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Abstract— This article presents a design for data acquisition
hardware that can automatically track and reject utility fre-
quency components of a measured current or voltage waveform.
Measurements of subtle harmonic content in the waveform can
therefore be made with the full dynamic range of the on-board
analog-to-digital converter. This permits the detection of small,
higher frequency signals for applications to condition-based
maintenance and energy scorekeeping. Experimental demonstra-
tions in this article show the hardware prototype isolating the
rotor slot harmonics in a motor’s input current. The high-
resolution measurements of slot harmonics permit the estimation
of motor speed from the detected slot harmonic frequency and the
rejected fundamental frequency. The performance and accuracy
of the speed estimator are demonstrated with both steady-state
and transient experiments.

Index Terms— Frequency tracking, nonintrusive monitoring,
rotor slot harmonic, speed estimation, switched-capacitor (SC)
notch filter.

I. INTRODUCTION

VALUABLE information for diagnostics, control, and
energy-scorekeeping may be found over a range of

frequencies and amplitudes in utility waveforms. The ac utility
effectively creates a substantial “carrier frequency” compo-
nent at the utility frequency that indicates real and reactive
power demand. Other frequency content, for example, in the
current waveforms demanded by a load, can serve as impor-
tant tell-tale signatures for identifying loads and recognizing
operating state and fault conditions. This additional frequency
content may be at harmonic multiples of the utility frequency,
or distributed in other ways, for example, as a multiple or
function of both utility frequency and slip frequency in a
motor. The relative amplitude of signals like current at the
utility frequency versus motor slot harmonic frequencies may
vary over several orders of magnitude [1]. This creates a
significant practical problem in achieving an adequate dynamic
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range to observe all signals of interest. The problem is com-
pounded by normal variations in the utility frequency, which
complicates the design of data acquisition instrumentation for
making complete measurements of interest.

This article presents a custom design for data acquisition
hardware that can automatically track and reject “carrier
(utility) frequency” content in a nonintrusive current mea-
surement, permitting the resolution of subtle higher harmonic
content with the full dynamic range of an available analog-
to-digital converter (ADC). This new instrumentation design
automatically tracks variations in utility frequency and adapts
to ensure reliable measurements of relatively small signals
which are present in the waveform of interest.

Knowledge of shaft speed, for example, assists with
many control and monitoring applications for electric
machines [2]–[7]. Using invasive approaches for speed esti-
mation adds sensors to machines, adding complexity and
cost [2]–[4]. Installation of the sensors, cables for power
and communication, and interface circuits requires additional
work and space. These approaches are also vulnerable to
faults in each component [6]. Noninvasive, speed sensor-
less monitoring can reliably estimate speed [6]–[15] with
varying approaches and effort. Commonly used estimation
methods require detailed motor models [8]–[10] with accurate
parameter estimates [10], [11]. Machine saliencies [12], [13]
and magnetic variations [14], [15] allow for speed estimation
without dedicated speed sensors or a detailed machine model.
These signals create tell-tale signs at frequencies higher than
the utility, which can be examined.

However, three problems challenge efforts to implement
practical nonintrusive speed sensors for electric machines.
First, slot harmonic signals are much smaller in size and
located in higher frequency bands when compared with the
fundamental component of current. Notch filters have been
applied to attenuate the line frequency component and amplify
high-frequency harmonics [1], [16]. Subtle variations in the
utility frequency can defeat the efficacy of this approach
as utility waveforms slide out of the stopband of a tightly
tuned filter. Second, as shaft speed changes with mechanical
load, the slot harmonic frequencies change with changing
machine slip. Complex circuit solutions can phase-lock to
these changes [17]–[19], but digital signal processing methods
permit more flexible implementations assuming a reliable
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measurement of slot harmonics can be made [20]–[22]. Third,
because an electric machine typically generates a family of
harmonics, tracking applications can become confused by
coincident changes in utility frequency and higher harmonic,
for example, slip-related frequency [1], [15], [22], [23].

This article also presents a nonintrusive speed estimation
method using the proposed tracking hardware and demon-
strates the speed estimation performance with induction
motors as a working example. The data acquisition board
with an automatically tunable notch filter tracks utility fre-
quency and provides high resolution measurements of higher
harmonics as the utility frequency experiences inevitable vari-
ations. To detect key slot harmonics from the filtered data,
a slot harmonic tracking algorithm is proposed. It includes
an optimization process to increase the accuracy of frequency
detection and improve dynamic performance. Reliable har-
monic tracking is achieved as the motor load varies by taking
advantage of the inherent slip range typically observed for
efficient operation in most induction machines. The accuracy
and dynamic performance of the proposed speed estimation
techniques are verified through experiments at various operat-
ing conditions and are used to demonstrate the utility of the
proposed instrumentation and harmonic tracking algorithm for
enhanced nonintrusive load monitoring.

II. FREQUENCY SIGNATURES

Most impedance loads draw current signatures with fre-
quency content beyond the utility frequency. Induction motors,
an industry workhorse, for example, have rotor slots that
create harmonics in phase currents, voltages, and machine
fluxes [1], [16]. These harmonics can be measured in the
air-gap flux, stator current, and stator voltage at frequencies

fh = fs

[
(k R + nd)

1 − s

p
+ v

]
(1)

where fs is the supply frequency, k = 0, 1, 2, . . . is the order
of rotor slot harmonics, R is number of rotor slots, p is the
number of pole pairs, nd = 0, ±1, . . . is the order of rotor
eccentricity or decentering as it rotates with respect to the
stator, s is the rotor slip, and v = ±1, ±3, . . . is the order
of stator MMF harmonics [12]. If the motor is mechanically
healthy (nd = 0) and fed with a pure sinusoidal supply (v =
1), the harmonic content in the line current demanded by the
machine can be expected to distribute around a simplified set
of slot harmonic frequencies that may be well represented or
tracked by following the “principal slot harmonic” (PSH) at
k = 1, expressed as follows:

fPSH = fs

[
R

p
(1 − s) + 1

]
. (2)

Fig. 1 shows a measured example of the current spectrum of
a three-phase induction motor at 60-Hz supply. The frequency
spectrum was obtained by the discrete Fourier transform (DFT)
of the motor current data sampled for 10 s. The test motor with
18 rotor slots and 2 pole pairs was running at 1657.7 r/min.
There are several peaks at different frequencies, each point
indicating where a current harmonic is present. As shown
in (1), three factors are involved in the creation of harmonics:

Fig. 1. Slot harmonics of the test motor at 1657.7 r/min.

rotor slots, rotor eccentricity, and stator MMF harmonics.
Harmonics at different frequencies are generated by different
combinations of k, nd, and v. Often, as seen for the test motor,
the PSH has the largest amplitude. With R and p fixed by the
motor structure, the frequency of the PSH depends only on
the rotor slip and the supply frequency. Thus, tracking PSH is
an effective way to estimate the rotor slip

s = 1 − p

R
·
(

fPSH − fs

fs

)
(3)

which typically ranges for practical induction machines
between 0% and 5%. The PSH is therefore an example of
a valuable harmonic that can be measured, in principle, by a
nonintrusive power monitor to track machine operation and
to differentiate the activity and operation of several machines
on the same power service. Unfortunately, the PSH may be
several orders of magnitude smaller in amplitude than the
utility frequency fundamental current. It is therefore difficult to
locate. This problem is exacerbated by any variations in the
utility frequency, which happen frequently, and which com-
plicates the design of a filter to reject fundamental frequency
current.

III. DATA ACQUISITION, PROCESSING, AND FILTERING

To improve the detectability of rotor slot harmonics, this
section introduces the architecture of a data acquisition,
processing, and filtering board that can selectively and adap-
tively reject larger signal components in favor of much smaller
harmonics. Fig. 2 shows a block diagram of the design, which
provides eight-channels of simultaneously sampled data at
sampling rates as high as 24 kHz. Two key features offered by
the design include a zero-crossing detector for line frequency
estimation and a switched capacitor (SC) notch filter with
tunable center frequency. A microcontroller coordinates the
operation of the SC filter and data sampling. One of the eight
input channel signals is selected for the slot harmonic detection
by the microcontroller using an 8:1 multiplexer.

The zero-crossing detector allows the microcontroller to
detect the frequency of the dominant (for example, util-
ity frequency) fundamental component in the chosen signal.
It consists of op-amp circuits for scaling and biasing, and a
hysteresis comparator depicted in Fig. 3. The front-end low-
pass filter eliminates input noise that can cause undesirable
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Fig. 2. Block diagram of the proposed data acquisition, processing, and filtering board.

Fig. 3. Configuration of the hysteresis comparator circuit.

transitions in the comparator output and also attenuates har-
monics other than the fundamental. Then, the comparator gen-
erates a pulse signal from which the microcontroller estimates
the fundamental frequency of the signal. As shown in Fig. 3,
a hysteresis comparator with adjustable hysteresis band helps
ensure accurate zero-crossing detection with a potential phase
delay that does not affect fundamental frequency estimation.

Considering that the SC notch filter is a discrete-time filter,
a second-order low-pass filter is applied before the SC filter
as an antialiasing filter to restrict the bandwidth of the input
signal [24]. The cutoff frequency of the antialiasing filter
is set to 3.1 kHz, much higher than the input frequency
band of interest, allowing for a tradeoff between aliasing and
bandwidth. Then, the SC notch filter is implemented with a
cascade of two second-order notch filters constructed using
the LTC 1060 from Linear Technology, Milpitas, CA, USA.
The center frequencies are adjustable with an external clock
provided by the microcontroller. The microcontroller adapts
the clock frequency to follow the fundamental signal, and
therefore allows the notch filter to effectively attenuate the
line frequency component even if the line frequency changes.

The structure of the proposed fourth-order SC notch filter,
which consists of the LTC 1060, an external clock and
gain-tuning resistors, is illustrated in Fig. 4(a). The overall
structure is based on a state-variable filter design with two-
stage integration. Each filter block can produce various filter
functions, such as lowpass, bandpass, highpass, notch, and
all-pass. Here, each SC block is configured to work like a
second-order filter circuit as shown in Fig. 4(b) and provide
the following transfer function:

G(s) = H0
s2 + ω2

n

s2 + sωn
Q + ω2

n
(4)

Fig. 4. (a) Configuration of the proposed SC notch filter. (b) Equivalent
circuit of each filter block.

where H0 is the filter gain when the frequency approaches
zero or half the clock frequency, Q is the quality factor, and
ωn is the notch frequency. The first block is designed using
R1 to R5, as

H0,1 = − R2

R1
, Q1 = R3

R2

√
R5

R4 + R5

ωn,1 = 2π fCLK

100

√
R5

R4 + R5
(5)

where fCLK is the frequency of the external clock signal from
the microcontroller. The ratio of the clock frequency to the
notch frequency is fixed by resistance values. The second
filter block is also designed with the same principle, using
R6 to R10. Two filter blocks are designed to have the same
frequency ratio, allowing the microcontroller to tune their
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Fig. 5. Bode plot of the transfer function of the proposed fourth-order SC
notch filter, with Q1 fixed to 3.625.

cutoff frequencies to the supply frequency simultaneously. The
microcontroller detects the supply frequency by capturing the
timer value on every rising edge of the input pulse signal
from the zero-crossing detector. Then, the clock frequency
for notch filter tuning is calculated considering the frequency
ratio, and finally the clock signal is generated by a pulsewidth
modulator (PWM) module in the microcontroller.

The overall transfer function of the SC notch filter cascade
is

GSC(s) = G1(s) · G2(s)

= H0,1 H0,2

(
s2 + ω2

n

)(
s2 + ω2

n

)
(

s2 + sωn
Q1

+ ω2
n

)(
s2 + sωn

Q2
+ ω2

n

) (6)

where the subscript “1” and “2” stand for the first and second
filter blocks, respectively. The quality factors determine the
ratio of the center frequency to stopband width. In Fig. 5, the
green dash-dot curve, blue-dashed curve, and red solid curve
represent Bode plots of the transfer function when Q2 is 0.5,
2, and 10, respectively, while Q1 is fixed to 3.625. As shown
in Fig. 5, for larger Q2, the stopband is narrower. A large
Q-factor is preferred for the proposed board, in which the
notch filter is used to eliminate a single frequency component.

In addition to the bandwidth, the Q-factors determine the
filter damping ratio. If the supply frequency varies from ωi

to ω f at time τ , the fundamental component of a measured
signal can be generally expressed with a step change

vin = Ai cos(ωi t + φi) · u(t)

+ {−Ai cos(ωi t + φi ) + A f cos
(
ω f t + φ f

)} · u(t − τ )

(7)

where Ai and A f are the amplitudes, and φi and φ f are the
phases before and after time τ , respectively. As the fundamen-
tal frequency, that is the supply frequency, changes the period
of the pulse train output by the zero-crossing detector changes
accordingly. The microcontroller, which updates the period
information on the rising edge of the input pulse, adjusts
the filter clock period proportionally. Fig. 6 illustrates the

Fig. 6. Transient response of the zero-crossing detector and SC notch filter.

transition of the pulse wave, vp, and notch frequency, ωn, when
the supply frequency changes from 60 to 50 Hz. In Fig. 6,
the flag changes from 0 to 1 to show the point at which the
input frequency changes. At the time τ , the supply frequency
drops to 50 Hz, and the period of the pulse wave increases.
The microcontroller detects the change in period on the first
rising edge after time τ , occurring at time t1. The transient
period Tt between edges before and after τ is determined as

2π

max
(
ωi , ω f

) ≤ Tt = 2π

ωt
≤ 2π

min
(
ωi , ω f

) (8)

where ωt is the transient angular frequency between ωi and ω f .
On the next rising edge at time t2, the microcontroller obtains
period information regarding the final frequency and outputs
the corresponding clock signal. Thus, the center frequency of
the SC notch filter changes over two steps in time as follows:

ωn =

⎧⎪⎨
⎪⎩

ωi , (0 ≤ t < t1)

ωt, (t1 ≤ t < t2)

ω f , (t2 ≤ t).

(9)

As an exception, if the supply frequency changes exactly on
the rising edge, the center frequency is adjusted directly from
ωi to ω f without a transient period.

With this model, we can predict the performance of the
filter. The time-domain signal in (7) can be converted to an
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s-domain function by Laplace transform as

Vin(s)

= L{vin} = Ai

[
s

s2 + ω2
i

· {cos φi − e−τ s cos(ωiτ + φi )
}

− ωi

s2 + ω2
i

· {
sin φi − e−τ s sin(ωiτ + φi)

}]

+ A f e−τ s ·
[

s

s2 + ω2
f

· cos
(
ω f τ + φ f

)

− ω f

s2 + ω2
f

· sin
(
ω f τ + φ f

)]
(10)

where L{} is the Laplace transform of the function. With (10)
as a model of the input signal, the output voltage of the SC
notch filter is determined as (11), as shown at the bottom of
the next page in the frequency domain. In (11), C represents
the amplitude of each voltage component, determined by the
amplitude and frequency of the input signal and the character-
istics of the SC notch filter. The subscript “c” and “s” stand
for the cosine and sine components, and the subscript “τ”
means that the voltage appears after time τ . This expression
is applied before and after transients with discrete changes
in the notch frequency, ωn, resulting from supply frequency
variations as in (9). The transfer function, GSC, is used on the
assumption that the line frequency disturbance is small. The
initial value of the output voltage is redefined as the value
at that point when ωn changes. The output voltage has four
components oscillating at different frequencies as separated
by square brackets. The voltages in the first two brackets
are steady sinusoidal signals with constant amplitudes. Their
amplitudes are zero if the center frequency of the notch filter
matches the signal frequency. When the supply frequency
changes, the center frequency of the SC notch filter is tuned
to the changed supply frequency at the first rising edge or
the second one that follows. These sine waves exist for the
time required for the notch frequency to be adjusted and
not after that. Unlike them, the voltages in the last two
brackets are transient sine waves with amplitudes that decay
over time. As shown in Fig. 6, they appear in transients if
the amplitude or frequency of the input signal changes and
then diminish. The damping ratios that indicate how rapidly
transient oscillations decay depend on the quality factors of
two notch filter blocks

ζ1 = 1

2Q1
, ζ2 = 1

2Q2
. (12)

The smaller the Q-factor, the greater the damping ratio and
the faster the transient oscillations are attenuated. The bottom
two waveforms in Fig. 6 show the output voltages for different
Q2 values. Q1 was fixed to 3.625 as in Fig. 5. As expected,
the transient oscillation damped quickly within about 150 ms
when Q2 was small, while the oscillation damped relatively
slowly over about 400 ms when Q2 was large. Thus, the
Q-factor of the proposed notch filter is designed to be large
enough to sharply drop the gain of the center frequency, but
not too large to dampen transient oscillations in a short time.

The resistance values that determine the gains and Q-factors
of the two notch filter blocks in Fig. 4 are designed as

TABLE I

DESIGN VALUES OF RESISTORS IN TWO NOTCH FILTER BLOCKS

Fig. 7. Comparison of designed and experimentally measured filter gains.
(a) In the wide frequency range on the logarithmic scale. (b) In the frequency
range of interest around 60 Hz.

in Table I. The orange curve in Fig. 7 shows the designed
gains of the SC notch filter. It is designed to have a sharp drop
in gain near the center frequency to accurately remove only
the line frequency component. It is also intended to amplify
the gain in the high frequency range by about 18 dB, that is
about eight times, to detect relatively small slot harmonics. The
purple dots in Fig. 7 represent the experimentally measured
gains of the practically implemented notch filter. The designed
and measured gains are compared in the wide frequency range
on the logarithmic scale in Fig. 7(a) and in the frequency range
of interest around 60 Hz in Fig. 7(b). The implemented notch
filter provides a gain very close to that designed.

Fig. 8 shows the experimental results to verify the tran-
sient notch filtering performance, which automatically detects
then removes the fundamental component. In the experiment,
the supply frequency dropped from 60 to 50 Hz and then
increased back to 60 Hz. The A-phase motor current signal
is used for the fundamental frequency detection. The out-
put voltage of the A-phase current sensor was input to the
zero-crossing detector and notch filter. As shown in the second
waveform of Fig. 8(a), both the frequency and amplitude of
the motor currents changed in a transient state of frequency
change and then converged to the new values. Fig. 8(b) shows
magnified waveforms around time τ when the frequency drops.
As shown in the third waveform, the fundamental frequency
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Fig. 8. (a) Transient performance of the zero-crossing detector and SC notch
filter as the supply frequency changes from 60 to 50 to 60 Hz. (b) Magnified
waveforms when the supply frequency drops from 60 to 50 Hz.

of the A-phase current was detected on its rising edge, and the
center frequency of the notch filter was automatically tuned.
As a result, the fundamental component was successfully
attenuated within 0.2 s when the frequency suddenly either
dropped or increased.

Fig. 9. (a) Top and (b) bottom sides of the prototype acquisition board.

A total of eight signals are selected for analog-to-digital
conversion, based on user configuration. They are scaled and
biased to fit the input range of the ADC, an ADS131A04 from
Texas Instruments, Dallas, TX, USA, which allows simul-
taneous sampling of four channels at high data rates. Two
ADCs are daisy chained to perform simultaneous sampling
of all eight channels of data. Serial digital data are passed to
the microcontroller using the Serial Peripheral Interface (SPI)
connection at 16-bit resolution and 8-kHz sampling rate for our
experiments. The prototype board allows the user to receive
data via Ethernet, USB, UART, or I2C. In our experiments,
we recover six channels of raw utility three-phase voltages and
currents, one channel for the estimated utility or fundamental
frequency, and one channel for a filtered current waveform
with the fundamental removed. This filtered waveform can
be inspected for subtle harmonics, as described in the speed
sensing demonstration in Section IV.

Vn(s) = GSC(s) · Vin(s) =
[

s

s2 + ω2
i

· (Cic + e−τ sCic,τ
) + ωi

s2 + ω2
i

· (Cis + e−τ sCis,τ
)] +

[
se−τ s

s2 + ω2
f

· C f c + ω f e−τ s

s2 + ω2
f

· C f s

]

+
⎡
⎢⎣

(
s + ωn

2Q1

)(
C1c + e−τ sC1c,τ

)
(

s + ωn
2Q1

)2 + k2
1ω

2
n

+ k1ωn
(
C1s + e−τ sC1s,τ

)
(

s + ωn
2Q1

)2 + k2
1ω

2
n

⎤
⎥⎦

+
⎡
⎢⎣

(
s + ωn

2Q2

)(
C2c + e−τ sC2c,τ

)
(

s + ωn
2Q2

)2 + k2
2ω

2
n

+ k2ωn
(
C2s + e−τ sC2s,τ

)
(

s + ωn
2Q2

)2 + k2
2ω

2
n

· C2s

⎤
⎥⎦, kx =

√
1 − 1

4Q2
x

(x = 1, 2) (11)
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Fig. 10. Data transferred by the proposed board. (a) 60 Hz. (b) 800 Hz.
(c) 4 kHz.

Fig. 9(a) and (b) shows the prototype acquisition system,
with different functional regions of the board identified in
the images. Fig. 10 shows example data transferred to a
desktop computer via Ethernet by simultaneously sampling
eight-channel data at 8 kHz with the prototype. Sine waves
were input to the first four channels, and pulse waves were
input to the 5th to 8th channels. The base frequencies were
increased from 60 to 800 Hz, then 4000 Hz in Fig. 10(a)–(c),
respectively.

IV. PRINCIPLE SLOT HARMONIC TRACKING

This section demonstrates the real-world performance of the
prototype board by tracking the slot harmonics of an induction
machine operated with changing utility frequencies. There are
two steps for detecting the PSH through spectral analysis of
the current waveforms. The first step is to set the finite length
of a realistic frequency span where the PSH will be located,
and the second is to find the frequency of the PSH within
the window. With two steps, an aggregate current waveform
containing the line currents of several motors or loads can be
analyzed to find the “fingerprint” PSH of a particular motor of
interest. The PSH frequency window is determined from either
a field observation of the motor of interest or design details
like the number of rotor bars in the machine. This information
may be available for motors in “designed” industrial plants like
refineries or manufacturing facilities.

For typical efficiency induction motors, it is possible to
confine the window in which the PSH is located with the
practical assumption that the motor is operated at less than 5%
slip. Under this assumption, the PSH can be reliably detected
in a finite window and the slip can be uniquely estimated
using (3), as described in [1]. The frequency window presented
in [1] assumes that the line frequency is 60 Hz and has a fixed
length of 120 Hz, which is vulnerable to changes in supply
frequency.

To reliably detect the PSH regardless of supply frequency
variations, this section proposes a window with a length of 2 fs

fω1 = fs(R/p − 1) ≤ f ≤ fω2 = fs(R/p + 1) (13)

Fig. 11. Comparison between the conventional and proposed windows for
PSH tracking. (a) fs = 50 Hz. (b) fs = 70 Hz.

where fω1 and fω2 represent the frequencies at which the PSH
detection window begins and ends, respectively. The window
with a length of 2 fs is effective in the slip range

0 ≤ s ≤ 2 p

R
. (14)

This covers the practical 5% slip range for motors with up
to 40 rotor slots per pole pair. Our test motor is one such
example.

Fig. 11(a) and (b) shows the current spectra when the motor
is running at about 4% slip with a 50-Hz supply and at about
5% slip with a 70-Hz supply, respectively. The conventional
window in [1] is fixed at 480–600 Hz for the test motor with
18 slots and 2 pole pairs, regardless of the supply frequency.
Such a window includes harmonics other than the PSH when
the supply frequency is 50 Hz, making the PSH no longer
the most dominant harmonic as shown in Fig. 11(a). Also,
with a 70-Hz supply, the PSH is located outside the window
as shown in Fig. 11(b), making it impossible to detect the
PSH. In contrast, the proposed method employs a flexible
window as (13), with a 400–500-Hz window for 50 Hz, and a
560–700-Hz window for 70 Hz. For both cases, the proposed
window includes the PSH as the most dominant harmonic.

After the window is set according to (13), the next step is
to find the frequency of PSH through spectral analysis within
the window. The simplest way is to choose the frequency with
the largest amplitude in the window. However, this method
limits the resolution of the frequency and associated speed
estimate to the size of DFT frequency bins, which is inversely
proportional to the data acquisition time for the data window.
We seek to identify the speed with as quickly an acquired
data window as possible. Fig. 12 shows the DFT spectrum
of motor current near the PSH, at 10- and 0.1-s sampling
durations. The vertical black-dotted lines indicate where the
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Fig. 12. Motor current spectrum for different sampling times. (a) 10 s.
(b) 0.1 s.

Fig. 13. (a) SSEs according to the frequency of the pure sinusoid. (b) DFT
spectrum of the motor current and minimum-SSE sinusoid.

PSH is located. As shown in Fig. 12(a), a long sampling
interval allows the PSH’s energy to be concentrated in a
specific frequency bin, making it possible to accurately detect
the PSH’s frequency. However, long intervals are not preferred
for estimation of motor speed, which is likely to change over
time. Shortening the sampling intervals may improve dynamic
response and reduce computation burden. However, it causes
the PSH’s energy to spread wider across the frequency bins,
as shown in Fig. 12(b). This increases the error of the PSH
frequency estimate. Choosing the largest amplitude with 0.1-s
data sampling results in more than 1% error.

Assuming that other harmonics near the PSH are negligibly
small, the accuracy of frequency estimation can be improved
by finding the best-fit sinusoid with the DFT spectrum closest
to the motor current. The criterion for best-fit is set to
minimize the sum of squared errors (SSEs) near the peak as

Fig. 14. Steady-state waveforms of the measured and estimated speeds.

in [1]

SSE( fn) =
k2∑

k=k1

|C( fn) · Xs,k( fn) − Xi,k |2

C( fn) =
√√√√ ∑k2

k=k1
|Xi,k |2∑k2

k=k1
|Xs,k( fn)|2

, fn = f1 + n

N f
( f2 − f1)

(15)

where Xi,k is the DFT spectrum of the notch-filtered motor
current, Xs,k is the DFT spectrum of the sine wave with
frequency fn , and C is the scale factor. f1 and f2 are
the beginning and end of the frequency range where the
squared error is summed near the peak, and k1 and k2 are the
corresponding frequency indices. The larger N f , the higher the
frequency resolution to find the best-fit sinusoid. Applying an
optimization algorithm targeting the current DFT of Fig. 12(b)
yields the result shown in Fig. 13. Fig. 13(a) shows the SSE
according to the sinusoid frequency, fn , when f1 is 560 Hz,
f2 is 600 Hz, and N f is 80 or 8. Even with 0.1 s of data
acquisition resulting in a 10-Hz DFT resolution, increasing N f

can find the best-fit frequency with less error. The minimum-
SSE frequency found at 0.5-Hz resolution is 575.5 Hz with
0.2% error as shown in Fig. 13(b). This is one-fifth of the
error seen when looking for the peak frequency directly from
the DFT result.

From the supply frequency detected by the prototype board
and the estimated PSH frequency, motor speed is estimated as

ω̂rm = 2π

p
(1 − ŝ) f̂s = 2π

R

(
f̂PSH − f̂s

)
. (16)

V. SPEED ESTIMATION PERFORMANCE

Given the PSH frequency, we can track motor speed. The
test motor has 18 rotor slots and 2 pole pairs and was loaded by
a dynamometer. The prototype board sent eight-channel data to
the user’s computer, including the detected supply frequency,
and a filtered current waveform with the fundamental removed.
The motor speed was then estimated in real time with PSH
frequency tracking. The frequency values and speed estimate
were updated in synchronization with 8-kHz data sampling.
The supply frequency was detected by a 120-MHZ, 32-bit
timer in the microcontroller at each rising edge of the input
pulse. Given a frequency range of 0–120 Hz, the supply
frequency value had a 1.8-MHz resolution. On the other hand,
the PSH frequency tracked by the spectral analysis of the
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TABLE II

SPEED ESTIMATES AT DIFFERENT SAMPLING
TIMES AND TRACKING METHODS

Fig. 15. Transient performance of the proposed and conventional speed
estimators when the supply frequency is changed from 60 to 50 Hz.

current waveform had an accuracy depending on the data
acquisition time and tracking method.

Table II shows the steady-state speed estimation results
for different sampling times and tracking methods. Sampling
times of 10, 1, and 0.1 s were applied at three different

Fig. 16. Transient performance of the proposed speed estimator when the
supply frequency is changed from 60 to 70 Hz.

Fig. 17. Transient performance of the proposed speed estimator when the
load torque from the dynamometer is changed.

rotor speeds. The minimum SSE method applied to improve
the accuracy of PSH frequency detection was compared to
the conventional peak method of simply picking the peak
frequency within the window. As the data acquisition time
shortened, the accuracy of PSH frequency detected by the peak
method deteriorated significantly. In contrast, the minimum
SSE method allowed precise frequency detection even with
short data acquisition of 0.1 s. Compared to the peak method,
it achieved the same accuracy with one-tenth the sampling
time. In the following experiments, the PSH frequency was
tracked at 0.1-Hz accuracy with 0.1-s data acquisition and
minimum SSE method.

Fig. 14 shows the steady-state speed waveforms measured
with the optical encoder and the speed estimate by the
proposed algorithm when the motor was running at about
2.6% slip with a 60-Hz supply. The proposed method of
instantaneously estimating the average speed from the data
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for the previous 0.1 s accurately estimated the average speed
with an error within 0.1%. Using previously sampled data
entailed limitations for tracking high-frequency speed ripple.
Still, the speed estimator provided improved dynamic response
over existing methods that required long data acquisition for
comparable accuracy.

To evaluate the dynamic performance of the proposed
speed estimator, the supply frequency or load torque was
changed during speed estimation. In Figs. 15 and 16, the sup-
ply frequency was changed from 60 to 50 and 70 Hz,
respectively. To discover important patterns in motor speed,
a 10-ms moving average filter for noise reduction was applied
to speed measurements and estimates. In Fig. 15, the supply
frequency was reduced in step at the red-dotted line, and
then the frequency change was detected at the rising edges
of the A-phase current indicated by black-dotted lines, so the
center frequency of the notch filter was adapted. The SC
notch filter attenuated the fundamental component in less
than 0.2 s. The speed estimate, applying the proposed slot
harmonic tracking method to the notch-filtered current, quickly
tracked rotor speed changes with a delay of about 0.1 s
and effectively converged to the new speeds. For comparison,
existing methods were considered in the bottom waveforms.
To evaluate the effectiveness of the flexible frequency window
reflecting the detected supply frequency in real time, a PSH
tracking method using a fixed window as in [1] was applied
as indicated by the purple dotted curve. The speed estimated
by this method could not follow the motor speed from the
moment the supply frequency dropped. In addition, the peak
method was applied to detect the PSH frequency in the orange
dash-dotted curve instead of the minimum SSE method. The
peak method caused large errors in speed estimation due to the
low accuracy of frequency detection. In contrast, the proposed
approach allowed the speed estimate to quickly follow the
motor speed with a delay of approximately 0.05 s even when
the supply frequency was increased to 70 Hz, as depicted
in Fig. 16.

Fig. 17 illustrates the speed estimation when the rotor
speed was changed by load variations. The dynamometer
stepped load torque from zero to approximately two-third of a
Newton-meter and back to zero. Connected to a 60-Hz supply,
the motor runs at about 0.7% slip, slows down to about 3.5%
slip, and then speeds up again. The proposed speed estimator
accurately tracked such speed changes.

VI. CONCLUSION

This article has demonstrated a custom data acquisition
system tailored to the needs of nonintrusive power monitoring
on the ac utility. The board can be applied in any application
where a wide range of interesting harmonics are “buried”
in a large fundamental frequency waveform. The transient
performance and settling time of the board’s tracking capa-
bility can be predicted with analytical tools described in this
article. The performance of the system has been demonstrated
for rotor slot harmonic tracking and speed estimation. The
combination of the prototype design and the tracking algorithm
has been proved experimentally to estimate the speed quickly
and accurately in transient as well as steady state.
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Hawai’i at Mānoa, Honolulu, HI, USA, in 2015, and
the M.S. degree in electrical engineering from the
Massachusetts Institute of Technology, Cambridge,
MA, USA, in 2018, where she is currently pursuing
the Ph.D. degree.

Steven B. Leeb (Fellow, IEEE) received the Ph.D.
degree from the Massachusetts Institute of Technol-
ogy (MIT), Cambridge, MA, USA, in 1993.

He has served as a Commissioned Officer with
the USAF Reserves, GA, USA, and has been a
member of the MIT Faculty, Department of Elec-
trical Engineering and Computer Science, MIT,
since 1993. He also holds a joint appointment with
the Department of Mechanical Engineering, MIT.
He has authored or coauthored over 200 publications
and holds 20 U.S. patents in the fields of electro-

mechanics and power electronics.

Authorized licensed use limited to: MIT Libraries. Downloaded on May 31,2022 at 16:21:59 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


