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Abstract—This paper proposes a speed sensorless technique
for induction motor drives based on the retrieval and tracking of
the rotor slot harmonics (RSH). The RSH related to the rotor
speed is first extracted from the stator phase current signature by
the adoption of two cascaded ADALINEs (ADAptive Linear
Element), whose output is the estimated slot harmonic. Then, the
frequency of this slot harmonic as well as the speed is estimated
by using minor space analysis (MSA) EXIN neural networks,
which work on-line to iteratively compute the frequency of the
slot harmonics based on MUSIC spectrum estimation theory.
Thanks to its sample-based learning and the reduced mean
square frequency estimation error, the speed estimation is fast
and accurate. The proposed sensorless technique has been
experimentally tested on a suitably developed test set-up with a 2-
kW induction motor drive. It has been verified that this
algorithm can track the rotor speed rapidly and accurately in a
very wide speed range, working from rated speed down to 1.3 %
of it.

Keywords—induction motor; neural networks (NNs); minor
space analysis (MCA); neural adaptive filtering; speed sensorless

L INTRODUCTION

There has been extensive research in the sensorless field-
oriented control (FOC) and direct-torque control (DTC) of
induction motors (IMs) for the last two decades [1-25]. Both
control methods require the accurate knowledge of the
amplitude and angular position of the rotor or stator flux for
ensuring the correct field orientation conditions. Additionally,
information on the rotor angular velocity is required for
velocity control over a wide speed range.

Among the main types of sensorless control, those tracking
machine saliencies [12-24] have a better performance at very
low and zero speed: they are generally implemented by the
injection of a high frequency voltage or current carrier, needed
to excite the saliency itself [13]. A different approach lies in
trying to track the rotor slotting effect directly, without any
high frequency carrier excitation [15-24]. This leads up to an
improved behavior of the drive in terms of reduced acoustic
noise and torque ripple.
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The spectral components of Rotor Slots Harmonics (RSHs)
that can be observed in the stator current signature are given
by [25],

fo=lra, Fn, /0, )J1-5)f, 7 v £, (1)

where f; is the fundamental harmonic of the supply
voltage, s the slip, p the number of pole pairs; ny the
eccentricity order, » the order of the space harmonic; v is the
order of the time harmonics present in the power supply
driving the motor, ¢, the number of rotor slots per pole pair.

It should be noted, however, that the harmonics described
in (1) are not present in a real machine for any combination of
the number of rotor slots and pole pairs [25]; the upper sign
refers to the case ¢g,=3n—1, and the lower one to the case ¢, =
3n + 1, with n [J N. In this analysis the stator slots for phase
are supposed 3, so no stator slot harmonics are present.

The principal slot harmonic (PSH) refers to the first and
prominent harmonic in the RSH series for an IM, obtained
from eq. (1); indeed, with v= 1, r = 1, and if the higher-order
time harmonics of the stator and rotor currents as well as the
static and dynamical eccentricities are neglected ( n,~0), then
the principal PSH is given by
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Fig. 1. FFT of the current signature of the IM at low speed from 1-10 rad/s,
with SNm load (experiment)
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Fig. 1 illustrates how the principal PSH changes with the
motor speed in a 2kW motor (parameters and rated data are
given in Tab. II), at SNm load condition. As compared to the
fundamental frequency, it can be found from that the PSH
appears at rather high ranges of the current spectrum at no-
load; however, under load conditions, rotor slot harmonics
tend to approach the harmonics of the machine and are harder
to identify.

These harmonics can be directly exploited to successfully
retrieve the instantaneous value of the rotor speed and
position: it is obvious from (1) that the rotor speed (in hertz)
can be computed by

f=(f, tv £)/lra, $n,/n,) 3)

This avoids increased acoustic noise, the reduction of the
DC link voltage capability, the additional torque ripple and
power losses caused by injected signals, and simplifies the
signal processing system.

As for the direct rotor slot harmonic (PSH) tracking, two
main approaches are followed in literature:

1) Frequency domain methods, mainly based on FFT (Fast
Fourier Transform)-like approaches [15-18], such as the FFT,
modern spectrum estimation methods, and chirp-Z transform.

2) Time domain methods, most of which are PLL (Phase-
Locked Loop)-like approaches [19-21], such as the PLL and
the adaptive digital filter.

Frequency domain methods generally provide good
accuracy over a very wide speed range and load conditions,
but a compromise has to be made between the required
frequency resolution, to allow speed detection, and the
response time versus changes of speed. A desired high
frequency resolution demands the acquisition of a large
amount of samples and a corresponding high acquisition time.
Conversely, the time domain method provides a better real
time performance than the frequency domain method,
although the accuracy of the result will be affected by the
noise level. The existing literature can generally work only in
steady-state or in a specific speed range. Moreover, the
capability of such methods to suitably track the rotor speed in
transient conditions is not typically shown.

Alternatively, a great deal of existing subspace spectrum
methods, such as the Pisarenko and MUSIC (MUltiple Slgnal
Classification method) are based on the assumption that the
signal is a sum of harmonics and explore the orthogonality
between the noise subspace and the signal subspace [26-28]:
they have the advantage of high estimation resolution and low
variance, like most parametric spectrum methods, but are quite
computationally time-consuming for real-time applications.

This paper aims to estimate the rotor speed on-line and
proposes to solve the subspace method by using a recursive
minor space analysis (MSA) neural network [29][30]. The
overall system therefore combines the advantage of both the
frequency domain methods (accuracy) and the time domain
methods (speed of response). These advantages can be
summarised as:

1) High pull-in capability so as to track the PSH in the
entire speed range of the machine;

2) A flexible and selective bandwidth so as to
simultaneously track the PSH in a wide range of variation
without permitting any noise to enter the band of the detector;

3) Tracking properly the rotor speed even during speed
transients (challenging task for an FFT-like method).

Once the signal is processed with a notch and a band filter,
the output is a signal around a small frequency band. The on-
line MUSIC algorithm permits to identify the PSH quickly and
with accuracy, and is most useful for low speeds where the
bandwidth of the band filter is larger and other harmonics are
present.

The proposed sensorless technique has been implemented
on a rotor flux oriented controlled drive and experimentally
tested on a suitably developed test set-up with a 2-kW
induction motor (IM) drive.

This paper is organized as follows. The cascaded
ADALINE structure used to extract the rotor slot harmonic
from the stator phase current is presented in section II. The
MUSIC theory and the corresponding MSA EXIN neural
solution are described in Section III and IV respectively.
Finally, the comparative simulation and experiment results are
provided in Section VI to assess the method.

II. ROTOR SLOT HARMONICS RETRIEVAL

A. Adaptive Linear Neural Filter

An adaptive linear neural filter based on a linear adaptive
neuron (ADALINE) is a single layer artificial neural network
which can be used as an adaptive notch filter or a band filter
[31-33]. This means that the neuron is either able to cancel a
determined signal at a certain frequency (notch filter), or it is
able to let a determined signal pass at a predefined frequency
(band filter, where band stands for a band of signals in a very
narrow range around a predefined frequency).

The network presents two inputs and two outputs (fig.2):
the primary input d(k) is the signal to be processed; the
reference input is a pure cosine wave and a pure cosine
delayed of /2, both of arbitrary amplitude C, with a pulsation
. equal to the pulsation of the harmonic of the primary input
signal d(k) that should be either eliminated (notch mode) or let
pass (band mode) ; the two outputs give therefore the notch
[1(k) and the band y(k) behaviour respectively.

.
d(k) notch

> e
vt |ADALINE|
— -

y(k)

——

Fig. 2. Schematic representation of the neural adaptive filter.

The procedure for updating the weights lies in a Least-
Squares Algorithm (LS), such as the LMS or the TLS
algorithm [30]. The LMS is adopted here because of its
simplicity, low computational demand, and high-speed of
convergence. A simple ADALINE with two neurons is
adopted [33], and the on-line learning law is:
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wy (k1) = w, (k) + 21 (), (k) .
Wy (k1) = w, (K) + 212 (k) x, (k) @

where
wi(k) the weight of the /™ neuron at the ™ time sample;
4 the learning rate;

[I(k) the difference between the primary input signal d(k)
and the band filter output y(k); [I(k) is also the notch filter
output. & is the current discrete time sample.

It can be proved (see [32],p. 318, for the complete proof)
that the notch transfer functions H(z) = &(z)/d (z) and band
K(z) = y(z)/d (z) are, respectively:
2uC*(zcos(m,)—1)

22 =2(1— uC*)zcos(w,) +1-2uC?
2’ =2z cos(w,)+1

22 =2(1-uC*)zcos(w,) +1-2uC?

K(z)= (5a)

H(z)= (5b)

where ¢(z)and d(z) are the z-transform of the sequences &
and d; the transfer functions represent typical second order
adaptive filters, like the SOGI-FLL in [34]. The dynamic and
the filtering characteristics are completely defined by the
learning rate p and w,.

B. Scheme for the Retrieval of the PSH

To retrieve the harmonic component #, caused by-the PSH
from the stator current signature, the structure shown in fig.3
is proposed: the PSH retrieval system is based on two
cascaded ADALINEs: one (ADALINE 1) works in notch
mode to eliminate the fundamental harmonic, the other
(ADALINE 2) works in band mode to retrieve the PSH. This
structure is particularly effective at very low speed range, as
the PSH gets closer to the fundamental harmonic; indeed, a
mere filtering approach in band mode in this condition would
be more challenging, since it would require a much stronger
attenuation of the ADALINE2 outside its passband to
eliminate the fundamental, with resulting degradation of the
dynamical performance.

Fig. 3. ADALINE structure to track the PSH

ADALINE] receives as an input the normalized stator phase
current i ,(k)/|i;| (so that a unit vector is used) given by

i, (k)i = {i] cos(mk + ¢, )} +1,cos(wk +¢,) (©)
=1

"
n#h

while @, is the supply fundamental angular frequency.
I, w,, ¢, are respectively the amplitude, angular frequency
and initial phase of the PSH, and /,, w,, ¢, are respectively,
the amplitude, angular frequency and initial phase of the
harmonics not including the PSH.

The ADALINE2 has as an input the output signal of the
ADALINE], as well as the estimated slot frequency [1;. Since
this paper takes into account only the principal PSH [, can
therefore be directly computed by (2), using w,,. and the slip
angular frequency @, as follows,

E)h = (qr - l)a)l;e/ - qerre/ (7)

/e is generally the supply fundamental frequency of the
inverter, and its value in vector control schemes is estimated
by the so called “current” model of the induction motor on the
basis of the vector product between the rotor flux space vector
and its derivative [1] while w,,.ris obtained on the basis of the
same “current model” .

2R

L . . .
ere_/' = sz(l//rd lsQ - l//rq lsD )= Wte (6)

r r

where iy, i, are the stator currents components in the
stator reference frame, |y,| is the amplitude of the rotor flux
and y,, v,, its components in the stator reference frame, t. is
the electromagnetic torque, L, and T, are respectively the
three-phase magnetizing inductance and the rotor time
constant.

It should be noted that, for obvious reasons, the estimated
speed signal cannot be exploited to compute the value of @,

ADALINE 2 works in band mode and extracts the slot
current i,

i, (k) =1, cos(w,k +9,) (7

The noisy discrete-time measurements of this filtered slot
harmonic can then be represented as

x(0) =i, (k) +q(k) =1, codwk+9,J+qk)  (8)

The noise g(k) is assumed to be a zero-mean white process
with unknown variance o

The issue is now to find w, from K samples of x(k). A
great deal of existing subspace methods, such as Pisarenko
and MUSIC, assume that the signal is a sum of harmonics and
explore the orthogonality between the noise subspace and the
signal subspace [26], and this results in having a good
estimation resolution and performance The MUSIC is an
improvement of Pisarenko’s algorithm in terms of noise
immunity and accuracy performance due to the ‘average
effect’ of the noise subspace [26].

For p complex-valued harmonics, at least p+1 samples are
needed (p+1 for Pisarenko’s method and more for MUSIC).
But for p real-valued harmonics, at least 2p+1 samples are
needed due to the reason explained in section III.
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III. THE MUSIC SPECTRUM ESTIMATION METHOD

The MUSIC algorithm assumes that the input signal x(k) is
a stationary random process made up of p complex
exponentials and decomposes the autocorrelation matrix into
two orthogonal matrices corresponding to signal- and noise-
subspaces. Moreover assume the input x(k) to be composed of
M samples such that x=[x(7),x(2),...,x(M)], and affected by a
white noise with variance o°. Let R, be the MxXM
autocorrelation matrix of vector x, where M>p+1, it yields

7 (0) (1) (M =1)
R, =E(xx")= rxx:(l) . (0) r., (M -2)
(M =1) 7 (M=2) - (0)
)

Where r,(k) is the autocorrelation sequence such that
(0 = Efen+0)x )} =Bl (xtn+}=ri k) (10)

Where E{e} is the expectation function of the random
process (ensemble average)..

If the eigenvalues of R, are arranged in increasing order,
AvAs..< A;, and  the corresponding  orthonormal
eigenvectors are zy , Zy.1,. .., Z1, then, these eigenvectors may
be divided into two groups, the p ‘signal eigenvector’
corresponding to the p largest eigenvalues and the (¢g=M-p)
‘noise eigenvectors’ with the associated eigenvalues equal to
. Since R, is Hermitian, the eigenvectors z;(i=1,...,M) form
an orthonormal set. Therefore, the signal and noise subspaces
are orthogonal, i.e., for any vector u in the signal subspace and
for any vector v in the noise subspace, u''v=0 (see [26] for
complete proof).

Each of the M-p eigenvectors v; - [ vi(0), vi(1)... vi(M-1)]"
is orthogonal to each of the signal vectors,
e = [1 el %@ /M T (i=1,..,p). This means that

M-1
V(™)=Y v(k)z " =ev, =ptl.. M (132)
k=0
. . . T
where e=|:l e’ e ... ej(M_l)w:| . Remark

that (13a) is null for each of the ; (the p pulsations composing
the input signal. Therefore, the z-transform of each noise
eigenvector , that is the eigenfilter Vi(z), is given by

M-1
V()= vz i=ptl,. M, (11b)
k=0

Each i-th eigenfilter will have obviously M-I roots, of
which ideally p lie on the unit circle (IzI1=1) for (13a). In this
way from any one of the eigenfilters the p pulsations of the
input signal x(k) can be retrieved by taking the angles of these
roots. Moreover the eigenspectrum

‘© 1
Busic(€™) = i 3 (14a)

v, (k)e ™

k=0

will have sharp peaks in correspondence of the p
pulsations of the input signals. However, the remaining M-p-1
roots can lie anywhere in the complex plane, possibly even
close to the unit circle giving rise to other spurious peaks to
this eigenspectrum. On the other hand there are M-p
redundant ‘eigenfilters’, so that M-p sets of results can be get
from MUSIC algorithm, allowing spurious peaks to be
reduced by using an average of all of these results, by using
the following eigenspectrum:

1

M
2
Z H

i=p+l

Pyusic (') = (12b)

Conversely, the well-known Pisarenko’s algorithm can be
regarded as a particular case of the MUSIC with p=1, meaning
no redundancy is used to attenuate spurious peaks

It must be noted that this application require only the
estimation of the frequency components of the signal and not
of their amplitude, but MUSIC and Pisarenko methods can
also estimate the amplitude if needed.

It is obvious that p real-valued harmonics (ex. the PSH) are
equal to 2p complex exponentials, since the real-valued input
cos(wf) is convenient to be represented as(e’”'+e?”)/2).

However, it is quite cumbersome to carry out the MUSIC
algorithm since it is based on the eigen-decomposition which
is computationally cumbersome when the dimension M
becomes big (with O(M’) computational complexity).. In the
following, a neural solution will be presented, which improves
the computational burden.

IV. THE MSA MUSIC METHOD

An iterative solution for MUSIC method can be obtained
by using the minor space analysis (MSA) neural networks,
which are generally an extension of minor component analysis
(MCA) neural networks [29][30].

Let a linear neuron be considered with a real input vector
x(k) = [x,(k), .., xp(k)]" and with output y(k):

5 =W () = 3 o 0, 6 (13)

where w(k) = [w(k),..., wa(k)]" is the weight vector. In this
case, x(k) is the time samples of the filtered slot harmonic
given by (10) (with noise), e.g. the output of ADALINE2, and
the number of the weights of the MSA neural network is
chosen in accordance with the dimension of the autocorrelation
matrix as detailed before. In convergence the weights represent
the components of the eigenvectors corresponding to the
minimum eigenvalues of the autocorrelation matrix of the input
data. The output is the residual and in convergence goes to
Zero.

The MCA EXIN, one of the best MCA neuron in terms of
stability and converging time, whose average gradient flow
(ODE) is directly derived from the gradient flow of RQ,
_ wTRxxw

w'w

E[J] [29], has the following learning law,
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wik+1) = w(k) — 200 {x(k)— y(kywik) } (14)
[weo) W (w(k)

Where a(k) is the learning rate.

By using the adaptive Gram-Schmidt ortho-normalization
and (16), the MSA EXIN learning law is given in [30] as,

a@)y;©

w,(t+h)=w,()— X
[w, @] (15)
W OKO-Y v oW O (1)
X(0)= 2y, (0w, (1) : W%’w o b

Where j=MM-1,...M-g+1. Let R, be the MxM
autocorrelation matrix, then if wy(0) satisfies ij(O)ZﬁﬁO (being
z; the orthonormal eigenvector in the noise subspace), it holds
that the weight vectors converge to the minor subspace
spanned by the corresponding minor components, thus it is
orthogonal to all the signal vectors, and can be used to replace
v; in (14) where the frequencies are computed.

For the data coming from ADALINE2, given by eq. (10),
the following values are chosen: M=5, and p=2, so that the
dimension of the subspace is ¢g=3. It is considered that as
output of the ADALINE2 has only one harmonic PSH
presents, and the noise subspace dimension is chosen to be 3
due to a trade-off between computational complexity and
estimation accuracy. Fig.4 shows the corresponding MSA
neurons structure for noise subspace retrieval with p=2, g=3.

Remark that p=2 is the number of complex frequencies, so
as explained at the end of section III, only one harmonic is
estimated.

Fig. 4. MSA EXIN neural network structure for noise eigenvec estimation

The effect of increment in noise subspace has been shown
in fig.5, where the MSA MUSIC (with 3 noise eigenvectors)
has been compared with the MCA Pisarenko’s algorithm (with
1 noise eigenvector; computed by the MCA neural network).
The input is a sinusoid contaminated by white noise
(SNR=20dB), whose frequency varies between 0.15m and
0.125m. It is obvious from fig.5b that the frequency estimation

error of MSA MUSIC is smaller than the MCA Pisarenko’s
algorithm.

9-3 MUSIC
q=1 Pisarenko

| |
T_—

500 1000 1500 2000 2500 3000 3500 4000
iteration:

Fig. 5. frequency estimation results of the MSA MUSIC compared with
the MCA Pisarenko’s algorithm

TABLE 1. COMPARISON OF THE STEADY-STATE PERFOMANCE
SNR 10 dB 20dB 30dB
Methods MCA  MSA _ MCA  MSA  MCA  MSA
3’53: 0.1266m  0.1257x  0.1252x  0.1251z  0.1250%  0.1250x
Variance  2.31e-5 6.74¢-6 1.76e-6  4.89¢-7 1.68e-7  2.44e-8

The statistical performance of the two algorithms (MCA
Pisarenko’s method and MSA MUSIC method) at different
noise level is shown in Tab.1. The signal pulsation is 0.1257.
It can be found that the accuracy of MSA MUSIC increases
significantly with increase of noise subspace and fewer peaks
are present due to the averaging effect.

V. TEST SET-UP

The employed test set-up consists of:

e A three-phase induction machine with parameters
shown in Tab.1, with 36 stator and 28 rotor slots.

e An 8 kVA, three-phase VSI for the control of the
machine side inverter.

e A torque controlled brushless Interior Mounted
Permanent Magnet (IMPM) machine drive for the load.

e A dSPACE card (DS1103) with a PowerPC 604e at
400 MHz and a floating-point DSP TMS320F240 for
the control of the machine side inverter.

TABLE II. PARAMETERS OF THE INDUCTION MACHINE
Rated power Prated [kW] 2.2
Rated voltage Urated [V] 220
Rated frequency frated [Hz] 50
Pole-pairs 2
Stator resistance Rs [Q] 2.9
Stator inductance Ls [mH] 223
Rotor resistance Rr [Q] 1.52
Rotor inductance Lr [mH] 229
3-phase magnetizing inductance Lm [mH] 217
Moment of inertia J [kg-m2] 0.0048

The space-vector dynamic model of the IM including rotor
slotting effects, which was proposed in [25] is used for the
simulation part. Table II shows the parameters of the IM used
in the experimental rig and in the simulations.
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Fig. 6. Implement field oriented scheme and speed estimation scheme

VL. RESULTS

The speed estimation performance is assessed in the
framework of the measured speed based vector control
system: a VSI direct rotor-flux oriented vector control [field
oriented control (FOC)] (as shown in fig. 6) in which current
control is performed at the field reference frame level. The
proposed on-line speed estimator is connected along with the
main vector control loop, and the variables @i.r and @,
which are used for the reference of the two ADALINES, are
respectively taken from the “current” flux model based on the
rotor equations of the machine written in the rotor flux
oriented reference frame. The output of the estimator is fed
back to close the speed control loop.

In the following some selected simulation and
experimental results of the proposed speed estimator are
shown, trying to emphasise the correct behaviour of the
estimator in a wide speed range.

The tracking capability results are shown in figs. 7 — 10, when
a speed step is given as reference, from 10 rad/s to 5 rad/s,
with a SNm load. Fig. 7 and fig.8 show the simulation results,
while fig.9 and fig.10 show the corresponding experimental
results under the same condition. Fig.7 shows that in
simulation the estimated speed tracks the measured speed
properly: even during the transient, the estimated speed
converges to the true one, and the speed of response is quick.
Particularly, it should be noted that the MUSIC algorithm is
able to track very fast (step) speed variations in the low speed
working region in presence of a load torque, which is a in
general a challenging task for any sensorless technique, while
it is something very new for any FFT-based technique. It
should be noted that 5 rad/s corresponds to 3.3% of the rated
speed, as expected.

Fig. 8 shows the current at the input and output of the
ADALINE2. The slot current is well extracted from the stator
current.

reference
estimated
measured

rotor speed (rad/s)
~N

) \_

o 0.05 0.1

0.15 0.2

Times (s)

0.25

Fig. 7. simulation result of speed tracking when speed steps down from 10
rad/s to 5 rad/s with SNm load

a) Stator current of phase A
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Fig. 8. normalized stator phase isx and the output of ADALINE2 i,
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Fig. 9. experimental result of speed tracking when speed steps down from 10
rad/s to 5 rad/s with 5 Nm
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a) Stator current of phase A
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005 01 015 02 025 03 035 04
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Fig. 10. experiment normalized stator phase isx and the output of ADALINE2
i when speed step down from 10 to 5 rad/s

Fig. 9 and fig.10 show that in the experiment, the overall
behaviour of the system ties up with the one in the simulation.
Although the phase current signature in the experiment
presents a number of harmonics, the output of ADALINE2 is
apparently correct in estimating the PHS, and the speed
tracking performance is very satisfactory.

The rejection capability to load torque steps at low speed is
shown in figs.11-14: the motor operates at constant speed of
10 rad/s (6.6% of the rated speed), the load torque step occurs
at ~=1s, from ONm to SNm. Fig.11 and 12 show the simulation
results, while fig.13 and 14 show the corresponding
experiment results.

From fig. 11, it can be found that the drive is robust to load
torque step variations, and the estimated speed tracks the
measured and reference speeds properly in about 0.5s, with a
very good dynamic performance.

a) Rejection of load torque

V
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=)

reference
estimated
measured

o

Rotor speed (rad/s)

o

o

b) Estimated RSH frequency
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100
0 0.5 1 1.5 2
time (s)

Fig. 11. simulation result of load torque steps when motor operates at 10 rad/s

a) Normalized stator current of phase A
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Fig. 12. simulation result of normalized stator phase isA and the output of
ADALINE2 iy

As shown in fig. 13 and 14, experimental results are
obtained in accordance to the simulation ones.

a) Rejection to load torque steps
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Fig. 15. steady-state performance of the proposed method

VII. CONCLUSIONS

This paper proposes a speed sensorless technique for
induction motor drives based on the retrieval and tracking of
the rotor slot harmonic. The speed related rotor slot harmonic
is extracted from the stator phase current by two ADALINE:S:
one works in notch mode in order to eliminate the
fundamental current, the other works in band mode thus its
output consists only of the slot harmonic. The frequency of
this extracted slot harmonic is then estimated by using the
MSA EXIN neural networks as a fundamental tool for
applying on-line the MUSIC algorithm, which exploits the
orthogonality between the noise subspace and the signal
subspace for estimating frequencies present in a signal. With
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an augmented noise subspace dimension, the estimated results
with MUSIC can be ‘averaged’, leading up to a very small
frequency estimation error with less noisy estimated signal.
Thus, the overall speed estimation algorithm is quick and
accurate. Furthermore, the performance of the overall system
has been verified both in simulation and experimentally, on a
suitably developed test set-up. The experimental results are in
good accordance with the simulation ones, confirming the
validity of the proposed method and showing that it is quite
competitive even at low speed ranges, down to 1.3 % of the
rated speed.
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