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Abstract—Ventilation systems depend on periodic
preventive maintenance. Unfortunately, mission critical
systems, exposed to varying levels of particulates and other
contaminants, may require unpredictable and highly variable
maintenance intervals. Direct sensing for pressure drops or
other condition metrics can provide prognostic indicators,
but at the expense of the installation and maintenance
burden of the sensors themselves. Rotor slot harmonics
from motors have been observed for decades to track motor
speed. This paper presents hardware instrumentation and a
signal processing algorithm that can nonintrusively track the
rotor slot harmonics of multiple fan motors in an aggregate
electrical stream. Combined with a physics-based model of
the motors under observation, this nonintrusive data can be used to track the maintenance condition of multiple fan
motors on a single electrical service, minimizing the costs of installation and data analysis and reducing the total number
of sensors necessary to track fan health. Results are demonstrated with experiments on-board a US Coast Guard Cutter.

Index Terms— Condition monitoring, fault detection, nonintrusive monitoring, rotor slot harmonic, speed estimation.

I. VENTILATION SYSTEMS

VENTILATION systems provide fresh air and remove
stagnant air for both habitable spaces and also machine

processes like combustion cycles [1]–[3]. Efficient ventila-
tion improves air quality and reduces disease transmission.
Close environments require timely and effective maintenance.
Degradation of airflow quantity or quality can occur for many
reasons, including filter clogging, duct leakage, failed control
devices like dampers or variable air volume plenums, and
ingestion of foreign objects [1], [4]. Faults in ventilation
systems not only degrade airflow quality, but can also lead to
wasted energy. For example, the study in [5] found that 42% of
the examined HVAC units had blockages or other interferences
with airflow. Correcting the airflow brought 10% energy
savings. Mission critical air handling systems may require
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sensors for pressure and flow not only for control but also for
diagnostics. However, fault detection and diagnostics (FDD)
techniques can be expensive due to the required number of
sensors, and may still have difficulty in identifying root causes
of faults [6].

Ventilation fans have performance curves that relate
quantities like pressure and flow. System curves relate pres-
sure and flow for proposed ventilation duct systems. During
design, these curves inform decisions for selecting compo-
nents. For example, a fan’s operating point can be deter-
mined by the intersection between the system curve and fan
pressure curve [7]. Many fault identification and detection
schemes therefore employ rule-based methods that tabulate
steady-state values for pressures and temperatures that indicate
faults [8], [9].

The electrical consumption of motors in an air handler can
be observed and evaluated as a proxy that replaces many
sensors for FDD applications. Previously explored, rotor slot
harmonics from motors in air handling systems can be used
to track rotor speeds [10], [11]. This paper uses custom
nonintrusive power monitoring hardware to disaggregate the
slot harmonics of a collection of motors powered from a
common electrical service. Signal processing identifies the
harmonics associated with particular machines. Speed esti-
mates developed from the observed slot harmonics can be
used, with appropriate fan models, to estimate air flow in real
time and identify blockages and leaks in air handling systems.
This paper demonstrates new hardware and signal processing
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techniques that permit a single electrical monitor to evaluate
the diagnostic condition of a collection of fans on a common
electrical service. Field results are presented from US Coast
Guard Cutter (USCGC) MARLIN, an 87-foot patrol boat.

II. FAN PHYSICS

A fan curve relates shaft power to volume air flow. There-
fore, a fan curve can be used to characterize power consump-
tion changes that indicate pathologies like leaks or clogs.
Because fans are often driven by induction motors, rotor
slot harmonics can serve as indicators of fan blade speed.
Since an induction motor’s torque-speed curve determines
shaft power at any particular operating speed, fan speed is
an effective practical metric for determining ventilation system
health, and can be correlated with blockages and leaks through
examination of a fan curve. In the typical slip or speed
operating regime of an induction motor, power consumption
and speed are monotonically correlated. That is, for a useful
range of slip, the slip as revealed by slot harmonics is closely
linked to power. In the typical operating range of an induction
motor, low slip (high speed) operation consumes less power
than high slip (lower speed) operation. Motor or fan speed
can therefore be used to identify a variety of system air flow
faults. This interconnection between a fan and a motor and its
utility for diagnostics are examined below.

A. Mechanical Characteristics
Ventilation systems are designed to supply specific air flow

volume and pressure. System losses generate a system curve
which relates pressure to airflow. The intersection between
the system curve and a pressure-flow curve for the fan
(“fan curve”) indicates an equilibrium operating point. The
Air Movement and Control Association (AMCA) standard
210 describes how to generate the pressure-flow and power
curves for a fan [12]. An analytical relationship links power
H and air flow:

H = Q Pt K (1)

where Q is the volumetric flow rate, Pt is total pressure, and
K is a thermodynamic inefficiency [13]. Flow Q and pressure
Pt are non-linearly related. The simplicity of Eq. (1) belies
the complex theoretical and real fan behaviors. Practical fan
operation is understood not only with Eq. (1) but also using
fan curves. Different types of fans have characteristic power
curves, whose shapes are determined by the physical process
employed to generate flow [14]. Three example power curves
are shown in Figure 1. There are two major categories of fans,
centrifugal and axial, which are then divided further by blade
type and shrouding. This paper focuses on forward centrifugal
and tube-axial fans because they are common in commercial
and industrial settings, including onboard USCGC MARLIN.

For different fans operating at various points along their
respective fan curves, leaky ducting or filter clogs have phys-
ically different effects. The impact of these pathologies on
observed performance depends on the type of fan. The fan
characteristics or curves depend on the fan type, and fan shaft
power does not necessarily vary monotonically with flow rate.

Fig. 1. Characteristic fan power curves for various fans.

TABLE I
FAULT CHARACTERISTICS

Leaky ducts tend to increase volume flow, and clogged filters
tend to impede volume flow. The effects of these pathologies
on shaft power can be determined from the fan power curves.
Table I summarizes expected power changes for induction
motors based on the fan curves for axial and centrifugal fans
under flow changes.

Axial fans move air parallel to the axis of rotation. Due to
their smaller sizes and lower costs, axial fans are frequently
installed in small HVAC systems. Flow analysis reveals that
the pressure across the impeller of these fans is driven by the
decrease in relative velocity and a rise in absolute velocity [7].
The three main types of axial fans are propeller, tubeaxial, and
vaneaxial. Some axial fans have a dip in their pressure-airflow
curve, indicating a stall or surge region. This region is unstable
and operation in this region can lead to failure [7]. Table I
assumes that the axial fan is not operating in the stall region.

Centrifugal fans operate with air entering axially through
inlets on either side of the main rotating vane drum, usually
either open to atmosphere or inside of a duct. Inlet air is
accelerated by the blades and discharged radially. Compared
to axial fans, centrifugal fans are typically more efficient and
produce high static pressure, however they are also more
expensive. Centrifugal fans have different fan curves based
on the blade type. For forward-curved blades, air flow and
power rise in lockstep, with maximum power corresponding
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to maximum airflow. For backward-curved blades and airfoil
type centrifugal fans, the pressure curve peaks at the point
of highest efficiency, with a resulting peak in the power
curve.

B. Electrical Tracking
The electrical characteristics of a motor driving a fan can be

measured and used as an indicator of a fan’s operating point
and system health. For example, for induction machine drives
without speed control, slip is usually restricted to a relatively
small operating range. In this range, the shaft power level
varies directly with slip for most induction motors. That is,
a slower induction motor shaft speed usually corresponds to
a higher shaft power and vice versa. Since shaft power varies
directly with slip, motor speed indicates both shaft power and
therefore volume flow as indicated by the fan curve for a fan
driven by the motor.

Motor speed can be determined from observed electrical
waveforms by tracking slot harmonics [10]. With customized
data acquisition hardware, it is possible to track the slot
harmonics of several different motors on a single aggregate
electrical service. That is, appropriate hardware and signal
processing techniques can track multiple fans on a common
electrical service.

Rotor slots in induction machines create harmonics that
effect phase currents, voltages, and machine fluxes. These can
be observed at frequencies:

fh = fs

[
(k R ± nd )

1 − s

p
± v

]
(2)

where fs is the supply frequency, the non-zero integer k is the
order of rotor slot harmonics, R is number of rotor slots, p is
the number of pole pairs in the motor (the number of poles
divided by two), the non-negative integer nd is the order of
rotor eccentricity or decentering as it rotates with respect to
the stator, s is the rotor slip, and the odd integer v is the order
of stator magneto-motive force (MMF) harmonics [11], [15],
[16]. Rotor slip, s, is calculated as:

s = ns − n

ns
, (3)

where ns is the synchronous speed in rpm and n is
the measured rotor speed. For a mechanically ideal motor
(nd = 0) that is fed with a pure sinusoidal supply (v = 1)
the harmonic content in the line current demanded by the
machine is expected to be distributed around the principle slot
harmonic (PSH) at k = 1:

f psh = fs

[
R

p
(1 − s) ± 1

]
. (4)

However, if the motor is not mechanically ideal as is
generally the practical situation, there will also be harmonic
content at slot harmonics frequencies for different values
of nd .

Custom data acquisition (DAQ) hardware can be used to find
these harmonics in observed current waveforms even though
the harmonics are small compared to the base utility frequency
currents feeding the motor or motors. The custom DAQ is

Fig. 2. Block diagram of data acquisition board [15].

shown as a block diagram in Figure 2. In our experiments, six
of the available eight channels sample the 3-phase voltages and
currents on a shipboard 3-wire power system. Each channel
samples at 8 kHz with 16-bit resolution. An additional channel
is created for slot harmonic detection using an 8:1 multiplexer.
The custom DAQ can simultaneously record the slot harmonic
signals along with unfiltered records of the full current. The
DAQ uses a zero-crossing detector for line frequency estima-
tion. The real-time estimates of frequency are used to center
or tune a switched-capacitor (SC) notch filter to eliminate
utility frequency current. Because the relative amplitude of the
current at the utility frequency is several orders of magnitude
larger than the motor slot harmonics, the implementation of the
SC filter permits the resolution of the full range of a high speed
analog-to-digital converter (ADC) to measure slot harmonic
currents [15]. A second-order low pass filter is applied before
the SC filter as an anti-aliasing filter to restrict the bandwidth
of the input signal. The cutoff frequency of the anti-aliasing
filter is set to 3.1 kHz, which is much higher than the input
frequency band of interest [15]. A host computer receives
data from the DAQ and uses the slot harmonic stream to
estimate the rotational speed of a motor’s shaft. At the same
time, the currents and voltages are preprocessed to compute
power at an output frequency congruent with the line fre-
quency [17]. Then, changes in electrical power consumed by a
motor can be tracked. The dual streams from this nonintrusive
load monitor (NILM) provide two different mechanisms for
observing fan operation: electrical power and motor speed.
Electrical power can be computed from the unfiltered utility
frequency currents. Rotor speed can be computed from the
filtered slot harmonic stream from the DAQ. Both streams,
power and speed, can be used in principle to track fan
health.

The use of both streams expands the possibilities for non-
intrusively monitoring a collection of fan motors on a single
electrical service. Power measurements or power changes may
be due to a change in fan load and a fault pathology. However,
it may be difficult to associate a particular power change with
a specific motor in a collection of machines. If the machines
are different in other ways, for example, number of rotor
bars, eccentricity, or nominal slip, then tracking slot harmonics
can prove to be a valuable measurement for detecting a
motor’s speed uniquely in a collection of motors. The two
approaches, power monitoring and speed tracking, offer some
complimentary and some distinct advantages depending on the
monitoring situation. The next two sections examine the utility
of power monitoring and slot harmonic tracking for fan and
motor fault detection.
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Fig. 3. Axial fan power curve.

III. FAULT DETECTION THROUGH POWER

CONSUMPTION

Direct power monitoring can indicate the occurrence of
diagnostic metrics for any particular installation of one or
more fans. As a demonstration of the example predictions
in Table I based on the example fan curves, a variety of
fans were tested under different system conditions while
monitoring power consumption and average air speed. All
fans tested had an anemometer at their outlet to measure
airflow. This section demonstrates these results and the utility
of understanding fan curves and expected power changes for
diagnostic and prognostic monitoring. An axial fan was tested
in a duct ventilation system which introduced a system curve
or loss, while a forward curved centrifugal fan was tested as a
standalone air mover. To emulate blockages in the air system,
filters were introduced on the intake side of the system. The
filter elements consisted of varying stacks of a 1/2” polyester
plastic filter, rated to Minimum Efficiency Reporting Values
(MERV) 5, or 3 micron permeability. Foreign object ingestion
was also emulated with complete obstruction of the fan inlets.

An SHT-30 ventilator, consisting of a tube axial fan and
induction motor and was selected for its similarity in con-
struction to the engine room exhaust and supply fans on
USCGC MARLIN. After completing gradual blockage with
incremental additions of up to ten filters per intake, the fan was
subjected to a complete obstruction. Figure 3 shows average
observed fan electrical power versus the average air speed for
two minutes of fan operation. Error bars at each filter level
show two standard deviations. As expected for an axial fan,
power increases as airflow decreases.

A second test fan was made on a forward centrifugal
fan, chosen because it closely resembles MARLIN’s installed
primary ventilation fan. The fan was operated for ten minutes
at varying filter levels after which the fan was subjected to a
complete obstruction. Figure 4 plots the average steady state
power versus the average air speed at each blockage level.
As expected for a forward centrifugal fan, as airflow decreases
the power also decreases. It is worthwhile to note that the two
standard deviation error bars on the centrifugal fan are much
smaller than the axial fan, due to lower levels of turbulence.

IV. FAULT DETECTION USING SLOT

HARMONIC TRACKING
The slip for an induction machine is monotonically related

to shaft power in the typical region of operation for a healthy

Fig. 4. Centrifugal fan power curve.

motor operating from a utility with fixed frequency and voltage
amplitude. Shaft speed is therefore a proxy for shaft power in
these situations. Observed rotor slot harmonics in the current
fed to a motor indicate operating speed, and can therefore serve
as an indicator of the operating state of a shaft connected fan.
In situations where several motors are present on an aggregate
electrical service, motors and their mechanical state can be
tracked if slot harmonics can be identified that are unique
to the machine of interest. Two challenges must be handled
to enable nonintrusive slot harmonic tracking: compensation
for variations in utility frequency and reliable identification of
slot harmonics for a machine of interest in a “forest” of slot
harmonics created by other machines on the utility service.
Shifts in slot harmonics can be used to track changes in the
mechanical fan system load, and also can be used to identify
problems in the induction motor drive including broken rotor
bars and other mechanical damage to the motor [18], [19]. This
section presents a slot harmonic tracking algorithm applicable
even when monitoring several motors. Then, experimental
results are presented using an Agilent 6384B power supply.
Using this controlled ac power supply permitted flexible
experimentation with utility frequency variations.

A. Speed Estimation
The PSH frequency moves in a band limited by the min-

imum and maximum operating values for motor slip. For
larger, efficient induction motors, slip is typically within a
practical range of 5 to 10 percent [15]. Lower power machines,
particularly in a fan application with plenty of air flow, may
tolerate larger operating slips. Prior knowledge of the slip oper-
ating range is helpful to characterize an appropriate frequency
window for hunting for relevant slot harmonics [16]. Various
methods for rotor slot harmonic based speed estimation are
reviewed in [20]. These include a frequency demodulation
method [21], a maximum covariance method [22], and a short
time least square Prony’s method [23]. However, all of these
methods only consider a single induction machine, and are not
applied in a multi-machine environment.

The DAQ developed for this work rejects large utility fre-
quency components of current and permits the full resolution
of an ADC fed by a high-gain amplifier to search for slot
harmonic currents. A fast Fourier transform (FFT) analysis
of observed electrical currents can be used to search for slot
harmonics. However, because the resolution of the frequency
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discrimination and resulting speed estimation depends on the
size of the FFT bins, the accuracy of frequency estimation
grows as the length of an observation window increases. This
poses a dilemma. Long recording times provided extended
data records that improve FFT frequency resolution. Shorter
recording times are more likely to catch a quasi-static period
of fan operation when the fan speed is essentially constant and
free of mechanical disturbances. The method presented in [10]
and [15] provides a balance of time and frequency resolution
by finding a best-fit sinusoid within the FFT magnitude
spectrum of relatively short windows of observed current. This
paper builds on this method for applicability in multi-machine
environments.

This approach minimizes the sum of squared errors (SSE)
between the FFT magnitude spectrum of a candidate sinewave
and the observed FFT magnitude spectrum of the notch-filtered
motor current in an observation window. Let the candidate
sinewave be defined as s(t) = sin(2π fnt) with frequency fn

and unity amplitude. The independent variable is the frequency
fn , which ranges from f1 to f2. For a frequency window of
length N f , the vector of candidate frequencies is defined as:

fn = f1 + n

N f
( f2 − f1) . (5)

Increasing N f increases the frequency resolution for finding
the best-fit sinusoid. An exhaustive search is performed over
all fn and the frequency that minimizes the SSE is the best
estimate in a squared-error sense for the location of the actual
observed slot harmonic, and therefore the associated rotor
speed. That is, the estimated principal slot harmonic frequency
f̂ psh (or more generally the slot harmonic frequency f̂h) is
where the SSE is minimized:

f̂ psh = min
fn

SSE( fn). (6)

For fn ranging from f1 to f2 and corresponding frequency
indices k ranging from k1 to k2, the SSE is defined as:

SSE ( fn) =
k2∑

k=k1

|C ( fn) · |Xs,k ( fn) | − |Xi,k ||2 (7)

where Xi,k is the FFT spectrum of the notch-filtered motor
current, Xs,k is the FFT spectrum of a unity amplitude sine
wave candidate of frequency fn , and C is a normalizing scale
factor given as:

C ( fn) =
√ ∑

k |Xi,k |2∑
k |Xs,k ( fn)|2 . (8)

So far, this method has assumed that the slot harmonic of
interest is the largest peak in the window. This assumption
may not hold in a multi-motor environment. Because the
power information from a NILM detects when each and every
motor in an installation is energized, the NILM is aware of
the operation of multiple motors. In this situation, a multi-
peak detection algorithm is proposed that builds on the SSE
method in Eqs. (5)-(8). First, the minimum SSE sinusoid with
a candidate sinewave as described above is determined with
frequency fm . This is the location of the slot harmonic of
the machine with the largest peak in the window. Then, for

a two-machine environment, to find the location of the slot
harmonic of the second machine, a candidate signal is defined
as the sum of two sinusoids,

s(t) = Asin(2π fnt) + sin(2π fmt), A ≤ 1, (9)

where A is a scale factor that is less than one. The location
of the slot harmonic of the second motor is defined as the
frequency that minimizes the SSE, with Xs,k from Eq. (7)
and Eq. (8) being the FFT spectrum of Eq. (9). If a window
contains the slot harmonics of more than two motors, this
process can be repeated with candidate signals defined as the
sum of three (or more) sinusoids, as necessary. This enhanced
method is demonstrated in field testing in Section V.

From the estimated PSH frequency f̂ psh the rotor speed and
slip can be estimated. The estimated rotor speed in rpm is:

ω̂rpm = 60

R

(
f̂ psh − fs

)
. (10)

The estimated slip is:

ŝ = 1 − p

R

(
f̂ psh − fs

fs

)
. (11)

B. Speed Estimation With Filter Blockages
To demonstrate fan speed estimation using motor slot

harmonics, the centrifugal fan system was observed with
various filter blockages when operating from a nominal 60 Hz
utility frequency. The Agilent 6384B power supply was con-
figured for 120 VRMS output and 10 ARMS current limit.
The motor powering the centrifugal fan is a single-phase
permanent split-capacitor (PSC) motor [24], [25]. PSC motors
are commonly used in residential and commercial air handling
unit blowers [26]. Speed selection is implemented with a
tapped armature winding method, in which the stator winding
serves as an autotransformer [25]. The lowest speed operation
was selected to provide the greatest slip for the machine
and therefore the greatest challenge to the speed estimation
window algorithm. In this low-speed setting, the line voltage
is applied to the full number of turns on the motor armature,
producing the lowest machine flux and operating speed. When
running at “low” speed the fan operates at roughly 30% slip.

Strictly for cross-validation and initial setting of the slot
harmonic search window location in frequency, the fan speed
was measured with a tachometer. Using the measured rota-
tional speed, slip was calculated using Eq. (3). Slot harmonics
for different values of v from Eq. (2) differ by 2 fs , making
2 fs a good window size for locating the slot harmonic of
interest [10]. Because of the high slip of this machine, filter
blockages have a large effect on the motor speed. For these
high slip machines, a window of length 2 fs that is centered on
the nominal slot harmonic was used to begin the slot harmonic
search:

f1 = f prev − fs ≤ f ≤ f prev + fs = f2 (12)

where f prev is the frequency of the initial or last
detected slot harmonic location. This adjustable window and
Eqs. (5)-(8) were used to track slot harmonics on one-second
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TABLE II
CENTRIFUGAL FAN SPEED AT 60 Hz

length windows with N f = 1200 (0.1 Hz frequency res-
olution). The initial window center for the test motor was
1020 Hz, which was the approximate observed slot harmonic
location. Then Eqs. (10) and (11) were used to calculate the
estimated speed and slip, respectively, with results presented
in Table II. The estimated speed was then compared with the
measured tachometer speed for cross-validation, as shown in
Table II as absolute percentage error. The estimated speed
and estimated slip closely match those calculated from the
measured tachometer speed, demonstrating that slot harmonics
were accurately tracked and fan speed can be reasonably
measured using slot harmonics. For this centrifugal fan, the fan
speed increases as expected as the system experiences pro-
gressive vent blockages, and the slot harmonic approach can
clearly detect diagnostic pathologies like vent blockage and
duct leaks.

C. Speed Estimation With Varying Supply Frequencies
Particularly on microgrids with limited generation capacity

and finite inertia, as are found in marine environments, there
are potentially significant fluctuations in supply frequency.
While these fluctuations may be not effect the overall operation
of the microgrid, the slot harmonic Eq. (2) effectively applies a
“gain” to the utility base frequency as a function of the slip and
construction of the induction motor. Relatively small variations
in utility base frequency will therefore shift the location of slot
harmonics, and complicate efforts to track motor speed. These
frequency shifts, if not accounted for can be misinterpreted as
pathologies. It is therefore essential to track supply frequency
and incorporate the real time utility frequency into the slot
harmonic calculations.

To explore the impacts of slight variations in supply fre-
quency, the Agilent power supply energizing the fan motor
was varied from 59.5 to 60.5 Hz in 0.1 Hz steps. The NILM
operating with the enhanced DAQ uses its observations of
voltage to provide a running estimate of utility frequency on
a cycle-to-cycle basis. This estimate is used to compensate
the slot harmonic search. The slot harmonics were tracked
on one-second length windows with a frequency window of
length 2 fs centered at 1020 Hz and N f = 1200 (0.1 Hz fre-
quency resolution). Results from these experiments are shown
in Table III, with measured tachometer motor speed, slip,
observed PSH, estimated speed, estimated slip, and absolute
percentage error of speed. The results indicate that NILM slot
harmonic tracking can effectively monitor fan rotor speed at

TABLE III
CENTRIFUGAL FAN SPEED WITH VARIABLE SUPPLY FREQUENCY

different supply frequencies. Additional information, such as
power consumption and equipment status from the NILM, can
also be used to evaluate if a ventilation system is degraded.
Since a fan’s power consumption is relatively independent
of small changes in the variable supply frequency, and as
demonstrated in Section III can be used to detect ventilation
blockages, this information can be examined in tandem with
slot harmonic shifts to determine HVAC health.

D. Multi-Motor Frequency Space Speed Estimation
Nonintrusive monitoring scenarios are likely to involve

several motors operating from a single aggregate electrical ser-
vice. This situation is common, for example, with microgrids
on ships. Searching for slot harmonics has proven to be of
great utility in distinguishing the operation of different motors
on a common electrical service. To illustrate, the previously
discussed centrifugal fan was operated on the same electrical
service with a 3-phase axial fan and a secondary single
phase centrifugal fan (bathroom fan). All three machines were
powered from the Agilent ac power supply, and the observed
slot harmonics were used to approximate rotor speed on all
operated machines. These comparison tests were conducted at
59.5, 60.0 and 60.5 Hz to emulate the anticipated changes in
supply frequency onboard a marine micro-grid.

The motors inject a family of harmonics on to the line
according to the slot harmonic equations and the inevitable
imbalances in the machines that excite eccentricity harmonics.
For this demonstration, the three motors were tracked with
harmonics intentionally chosen relatively close to one another
to reflect a the potential “worst-case” scenario, in which two
machines produce similar harmonics, increasing the poten-
tial for incorrect identification. With good knowledge of the
machine constructions, the machines can be tracked and their
operation distinguished from the background loads. This can
be seen in Figure 5, which shows the harmonics of the three
fans shifting in frequency from 59.5 Hz to 60.0 Hz to 60.5 Hz.
In this scenario the harmonics maintain sufficient frequency
separation such that no overlap occurs.

Figure 5 also shows how different types of induction
machines may react differently to changes in supply fre-
quency. The centrifugal fan slows down as supply frequency
increases while the secondary centrifugal fan and 3-phase fan
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Fig. 5. Frequency space with three induction machines at various supply
frequencies.

both increase speed. The centrifugal fan is powered by a
single-phase capacitor run induction machine, and the shift in
supply frequency alters the torque-speed curve, such that the
constant torque applied by the fan blades counteracts the shift
in the new endpoint. Despite variations in the supply frequency
and differences in the torque-speed behaviors, the observed
slot harmonics for each machine remain in distinct windows
that can be reliably used to track motor operation. Specific
knowledge of slot harmonic location and physical attributes
of the motor can be leveraged to differentiate between har-
monics, even as a power grid experiences frequency shifts or
induction machines change speed due to mechanical operating
conditions.

E. Rotor Bar Damage
Finally, we observe that slot harmonic information can

also be used to diagnose pathologies in the motor itself,
distinct from changes in the fan system. For example, rotor
bar cracking [27] can occur due to thermal cycling of a
motor or mechanical stress under starting [28]. It is important
to distinguish gradual shifts in slot harmonics that due to
a gradually leaking duct or clogging filter versus a change
due to a broken rotor bar. To demonstrate the utility of slot
harmonics observations in distinguishing different pathologies,
two identical fans were tested, one healthy and one with
a single cracked rotor bar. The tachometer-measured motor
speed of the healthy motor was 1069.2 rpm, which gives a
slip of 0.406. With a broken rotor bar, the expected location
of the slot harmonic for the motor moves, and can be predicted
by:

fbrb = fs

[
(k R + nd )

1 − s

p
+ v − 2s

]
, (13)

which indicates a predicted slot harmonic at 2 fs s lower than
the healthy slot harmonic location [27]. Using Eq. (13) and
the slip, the predicted shift in the slot harmonic is 48.7 Hz,
essentially identical to the observed shift of 48.5 Hz shown in
Figure 6. A nonintrusive monitor with the enhanced DAQ for
tracking slot harmonics, aware of the activity of a motor from
power traces, can easily detect the slot harmonic shift due to
a broken rotor bar.

Fig. 6. Slot harmonic location shift due to rotor bar damage.

Fig. 7. Supply frequency for typical day at sea on generator power and
in-port on land-based utility power.

V. FIELD TESTING ON USCGC MARLIN
This section demonstrates speed estimation and diagnostics

onboard USCGC MARLIN. There are two difference sce-
narios in terms of frequency stability: in-port (connected to
land based shore-power) and at sea (on generator power).
The frequency for a typical day in-port and a typical day at
sea are compared in Figure 7. In this comparison, the in-port
and at sea frequencies had ranges of 0.15 Hz and 2.42 Hz,
respectively.

The USCGC MARLIN has two primary ventilation systems
installed, one for the engine room and the other for living
spaces. Testing was conducted on the supply system for
the primary habitable space. This fan system uses a belted
centrifugal fan drawing air from both the weatherdeck and
the internal superstructure. Speed estimation during ventilation
blockage and a multi-motor environment are demonstrated
while the ship is connected to shore power. Then, speed
estimation is demonstrated while the ship is at sea with a
changing supply frequency.

A. Primary Supply Fan
The primary supply fan employs a two-pole induction motor

with 22 rotor bars rated for 3530 rpm at 60 Hz. To test
the primary supply fan, filters were introduced simultaneously
on both the weatherdeck “fresh” air intake and the internal
re-circulation intake. Full blockage on the system, as might
occur if an accidental ingestion event occurred, caused the
steady-state power of the motor to drop noticeably, as expected
from Table I. The motor PSH shifts as well, indicating a
motor speed increase. This is similar to the observed behavior
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TABLE IV
MARLIN SUPPLY FAN SPEED ESTIMATES

AT VARIOUS BLOCKAGE LEVELS

Fig. 8. Measured power and estimated speed for the supply fan with
various blockage levels.

of the lab tested centrifugal fan. The SSE slot harmonic
detection method in Eqs. (5)-(8) were used to nonintrusively
track motor speed. Table IV shows the estimated PSH location
and motor speed and slip from the slot harmonic estima-
tion with one-second long windows and search parameters
f1 = 1335 Hz, f2 = 1375 Hz and N f = 300 (0.1 Hz frequency
resolution).

Figure 8 shows the aggregate 3-phase real power stream and
the estimated speed as blockages are subsequently removed.
Under normal shipboard operations this supply fan is infre-
quently energized/secured and any clogs or leaks would
happen as the fan is operating. Although the inlet blocked
conditions are visible in the aggregate power stream, it would
be difficult to attribute the changes in power to the supply
fan when other loads are energized and consuming power.
Tracking the motor PSH unambiguously identifies clogging
on the ship.

B. MARLIN’s Multi-Motor Environment
In addition to the primary supply fan on MARLIN, there

is a hydraulic power unit (HPU) cooling fan, which draws
power from the same monitored electrical grid on the ship.
This cooling fan is a 3-phase axial fan, similar to the 3-phase
axial fan lab-tested in Section IV. No data was acquired about
the construction of the HPU cooling fan, e.g., number of rotor
bars. Instead, the slot harmonics for the cooling fan were

Fig. 9. MARLIN multi-motor environment.

located and tracked by running the HPU cooling fan while
introducing filter blockages to slow down the fan, demonstrat-
ing that the slot harmonic tracking can be configured ad hoc
on a field NILM. In contrast to the earlier observed centrifugal
fans, this axial fan slowed down as expected as filters were
introduced. This is due to an increase in torque from larger
pressure differentials across the blades [7]. Up to three layers
of 3 micron permeability filters were added, as well as total
blockage. To “train” the NILM to recognize these slot harmon-
ics with no other information about the machine, the HPU was
energized during a period when the ship grid had other motors
“off.” This ability to energize, secure and physically decelerate
or accelerate the fan of interest can serve as a replacement for
knowledge regarding the motor’s internal construction This
method illustrates an important second method for identifying
harmonics, when limited information is available about the
machine of interest.

Once the slot harmonic window for the HPU cooling fan
was identified, a multi-motor environment was tested, in which
both the supply fan and HPU cooling fan were energized.
The supply fan was kept at “healthy” operation, while filter
blockages were introduced for the HPU cooling fan. The
slow down of the HPU cooling fan as filters are introduced
causes the slot harmonic to move towards the supply fan’s
slot harmonic. Eventually, the fully blocked axial fan’s slot
harmonic travels past the supply fan’s harmonic location. The
frequency spectrum of this multi-motor environment in various
operating conditions is shown in Figure 9. In order to track
the respective slot harmonics of each fan, the multi-peak
detection SSE method from Eq. (9) was essential. Here,
f1 = 1335 Hz, f2 = 1375 Hz and N f = 300 (0.1 Hz
frequency resolution). For Eq. (9), A is set to amplitudes
ranging from 0.4 to 1 in 0.1 increments. Figure 10 shows
the spectrum for a ten-second window, with the peak val-
ues. In comparison, Figure 11a shows the spectrum for a
one-second window and the minimum-SSE sinusoid. These
detected frequency peaks from the minimum-SSE sinusoid
method match closely with the estimates from the longer ten-
second window, which offered higher frequency resolution.
Figure 11b shows the minimum SSE from using a single
sinusoid, versus the multi-peak method with two sinusoids.
These results show that even in a multi-motor environment,
slot harmonics for machines of interest can be detected and
tracked. Using transient detection in the NILM power stream
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Fig. 10. Motors FFT current spectrum for a 10 second window.

Fig. 11. Current spectrum and SSEs for a 1 second window.

to determine when a load is operating can inform the slot
harmonic detection algorithm as to when multi-motor slot
detection is necessary.

C. MARLIN at Sea
MARLIN was observed during an underway period at

sea. During this time, the installed NILM monitored supply
frequency and both filtered and unfiltered current data. The
supply fan was energized during the entire underway period,
presenting the fan with various environmental conditions and
supply frequencies. The NILM used the algorithms presented
in this paper to track the supply fan slot harmonics. Supply
frequency changes can impact the rotor speed as well as slot
harmonic location. Figure 12 shows the estimated speed from
the tracked slot harmonic as the supply frequency fluctuates
from a maximum of 60.5 Hz to a minimum of 59.9 Hz, using
the same method as described in Section V-A. As observed,
the rotor speed decreases slightly from an estimated 3549 rpm
to 3518 rpm as the ship’s grid frequency decreases. Analysis of
this data supports the conclusions drawn in Section IV, which
indicate that slot harmonics can be tracked with a varying
utility frequency when the NILM tracks utility frequency from
the system voltage.

Fig. 12. MARLIN estimated speed with shifting supply frequency.

VI. CONCLUSION

Ventilation systems play important roles in residential,
commercial, industrial, and transportation systems. They are
critical energy consumers and generate substantial electrical
waste when run under faulted conditions. A NILM can effec-
tively monitor fans and their motors, providing a method
or additional method for detecting and diagnosing faults.
Combining knowledge of physical characteristics of installed
fans with their respective electric signatures enables a NILM
to track the health of an HVAC system.

The methods presented in this paper are especially valuable
for aggregate monitoring of microgrids with highly-variable
supply frequency. First, to demonstrate the value of power
monitoring for detection of filter clogging, fans were tested
using a laboratory grid as discussed in Section III. If a fan
is infrequently energized and secured, clogs or leaks need
to be detected while the fan is operating. Thus, slot har-
monic tracking is employed to correlate specific individual fan
behavior with power consumption. In Section IV, an Agilent
3-phase power supply was used to demonstrate fan speed
estimation and filter clogging detection via slot harmonics.
The power supply permitted demonstration of the proposed
tracking and diagnostics algorithms on a utility source with
flexible frequency variations. These experiments demonstrated
that supply frequency needs to be tracked so that clogging
or other fault conditions can be distinguished from shifts in
supply frequency. A multi-machine environment was tested to
demonstrate how different types of induction machines react
to changes in supply frequency.

Finally, Section V demonstrated the proposed algorithms
and hardware in a field microgrid on USCGC MARLIN, both
in-port and at sea. The in-port experiments, which occured
with a relatively stable utility frequency, demonstrated how
power and slot harmonic information can be used in tandem
to track ventilation health in the field. Furthermore, testing
on MARLIN confirmed that these methods work well in a
practical multi-machine environment served by a common
electrical source. The motivation for and the applicability
of the multi-peak SSE algorithm was demonstrated in this
multi-machine environment. The results from MARLIN at sea
confirmed that motor speed can be tracked even with a rela-
tively highly variable supply frequency on an isolated micro-
grid. The laboratory and ship results together demonstrate that
with a combination of equipment operation history, power
consumption, and slot harmonic tracking, it is possible for
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a NILM system to identify fans and monitor HVAC systems
for fan and motor health and speed.
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