the algorithm could have a baseline reading
for each motor under all the possible permutations. There would be an baseline
vibration reading for the intake fan when it runs by itself and when it runs with the
exhaust fan running concurrently. Two similar baseline readings would need to be

recorded for the exhaust fan.

4.5 Effect of Fan Mounting Stiffness

Ducted fans all contain three parts: a fan, a motor, and the duct pipe section. The
fan is rigidly attached to the shaft of the motor forming the fan/rotor assembly.
The fan/rotor assembly is secured axially and radially to the motor by a pair of
deep grove ball bearings. Ball bearings, primarily through the flexibility of their
constituent materials, possess a radial stiffness that can be modeled as a linear spring
and damper in parallel. The motor body in a ducted fan is rigidly attached to the
duct pipe section, while the duct pipe section is often attached to low stiffness but
highly dampening vibration isolation mounts which secure the unit to the surrounding

structure.

Fig. 4-24: Duct fan picture

Fan imbalance faults occur when the center of mass of a fan rotor assembly is
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not coincident with the center of rotation of the assembly. These faults can be easily
induced in the lab by attaching a small mass to a given fan blade of an otherwise
balanced or fault free fan assembly. The presence of an eccentric weight of mass
m attached at radius r from the axis of rotation gives rise to an imbalance force F

described acting on the rotor fan assembly given by

F; = m,w*rsin(wt). (4.11)

Assuming that the mass of the rotor assembly is very much larger than the imbal-
ance mass (m, >> m;), the equations representing the radial motion of the fan /rotor
assembly and the motor stator/ duct pipe assembly are given as follows for the z or

y direction (perpendicular to the axis of the fan):

MyTy = —Tgkm — Laby, + (T, — Ta)ks + (£, — Z4)by (4.12)
mrx'r = _(xr - wd)kb - ("Br - afd)bb + E (413)

The meaning of the variables above may be deduced Fig 4-25.

km I(b
My . m, <= F

nll

bb

Rt B

Fig. 4-25: Model of duct fan [45].

Electrical detection methods for imbalance related faults in an induction motor
rely on the relative radial motion of the rotor and stator: (z, — z4). In fault-free
situations a balanced rotor runs true and its radial clearance is kept uniform by the
bearing stiffness. However an imbalanced rotor will exert the F; reaction force on the

bearing causing a vibration in the radial direction. The bearing will flex under the
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imbalance force and a point of minimum radial distance between the inner race and the
outer race will form and this point is fixed with respect to the inner race. As the balls
of the bearing roll past this point, they will cause a periodic disturbance/variation in
the rotational friction coefficient of the bearing. This periodic variation in the rotation
friction will occur at the bearing’s inner race ball pass frequency. The variation in
friction will also cause a periodic rotor speed variation, and this speed variation will
show up in the current signature of the motor at the same frequency. This is the basis
for the electrical detection method. A metric of electrical sensitivity to imbalance is
the amplitude of (z, — z4). This metric happens to be sensitive to the properties of
the vibration isolation mount, specifically its stiffness k,,. For appropriate scaling of
all parameters i.e. my = m, and k, >> k,,, one can get the following behavior of the
electric detection metric:
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Fig. 4-26: The effect of mounting stiffness on the electric detection metric. It can be
seen that the detection metric is sensitive to the vibration mounting stiffness [45].

The rise in the metric toward the right end of the plot is a resonance associated
with the specific excitation frequency chosen. It can be seen that the detection metric
is sensitive to the vibration mounting stiffness. The MATLAB code for the simulation

is contained in Appendix C.
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4.6 Summary

This chapter has demonstrated that the shaft speed oscillation harmonics can serve
as an electrical-based vibration reading for monitoring the health of motors. Results
from experiments in a laboratory environment were consistent with this claim. Fur-
thermore, an algorithm was developed that could allow for diagnostics of two loads
from one aggregate current signal. There are some limitations to these methods. It
was shown that two loads running off the same utility may cause the slips of each load
to decrease. A robust algorithm will need to take this phenomenon into consideration.
Finally, tracking the shaft speed harmonics may not be feasible in all conditions. A
simulation was done to show how the vibration mounting can affect the the energy

content of shaft speed oscillation harmonic.
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Chapter 5

Advanced Vibration Monitoring

Using The Hilbert Transform

Chapter 4 demonstrated methods for tracking vibration using only electrical signals.
However, there are conditions in which these electrical signals may not provide the
robust metric needed for accurate condition based monitoring. A simulation demo
was provided to show how vibration stiffness mounting can affect the sensitivity of
the electric signal metric. This chapter will explore the disadvantages of the current
methods of vibration analysis and provide new advances that improve upon these

methods.

5.1 Background

Both the United States Navy (USN) and the United States Coast Guard (USCG)
employ vibration monitoring for determining system health for a variety of rotating
electric machine systems. The USCG currently employs outside contractors to han-
dle their vibration monitoring needs on a periodic basis [42], although USCG crews
have conducted vibration monitoring in the past. There are interesting trade-offs in
“permanent” versus “occasional” monitoring. Some of the disadvantages with cur-
rent methods are explained in full in §4.1. In summary, the data taken from handheld

vibration meters are unreliable and measurements are taken infrequently. Equally im-
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portant in both USCG and USN approaches, where information may be gathered by
contractors or by an in situ or permanently installed vibration sensor, respectively,
is the measuring instrument itself and the nature of the test. Handheld vibration
sensors condense information from a broad frequency range into a single “average”
number or reading. This reading mixes signal energy and information from all vibra-
tion bands and eliminates valuable indicators. Underway, e.g., as part of USN ICAS
[46], it may not be possible to cleanly distinguish vibration from a component versus
coupled vibration from a neighboring machine, confounding diagnosis. In-port, as
the USCG conducts vibration monitoring, it is possible to isolate the operation of a
single or small number of machines. However, test conditions may not reflect realistic
use conditions.

This chapter will provide a flexible approach for processing sensor data that scales
required communication bandwidth, storage requirements, and computation with the
needs and desire of the engineering duty team. A “boiled” number or figure-of-merit,
like an average vibration reading, may be all that is desired for a quick look under
time pressure. It will be shown in §5.3 that steady-state vibration can be viewed as
a narrowband signal. The raw acceleration signal can be filtered by a passband filter
and the steady-state vibration levels can be tracked over time if an average vibration
reading is all that is required.

More extensive information, e.g., energy in frequency bands, may be useful for
understanding more complex pathologies. It will be shown that using this extensive
information is essential in diagnosing underlying problems that cause abnormal levels
of vibration. The ability to employ short-time frequency estimates to trade resolu-
tion and detail against computational complexity and data storage and transmission

requirements has proven of great value in power system monitoring [8].
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5.2 Extracting Spectral Envelopes With The Hilbert

Transform

Most data are susceptible to the possible requirement for interpretation without full
context. That is, the watchstander or shore-side maintainer will likely never have
all of the information necessary to interpret sensor data with complete confidence.
Part of the pressure that moves the design of sensing systems for maintenance in one
direction or another, depending on the maintenance philosophy, stems from opinions
surrounding the process of wading through a river of data to reach a conclusion.
Conclusions drawn from data collected with “hidden” correlations to unmeasured
or ignored processes are potentially little better than numerology. Reduced numbers
derived from sensors, e.g., averaged over time or frequency or both, essentially become
“go/no-go” indicators.

The Hilbert transform is widely used in amplitude modulation systems for its
ability to extract a narrowband signal that has been modulated by a carrier frequency.
It is this ability that motivates the use of the Hilbert transform in measuring the
acceleration levels.. The efficacy of using the Hilbert transform for such applications,
e.g., vibration monitoring, is shown in §5.3.

The underlying assumption used throughout this chapter is that there exists a
narrowband of frequency content in the raw acceleration signal that can be used for
diagnostic purposes. An example is shown in §5.3. The Hilbert transforms makes it
possible to compute these spectral envelopes and extract useful information from the
rest of the acceleration signal.

An approach for computing the Hilbert transform, H;{-}, can be seen in the
frequency domain. Let the Fourier transform of z(t) be X (jw) and let the Fourier
transform of the Hilbert transform, H;{z} be H,{z}. The relationship between x(t)

and its Hilbert transform in the frequency domain is

Hofz} = (=7 - sgn(w)) - X (jw), (5.1)
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where sgn(-) is the sign function. Therefore,

(
7, w<0
HA}=< 0, w=0 (5.2)
-7, w>0

In effect, the Hilbert transform applies a 90° phase shift to the negative frequency
content and a —90° phase shift to the positive frequency content.

A simple example, shown in [47], gives a concrete example of how the Hilbert
transform can be used to compute a spectral envelope. While it is assumed that
useful content appears in a narrowband of frequency, for this example, consider the
useful content exists at one frequency: w,. The amplitude (or vibration level) is the
useful information and as it changes over time will be called A(t) in the example.

Therefore, let x(t) = A(t) cos(w,t) where the sinusoid of a carrier frequency w, is
modulated by an amplitude envelope A(t). Furthermore, assume A(t) varies slowly
compared to the “carrier” frequency and can therefore be approximated as some

constant for simplicity. The Hilbert transform for z(t) as shown in [47] is
y(t) ~ A(t) sin(w,t). (5.3)

The next step to obtaining the envelope in amplitude modulation scenarios in-

volves computing a signal z(t) as such:
2(t) = z(t) + jH:{x}. (5.4)
The signal z(t) is called an analytic signal [47]. In the example,

2(t) ~ A(t)(cos(wet) + 7 sin(w.t)) (5.5)
~ A(t)elet, (5.6)

where the last equality holds from Euler’s relation. Once 2(t) is computed, obtaining
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the envelope A(t) is found by taking the absolute value as

|2(t)| ~ ‘A(t)e’“ct

(5.7)
~ |A()| - (5.8)

The signal lA(t)l is the envelope of the underlying narrowband signal which is used
to track vibration levels in this chapter. An implementation of computing the Hilbert

transform spectral envelopes in multiple frequency bands is shown in Appendix D.

5.3 Fan Vibration

To demonstrate the use of Hilbert transforms for vibration monitoring, two ventilation
fans from a USCG cutter were run in a laboratory setting conducted by Donnal et
al. [48]. These fans illustrate the potential value of a more detailed look at vibration
data correlated with operating condition (turn-on, turn-off, steady running, etc.).

Axial-flow fans can develop radial vibration due to imbalance. To better under-
stand the conditions that lead to radial vibration, two ventilation fans were set up in
the laboratory as shown in Fig. 5-1.

The two motors are mechanically coupled through the steel frame. The motor
on the left is the intake while the motor on the right is the exhaust. The following
subsections detail the experiments conducted to test the effect of certain faults on

the radial vibration.

5.3.1 Rotor Imbalance

A cause of radial vibration on the outer frame of the motor is rotor imbalance. This
situation occurs in the field when fan blades are damaged or fouled or when bearings
wear. An imbalance can be modeled as a weight attached to the rotor. With each
rotation, this extra weight causes the body of the motor to displace which leads to
vibration. In the lab, weights of different sizes were added to the hub of the fan and

the radial acceleration was measured for each weight. Figure 5-2 shows the top of the
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Fig. 5-1: Laboratory setup with two ventilation fans mounted to a steel frame.

fan in which no weight is added and Fig. 5-3 shows the fan that has been imbalanced.

On the top of the hub, a screw, and a screw with a nut were added on different runs.
Figure 5-4 shows the spectral content for the acceleration of the intake ventilation fan
during five seconds of steady-state operation between 50 Hz and 60 Hz under baseline
and faulty conditions.

Almost all of the spectral content is located at the speed of the fan in rotations
per second (rps). In this frequency band, the underlying signal can be approximated
as

z(t) ~ A(t) cos(wet), (5.9)

where w, is the rotational speed of the fan and A(t) is the time-varying amplitude of
the sinusoid. During steady-state operation, A(t) will remain approximately constant
and will change only in the presence of a fault.

With high-resolution data and an appropriate windowing transform, e.g., the
Hilbert transform in this case, we are not restricted to examining only steady-state

information. The Hilbert transform can be applied to extract time-evolving content
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Fig. 5-2: A top view of the intake ventilation fan with no imbalance.

Fig. 5-3: A screw attached to the fan hub imbalances the motor causing radial vibra-
tion.
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Fig. 5-4: Spectral content of the ventilation fan for five seconds of steady-state oper-
ation under baseline and faulty conditions between 50 and 60 Hz. All of the energy
is centered around the frequency corresponding to the rotational speed of the fan.
Approximating the energy in this frequency as a single sinusoid allows for the use
of the Hilbert transform to easily track the envelope of the underlying sinusoid over
time [48].

in small frequency bands of acceleration. For example, the acceleration levels in the
50 - 60 Hz frequency band for each run are shown in Fig. 5-5. The units of “accel-
eration” in this plot are “counts” from the analog-digital converter reading from the
accelerometer, and are of course limited to a specific frequency band. They do not
correspond directly to the “g” reading on a hand-held accelerometer, but they are
correlated with the vibration meter readings. With each increase in weight, the fan
is more unbalanced and the amount of radial vibration increases as expected and can
be tracked over time.

It should be noted again that the passband energy used in this chapter produce
arbitrary units that cannot be converted to “g” or any other standard units of accel-
eration. However, as shown in Table 5.1, the passband energy levels monotonically

increase as the amount of eccentric weight on the fan hub is increased. The values

from the handheld meter follows the same pattern.
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Fig. 5-5: Acceleration levels in the 50 ~ 60 Hz frequency bands for three different
runs. The baseline test in which the fan has no imbalance gives the lowest amount of
vibration. A second test was conducted with a screw added to the fan hub. The last
test added a screw and a nut. The vibration levels increase accordingly [48].

Table 5.1: Numerical energy levels in the second column for each of the tests con-
ducted with the intake ventilation fan. These readings are consistent with those from
a handheld vibration meter shown in the last column.

Passband Handheld Vibration
Energy Level | Meter (g RMS)

Baseline 610 0.10
Screw 810 0.55
Screw & nut 1300 0.70
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5.3.2 Loose Mounting

A second cause of radial vibration is from loose mounting. If a mounting or frame
loosens over time, the mount can no longer dampen any vibration. This results in an
increase in the radial vibration of the body of the machine. An improperly mounted
machine can add noise which can be a source of distraction for the crew and a source
of acoustic signature in the water. Mechanically, loose mounting also causes fatigue
in the structure of the motor which can reduce the lifetime of the machine.

To emulate a loose mount in the laboratory, the mounting screws attached to the
frame of the motor were loosened. Figure 5-6 shows a properly tightened screw which
mounts the intake motor to the steel cage. The screw is loosened as shown in Fig.

5-7.

Fig. 5-6: An intake ventilation fan which is properly mounted to the steel frame.

As the mounting screw was loosened, the amount of radial vibration increased as
expected as shown in Fig. 5-8. These values are consistent from the values obtained

from a handheld vibration meter. A summary of the values is shown in Table 5.2.

5.4 Differentiating Source of Vibration

Simple vibration readings can only indicate if there is a significant change in the

amount of vibration. They cannot, however, diagnose the potential cause of the
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Fig. 5-7: An intake ventilation fan with loosened mounting screws.
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Fig. 5-8: The acceleration content in the 50-60 Hz frequency band for a baseline test
is shown. A second run was conducted in which the mounting screws are loosened.
The acceleration content is also shown. As expected, the readings show an increase
in radial vibration [48].

Table 5.2: This table shows the numerical energy levels in the second column for each
of the tests conducted with the intake ventilation fan. These readings are consistent
with those from a handheld vibration meter shown in the last column.

Passband Handheld Vibration
Energy Level Meter (g RMS)
Baseline 610 0.10

Loose 805 0.23
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problem. In Fig. 5-9, the baseline for the intake motor is shown as the bottom traces.
The top two traces depict the two faulty runs of the ventilation fans. In one run, the
motor has a rotor imbalance by adding an eccentric weight to the fan hub. In the
other run, the motor is loosely mounted to the steel frame. The vibration readings
for the faulty runs are higher than that from the baseline but are indistinguishable
from one another in this example. Diagnosing the problem between a rotor imbalance

or a loose mount cannot be inferred from a vibration reading alone.

50-60 Hz Acceleration

1000 T T T T T
: : .| = Loose Mount
900 - = ~Screw H
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800 T g
700 1

Acceleration

Fig. 5-9: Acceleration levels for the intake fan under normal (“baseline”) conditions,
with a rotor imbalance (“screw”), and with a loose mount. The faulty runs both show
an increase in vibration. However, this information alone is insufficient to differentiate
the two flaws. More analysis is needed to diagnose the underlying fault [48].

During turn-off transients of the ventilation fan, the spectral content of the fan’s
acceleration passes through the lower frequency bands as the fan slows down. When
the fan is loosely mounted, the vibrational energy is dampened such that the envelope
is indistinguishable from the baseline as show in Fig. 5-10.

There is, however, no dampening effect with a rotor imbalance. The spectral
content is higher than those from the baseline and the loose mounting runs. While
vibration readings in the 50 — 60 Hz bandwidth give a simple indication as to the
deviation from the baseline reading, vibration levels in the other frequency bands

allow for a richer assessment. These methods for vibrational analysis were tested
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Fig. 5-10: Analysis of the 30-40 Hz frequency band is needed to differentiate between
a rotor imbalance of a loose mount. During turn-off transients, there is more energy
in the sub-bands when there is a rotor imbalance [48].

onboard the USCG ESCANABA.

5.5 FESCANABA Data

Measurements discussed in this section were taken on board USCG ESCANABA
(WMEC-907) shown in Fig. 5-11.

Measurements were taken from two paired vacuum pumps used to maintain pres-
sure in the waste water tank while the ship was at port. The motors are located in
the top compartment of the engine room. An image of these motors is shown in Fig.
5-12. The motor in the foreground will be referred to as Motor A. The motor in the
background will be referred to as Motor B.

Observations were made during which an accelerometer was physically attached to
each motor and the corresponding motor is turned on while the other motor remains
off. The sample rate of the accelerometer is 160 Hz. All of the analysis is run against
bands less than 60 Hz so the sample rate is higher than the Nyquist rate of 120 Hz.

Figure 5-13 shows the raw data of the acceleration for Motor A in a trial run.
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Fig. 5-11: USCG ESCANABA (WMEC-907). Measurements were taken from two

paired vacuum pumps located above the ship’s engine room.

Fig. 5-12: Two vacuum pumps in the engine room on the ESCANABA. The motor
in the foreground will be referred to as Motor A. The motor in the background will
be referred to as Motor B.
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Fig. 5-13: Raw acceleration of motor A when turned on [48].
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Fig. 5-14: The acceleration content takes the raw data and computes the envelope of
the Hilbert transform of the data between 50 and 60 Hz. The acceleration content
metric can be computed by taking a region when the motor is in steady-state operation
[48].
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The motor is turned on at around 43 seconds and switched off at 141 seconds. The
envelope in the 50-60 Hz frequency band of motor A is shown in Fig. 5-14. The
raw data was filtered with a bandpass filter center around these frequencies. The
amplitude of the Hilbert transform of this output signal is the envelope. This band
was chosen because the nominal speed of the pump is 3420 rotation per minutes (rpm)
or 57 rotations per second.

Ideally, the Hilbert transform is applied to narrowband signals in which the ampli-
tude changes slowly compared to the carrier frequency. In this example, this condition
does not hold and there are oscillations. A moving average is computed on the sig-
nal to smooth out these oscillations During steady-state operation of the motor, the
Hilbert transform can compute a metric that correlates directly with vibration. This
value provides a baseline to which comparisons from future tests will be made. As
with a handheld meter, this test condenses the information into a single number and
serves as a reference point.

A second test was performed in which the the accelerometer is placed on motor
A while motor A is off but motor B is running. The raw acceleration data is shown

in Fig. 5-15.
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Fig. 5-15: Raw acceleration of motor A when motor B is turned on. The amplitude
of the signals is greater than that in Fig. 5-13 [48].
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Fig. 5-16: The acceleration content is similar to that in Fig. 5-14. These metrics can
be misleading if no further analysis is done [48].

Once again, the Hilbert transform is used to compute a numerical metric. It should
be noted via visual inspection that this metric will be larger than that recorded when
motor A was running. In other words, the accelerometer on motor A detects a higher
vibration when another motor is on.

A purely automated analysis of the vibration readings (ignorant of operating
schedule) from this experiment or from a vibration meter would inaccurately ascribe
vibration readings to the wrong motor. In this instance, the machines are mechani-
cally coupled. A small vibration from Motor B can be enhanced through the coupling
leading to a large vibration reading from an accelerometer placed on Motor A. These
cross-interference effects cannot be inferred from boiled numbers.

However, analysis fr