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Featured Application: This paper proposes a method of monitoring the condition of three-phase asynchronous
induction motors running at no-load, based on computer analysis of the instantaneous active electrical power.

Abstract: This paper experimentally reveals some of the resources offered by the evolution of the instantaneous
active electric power in describing the state of three-phase AC induction asynchronous electric motors (with
squirrel-cage rotor) operating under no-load conditions. A mechanical power is required to rotate the rotor at
no-load and this mechanical power is satisfactorily reflected in the constant and variable part of instantaneous
active electric power. The variable part of this electrical power should necessarily have a periodic component
with the same period as the period of rotation of the rotor. The paper proposes a procedure for extracting this
periodic component description (as a pattern, by means of a selective averaging of instantaneous active
electrical power) and analysis. The time origin of this pattern is defined by the time of a selected first passage
through the origin of an angular marker placed on the rotor, detectable by a proximity sensor (e.g. a laser
sensor). The usefulness of the pattern in describing the state of the motor rotor has been demonstrated by
several simple experiments which show that a slight change in the no-load running conditions of the motor
(e.g. by placing a dynamically unbalanced mass on the rotor) has clear effects in changing the shape of the
pattern.

Keywords: AC induction motor rotor, condition monitoring, instantaneous active electrical power, signal
processing, pattern definition, analysis

1. Introduction

The three-phase AC induction asynchronous induction motors (with squirrel-cage rotor) are
currently widely used for driving mechanical systems, mainly due to its simplicity and reliability.
Firstly, monitoring the condition of these motors at no load (idling) and detecting possible failure
situations that could lead to a catastrophe is a major topic of scientific research. Secondly,
understanding the behaviour of these motors allows their design and operation to be optimised.

The signals taken into account when monitoring the condition of motors are among the most
diverse. The valuable motor output signals provided by the motor and suitable for condition
monitoring are acquired by means of appropriate sensors placed on the motor or on its rotor (most
frequently vibration sensors [1-12], temperature sensors [2-6,10,13-18], instantaneous rotation speed
sensors [6,9,14,16,18-21] acoustic sensors [5,8,11,12,14], and rarely magnetic field and flux sensors
[20,22,23] or stray-flux sensors [6,24]).

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The valuable motor input signals are often acquired from the electrical supply system using
appropriate instantaneous voltage and current sensors. The most commonly used input signal in
motor condition monitoring is the description of the absorbed current (e. g. by Motor Current
Signature Analysis, MCSA [13]) which has been widely used in scientific research [2,4,6—
9,11,12,14,15,17,18,20,24-35]. The use of voltage sensors is indirect and rarely used on its own, e. g. in
unbalancing detection of an AC power supply and overvoltage detection [26], detection of broken
bars in stator [13], to prevent the phase-loss [36] or to describe voltage waveform anomalies [2]).
Otherwise, voltage sensors are almost always combined with the use of current sensors to provide
other useful information and signals for monitoring, such as the description of the absorbed
instantaneous electrical power or active electrical power [13,19,25,34], as the subject of our previous
research [21], the detection of the phase or phase shift of the instantaneous current [30,33,37], or the
description of the evolution of the power factor [6,13,17].

It is important to note that there is a strong correlation between the evolution of the input signals
(related to the absorbed electrical power and its components) and the output signals (generally
describing mechanical phenomena), especially in the case of periodic phenomena, conditioned of
course by the dynamics of the rotor rotating through the rotating magnetic field generated by the
rotor. The motor acts as an energy (power) transformer, from electrical to mechanical form. Many
normal and abnormal variable mechanical phenomena (e. g. related by bearings condition [1,2,10,11],
rotor mechanical imbalance/eccentricity [10,28]) during motor operation (especially at no load)
should be reflected (with an amplitude, and the phase at origin of time depending on the frequency)
in the evolution of the current, the power factor and especially the instantaneous (and/or active)
electrical power. The motor acts as a mechanical load sensor. The use of signals describing the
evolution of the electrical inputs in the motor offers a major advantage: simplicity of installation and
use of the sensors (simple current and voltage transformers), sometimes with the possibility to use
wireless data transmission [10,17,26].

There are many processing techniques available for condition monitoring of AC induction
motors, most of which are used to extract useful information from variable (mainly periodic) signals.
For continuous periodic signals (vibrations, variable part of instantaneous angular speed, currents
and, rarely, instantaneous electrical power [34]), the conversion from the time domain to the
frequency domain using the Fast Fourier Transform spectrum is widely used [2,6,8,9,17,21,34] to
describe the sinusoidal components within (average amplitudes and frequencies). More commonly,
the Wavelet Transform is used to detect and describe short (transient) sequences (based on local
spectral information) of components within these signals [2, 8, 9, 13, 14, 17, 18, 20, 26, 27, 28, 37, 38
and 39]. Actually, the use of artificial intelligence techniques (e.g. based on neural networks
[2,5,11,13,18,26,3840], support vector machines [2,13], machine learning algorithms [3,5,8,10,14,29,36],
deep learning algorithms [11]) or the use of IoT [16,38] for early detection [1,4,10,14,15], possibly
online [8,9,17], in the detections of motors states that may develop abnormally has become
increasingly attractive.

There is a general opinion in the scientific literature that analysing the evolution of the
instantaneous current absorbed by a phase of an asynchronous three-phase induction motor
(particularly with a squirrel-cage rotor) is one of the best ways of monitoring its condition. For
incomprehensible reasons (with a few exceptions, e.g. [25,34]), scientists ignore the fact that there is
a more important electrical input parameter: the instantaneous electrical power (IEP). It
simultaneously characterizes the instantaneous current (IC), the instantaneous voltage (IV) and
(very importantly) the angle of phase relationship between IC and IV. This angle decreases sharply
as the mechanical load on the rotor (or torque) increases. In addition, the IEP describes the
instantaneous active electrical power (IAEP) and the active energy absorbed by the motor (an image
of the mechanical power and mechanical energy supplied by the motor, even when running at no-
load). All the variable electrical and (especially) mechanical phenomena involved in the no-load
operation of a three-phase AC induction motor should be reflected in the evolution of the IEP and
IAEP as well. When we talk about describing variable mechanical phenomena through the
evolution of IEP or IAEP, we must take into account the dynamic aspects (mainly damping and
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phase-shifting effects) due to the fact that the rotor (with mechanical inertia [19] and developing
dry and viscous friction) is driven in rotation by a rotating magnetic field (with torsional elasticity)
generated (electromagnetically) by the stator.

The purpose of this paper is to present some experimental results on IAEP analysis, useful in
condition monitoring of three-phase AC asynchronous induction motors (with squirrel-cage rotor)
running at no-load. It is shown experimentally that in the evolution of the variable part of the IAEP
(numerically described with a high sampling rate) there is a periodic pattern (with the same period
as the period of rotation of the rotor) which can be used to describe the state of the rotor (or motor
as well). Some results related to the detection and the analyses of this pattern (the repeatability, the
synthetic and analytical description, influence of different factors on the shape of the pattern, etc.)
are presented.

The paper is organised as follows: Section 2 presents the materials and methods, Section 3
presents the experimental results and Section 4 is reserved for discussions.

2. Materials and Methods

2.1. Experimental Setup

There is a very simple way to obtain the information needed to find the IEP absorbed by a three-
phase AC induction asynchronous motor with squirrel-cage rotor, based on the considerations shown
in Figure 1 (describing a setup partially used previously in [41], similar to [25,34]).

——— N C chll  pPC USB
ree-phase ch2| Oscilloscope :>
four wire A ICT VT chs|  PicoScope PC
power supply |B 4824 A
C
system ILD 2000-20 laser

position sensor

Three phase —
AC induction | | /——
Jaw

electric motor\ | /MMM

coupling hub

Figure 1. A conceptual description of the experimental setup.

It is reasonable to assume that the three-phase network (with theoretically pure sinusoidal
voltages) is electrically balanced and that the IEP passing through the motor on each phase is the
same (one third of the total IEP). The total IEP absorbed by motor can be determined as three times
the instantaneous power on a single phase (A, in Figure 1).

The primary winding of an instantaneous current transformer (ICT, labelled with 1 in Figure 2,
which shows a partial photo of the setup) is supplied by the phase A. This transformer (acting as
current sensor), provides the IC description of current (i(t), that passes through phase A) on the
secondary winding (as a proportional voltage ucr(t)), which is delivered through the channel 1 (Ch1)
of a PCB USB oscilloscope PicoScope 4824A (2 on Figure 2 [42]), to a personal computer (PC, 3 on
Figure 2). The primary winding of an instantaneous voltage transformer (IVT, 4 on Figure 2) is placed
between phase A and the null wire (neutral line) N. This transformer (acting as a voltage sensor),
provides the IV description of voltage (u(t), between phase A and neutral wire) on the secondary
winding (as a proportional voltage uvr(t)), which is delivered through the channel 2 (Ch2) of the
oscilloscope to PC. The PC receives also a signal ust(t) from a laser position sensor ILD 2000-20 (1 on
Figure 3), through the third channel (Ch3) of the oscilloscope. This signal is used to accurately
describe the moment in time when an angular marker (2 on figure 3) passes through the angular
rotation origin (the line 3 of the incident laser beam, Figure 3) during its rotation. This angular marker
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is placed on a jaw coupling hub 4. In Figure 3, a permanent magnet 5 is placed also on the jaw
coupling hub. In some experiments it is used to create a temporary mechanical dynamic imbalance
of the rotor.

Figure 2. A view on transformers ICT (1) and IVT (4), on digital oscilloscope (2) and personal
computer (3).

Two different theoretical synchronous speeds (750 and 1500 rpm) are available for this motor
with nominal active electrical powers of 2.2 KW and 3 KW.

Figure 3. A view on the jaw coupling hub placed on the motor rotor.

Figure 4 shows a view with the three signals acquired simultaneously during no-load operation
at the theoretical synchronous speed of 1500 rpm: 1 — a description uvr(f) involved in IV (u(t))
description as u(t)=kvr-uvi(t); 2 — a description ucr(t) involved in IC (i(t)) description as i(t)=kcr-ucr(t);
3 - the voltage usc(t) delivered by laser sensor.

As expected, the IC description is delayed compared to the IV description; there is a negative
phase shift between the IV and the IC (the stator winding acts as an inductive consumer). It is obvious
that IV and especially IC are not pure sine waves, partly because of the power supply network, but
mainly because of the behaviour (condition) of the motor running. Each passing of the angular mark
placed on the rotor through the angular origin produces a strong negative peak on usc(t) signal (e.g.
A or B), the time interval between two successive peaks correspond to the period of a full rotation of
the rotor.

In this work, the processing of the data and the signals was carried out using Matlab.
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Figure 4. A partial evolution of signals: 1- uVT(t); 2 - uCT(t); 3 — uSL(t). A, B — two successive passes
of the angular marker 2 through the angular rotation origin 3.

2.2. The Description of the Instantaneous Electrical Power

The IEP absorbed by the motor on phase A (pa) is defined as pa(t)=u(t)-i(t)=kvr-uvi(t)-kcr-ucr(t)
while the entire absorbed IEP (p) is three times bigger: p(t)=3pa(t)=3-kvr-kcr-uvr(t)-ucr(t). On this setup
the constant part 3-kvrkcr=2573.76 W/V2.

The use of IEP analysis to describe the state of the electric motor faces a serious obstacle: it
contains a high amplitude (dominant) sinusoidal component with a frequency of 100 Hz and many
harmonics (as shown in [34]). Since the IV is not perfectly sinusoidal, the IEP also contains a
sinusoidal component with a frequency of 50 Hz and some harmonics. This can be seen in Figure 5,
which shows part of the FFT spectrum (in purple) of the IEP evolution during 20 seconds of no-load
motor operation at a theoretical synchronous speed of 1500 rpm (with At=10 us as sampling time).
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g151 06{ 3
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Figure 5. A part of the FFT spectrum of IEP (in purple), a part of the transmission curve of an
appropriate backward moving average filter used to extract the IAEP from IEP (in red).

Here A depicts the fundamental sinusoidal component at 50 Hz frequency, with some relevant
harmonics (A at i-50 Hz frequency), B is that (huge) fundamental sinusoidal component at 100 Hz

(previously mentioned), with some harmonics (B; at i:100 Hz frequency).

2.3. A Description of the Instantaneous Active Electrical Power
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These sinusoidal components that were mentioned earlier (also partially revealed in [34]) are not
involved in the description of motor condition and (for the purpose of engine monitoring) should be
eliminated from IEP (e.g. ideally by using a notch filter with multiple narrow stop bands centred on
the frequency of these components). Removing these sinusoidal components from the IEP gives the
instantaneous active electrical power (IAEP). The IAEP is mainly related to the active mechanical
power used to rotate the motor rotor (here in no-load operation).

The following is a proposal for a method to obtain a description of the IAEP (as IAEPf) through
the filtering of the IEP. If we consider (as is done by PC calculus) that the total IEP p(t) is approximated
by numerical samples, with the st sample written as p[s-At]=3-kvr-kcr-uvi[s-At]-uct[s-At], with sampling
time At (with s = [t/At]), a simple way to eliminate all these unwanted components is to use a
numerical backward moving average filter (BMAF) with a suitable number / of samples in the
average. An output sample P{s-At] from BMAF (as an IAEPf sample as well) is defined as:

1 h—-1
Pi[s - At] =EZpS[(s—j)-At] withs > h 1)
=0

The number /1 should be determined in relation to the period (Tiv=50"" s=0.02 s) of fundamental
component A (T being the period of IV), as h = [T}, /At]. The IEP with the FFT spectrum partially
described in Figure 5 has the sampling time At =10us, so h=2000. In Figure 5, the transmissibility curve
of a BMAF under these conditions is shown in red. Since it is superimposed on the FFT spectrum of
IEP, it is clear that the transmissibility (Tr(f)) is zero exactly at the frequencies of the unwanted
sinusoidal components, which are certainly removed by this averaging (BMAF acting as multiple
narrow stop band filter). Unfortunately, for many other frequencies (mainly related to the state of the
motor) BMAF also acts as a strong attenuator. However, by multiplying the local (peak) FFT
amplitude by the inverse of the transmissibility (1/Tr(f), at the frequency of attenuated component),
their real amplitude can be found. An important advantage of this IAEPf definition is that it maintains
the same sampling time At as the IEP.

In the classical definition of IAEP (as IAEPc), a sample Pc/g-Tiv] is written as the average of /1 IEP
samples, as:

1
Plg-Tyl=Rlg-h-ad=7 > plsadl @
s=(g-1)-h+1

The sampling time of IAEPc is T, which is / times higher than IEAPf (as Tiv=h-At). In other
words, the sampling rate (1/Twv) of the IAEPc is h times smaller than the sampling time (1/At) of the
IAEPf, which is a big disadvantage.

In Figure 6, curve 1 represents a short sequence of IAEPf (as a result of IEP filtering using
Equation (1)), curve 2 represents a short sequence of IAEPc (as a result of IEP averaging using
Equation (2)), while a short sequence of IEP is represented by curve 3.

Because the amplitude of the dominant component A1 is large (1164 W, Figure 5), IEP appears
here as a series of parallel lines. The graphical representations of the powers are made by a series of
line segments bounded at the ends by two points, each point corresponding to a sample. A high
description rate (as for JAEPf) means segments of small length and vice versa (as for IAEPc). It is
obvious that IAEPf is much more suitable for motor condition monitoring than IAEPc, due to its
higher sampling rate.

2.4. A Method of Determining a Pattern in IAEPf Evolution Useful in Motor condition Characterisation

There are two very simple ways of using IAEPf to monitor the condition of an three-phase AC
induction asynchronous motor: 1- based on of the IAEPf evolution at the start (more precisely,
calculation of the active electrical energy absorbed during the start phase, ESP); 2- based on the
determination of the average IAEPf value (as constant part of IAEPf, or CAEP).
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Figure 6. A short sequence with the evolutions of: 1 — IAEPf; 2- IAEPc; 3 - IEP. .

There is also a third, more interesting approach. The evolution of the mechanical power required
to rotate the rotor of the motor at no-load has a constant component (firmly reflected in CAEPf), but
it also has a variable periodic component with a period equal to the period of rotation of the rotor
(also reflected in the IAEPf, as PCRRf). The constant and periodic components of the IAEPf (CAEPf
and PCRR() associated with the rotation of the rotor are absorbed by the motor and converted into
mechanical power which is used to rotate the rotor at no-load.

Assuming that there are no electrical phenomena associated with the rotation of the rotor, this
PCRRf should be zero if the rotor is in perfect mechanical condition (in terms of bearings, dynamic
mechanical balance, vibration, etc.). Otherwise, the PCRR( is not zero, and its shape and amplitude
(necessarily reflected in the evolution of the IAEPf, mixed with many other different variable
components, systematic or not) is an important indicator of the mechanical condition of the motor
(from the point of view of its rotor rotation). A method for determining and synthetically describing
the pattern of this PCRRf is proposed below.

The synthetic description of the pattern of a periodic phenomenon (in particular the PCRRf)
within the IAEPf, with the period Ty and 1 samples per period (where n is defined as n = |T,/At|) is
obtained by a special type of filtering, by averaging of several selected samples (as FASS) of the
variable part of the IAEPf (as VIAEPf, obtained by removing CAEPf from IAEPf, with samples
represented as Pp[s-At]). A sample Ppr[k-At] (with k=1+n) of this PCRRf pattern is obtained by
arithmetic averaging of m uniformly selected samples of VIAEPA, or as the average of these VIAEPf
samples: Pr [k-Atl, Prl(n+k) -Atl, Pr[(2-n+k)-Atl, P [(3-n+k)-Atl, ....., Prof[(m-1)-n+k]-At}. There are n
unselected VIAEPf samples between each two successive samples selected for FASS. In other words,
if VIAEPf has at least m-n samples, a sample Pyrp[k-At] of this pattern is mathematically calculated by
FASS as:

Pyrplk - At] =%2va{[(i—1)-n+k] At} withk=1+n 3)

The samples Pyry[k-At] of any pattern of a periodic phenomenon in the IAEPf (in particular the
PCRRf) depend rigorously on the values of the period T» and the sampling time At and are calculated
on the basis of the number n (with n = |T,/At|) and the optional value of m (in a first approach, the
bigger the better), according to Equation (3). The proposed FASS acts as a frequency-selective pass
filter, since it eliminates all the variable components of the VIAEPf that are not harmonically
correlated with the fundamental frequency of the periodic phenomenon being analysed. Obviously,
the pattern of a variable periodic phenomenon within the VIAEPf can only be correctly extracted if
its fundamental frequency is constant. For practical reasons, it is appropriate to calculate the samples
of PCRRf pattern using FASS according to equation (3), where k=1 corresponds to the moment when
an angular marker on the rotor (e.g. the marker 2 from Figure 3) is passed through the origin (the line

do0i:10.20944/preprints202406.0724.v1
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3 of the incident laser beam, the same Figure 3). Thus, by graphically superimposing of the PCRRf
patterns at different times or under different conditions of motor running at no-load, similarities and
possible differences can be seen. Also in this way, a PCRRf pattern can be described and studied not
in terms of time but in terms of the angular position of the rotor (the pattern is described graphically
with IAEPf on the y-axis and the angular position of the rotor related by the angular origin on the x-
axis).

The effectiveness of this FASS procedure can be demonstrated experimentally using a simulated
VIAEPf signal. Let us suppose, for example, that this simulated signal can be described as the sum of
2000 sinusoidal components, having frequencies uniformly distributed between 0 and 1000 Hz, with
the same amplitude (1W) and uniformly distributed phases at the origin of time. A sample of this
simulated signal is generically described as follows:

2000

Pf,,[s-At]=Zsin(Z-n-]E-s-At+é) 4)
=0

The evolution of this simulated VIAEPFf signal (with At=10us and s=1+2,000,000) is shown in
Figure 7. A detail from area A is shown in the top right of figure.

1500
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1000 minification

436 times
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A magnification

500 [

VIAEPf [W]
B

-500

-1000 [

-1500 : : :
0 5 10 15 20
2.13 times Time [s]
Figure 7. The evolution of a simulated VIAEPf signal (described mathematically by Equation (4)) with

At=10ps and s=1+2,000,000.

The samples of a pattern of a periodic component (from simulated VIAEPf) with the
fundamental frequency of 33.5 Hz (and harmonics at 2-33.5 Hz, 3-33.5 Hz,....29-33.5Hz) can be found
using the FASS method shown in Equation (3), with T,=1/33.5 s, n=2985 and m=600 (an optional value).
Figure 8 shows this pattern (in blue). Overlaid is the evolution of the simulated pattern (in red), with
a generic sample described with:

29
Pf,,sp[s-At]=Zsin[33.5-l-(2-n-s-At+1)] withs=1+n (5
1=0

As a result of substitution j/2=33.5' in Equation (4). There appears to be a very good fit between
the two patterns (simulated in Equation (5) and found by FASS of the signal generated with Equation
(4)). As expected, due to the numerical description of VIAEPf, the overlap is not perfect (as shown in
detail B, zoomed in to the top left of Figure 8). The bottom left area of this figure shows the evolution
of the difference between the simulated pattern (Equation (5)) and the pattern found by FASS
(Equation (3)) of simulated VIAEPf (Equation (4)). The phase shift between the patterns is the main
reason for this difference.
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Figure 8. The pattern of a periodic component (with 33.5 Hz the fundamental frequency) within the
simulated VIAEPf signal, found by FASS (in blue) superimposed on the simulated pattern (in red,
Equation (5)).

This convincing result leads to the conclusion that the FASS method can also be successfully
used to determine the pattern of any periodic evolution within a variable signal, in particular the
PCRRf pattern within a real VIAEPFf absorbed by a motor running at no-load.

In order to apply the FASS (from Equation (3)), it is necessary to solve two essential
requirements:

-The exact determination of the value of Ty, and n, with n = [Tp /At]. Of course T it is the period
of a complete rotation of the rotor.

-The exact determination of a moment when the angular mark placed on the rotating rotor (2 in
Figure 3) passes through the angular origin (when k=1). This moment is preferable to be at the
beginning of the VIAEPf evolution.

Both requirements can be met using the periodic signal us.(t) generated by the laser sensor (1 on
Figure 3) as the rotor rotates, described numerically as ust[s-At]. Figure 9 shows a short sequence of
this signal, suitably filtered with a BMAF.
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Figure 9. A sequence of usi[s-At] signal, involved in the determination of the IAS value and the angular origin of the

rotor.

There are two repeating parts: in area A, caused by the run-out of the jaw coupling hub and the
relative vibrations between the rotor and the laser sensor, and in area B, related to the passage of the
angular mark (2 in Figure 3) through the angular origin.

In the area A, the time interval between any two successive zero crossings in the same direction
of the signal ust[s-At] defines a value of the period of rotation of the motor rotor. Two examples Ty
and Ty of such successive intervals are shown in the figure. The average value of all the time
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intervals that can be defined in this way on the signal usi[s'At] is the period value Ty, which is used
to find the PCRR by FASS according to Equation (3).

A procedure for determining the exact time moments of the zero crossing of a signal has been
already presented in [21]. The generic interval Ty can be used to define the generic value of the
average angular velocity wp:of the rotor (on one revolution) as wp=27/Tpi.

With respect to areas B, in one of the the first period of the signal ust[s-At], we determine the
time when this signal is minimum. At that time, k from Equation (3) can be set to be 1.

Of course, based on the values of Ty, At and k; it is possible to find a synthetic definition of pattern
of evolution within the ust[s-At] signal (as PCSL), which extends the usefulness of Equation (3), as we
will see later.

3. Results

3.1. Some Resources Related to IAEPf, ESP and CAEPf in Motor Condition Monitoring, Experimentally
Revealed

Figure 10 shows the evolution of the IAEPf during a no-load run test with the motor idling at
the first speed (750 rpm theoretical synchronous speed).

At start-up (by direct connection to the electrical network), zone A (shown in detail in the centre
left of figure) indicates a severe transient regime in which the absorbed IAEPf is very high (peaking
at 9506 W) due to the acceleration of the rotor (start-up takes 71.5 ms). The energy absorbed during
this transient process (ESP=334.5 W's) is calculated as the area (here coloured in cyan) bounded above
by the IAEPf curve and below by a line representing the CAEPf value (437 W) and is converted
mainly into mechanical energy, stored as rotor kinetic energy. The starting time, the ESP and CAEPf
values (eventually the start-up time) can be considered as indicators of the quality of the rotor (motor)
condition. The CAEPf value is calculated as the average IAEPf during stationary operation regime.
This CAEPf supply electrical dissipative phenomena (e.g. heating in the stator winding and rotor
cage) and mechanical dissipative phenomena (e.g. dry and viscous friction during rotor movement).

A zoom in area A A zoomin area B
9000 - ——9506 W ~ |
Al 437 W
W ViV
8000 |- VIAEPF L1V
7000 - =€
334.5 Ws i
6000 213
g 5000 -
& 07
< 4000 'C
3000 (start-up time)
2000 -
437 W= S(op
1000 [ p
A Stationary B
0 -

0 2 4 6 8 10 12 14 16

Time [s]

Figure 10. The evolution of the IAEPf during a no-load test at 750 rpm theoretical synchronous
speed.

A magnified view of B area (when the motor is electrically disconnected) is shown in the centre
right of Figure 10. This shows the variable part of the IAEPf (as VIAEPf). Here, area C describes a
phenomenon due to the electrical cut-off device (it does not characterise the motor behaviour).

By comparison with Figure 10, Figure 11 shows the same starting, stationary and stopping
regime with the motor in no-load operation at 1500 rpm theoretical synchronous speed. This time, as
expected, the ESP value (888.48 W-s) and the starting time (93.6 ms) are higher. Unexpectedly, the
CAEPf value (213.5 W) is lower than before, despite the increase in mechanical energy dissipation.
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This means that the proportion of electrical dissipation in the CAEPf is much higher than that of
mechanical dissipation.

15000 F A zoom in area A A zoom in area B
15130 W
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ATl 1 3
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v\ Vi 1 Stafonay (5
1[Start 2 3 4 5 6 7
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Figure 11. The evolution of the IAEPf during a no-load test at 1500 rpm theoretical synchronous
speed.

Each of the two evolutions (sampled at the beginning of the motor's use and considered later as
a reference) can be compared with evolutions sampled at regular (reasonably long) time intervals. By
highlighting any differences between the evolutions, changes in the condition of the motor (rotor
behaviour) can be identified.

There are many other experimental resources available in IAEPf evolution. For example, Figure
12 shows a zoomed-in detail in region D of Figure 11, at the end of the transient (start) regime.

800
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Figure 12. A zoomed-in detail in region D of Figure 11.

Here, the damped periodic viscous free response of the rotor dynamic system has been
illustrated (it was excited when the transient regime suddenly ceased). This is also an element of
motor condition monitoring (via frequency and damping ratio). This subject has already been studied

before in [43].

3.2. The Detection of PCRRf Patterns
The evolution of the usi[s-At] signal was used to find the evolution of the first rotor rotation
frequency [21] (with a generic sample fy1;, defined with the rotation period as fp1i =1/Tp1i) during a first
experiment at no-load test in stationary regime (with a duration of 20 s and sampling time At=10 us)
at the theoretical synchronous speed of 750 rpm, as shown in Figure 13.
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Figure 13. The evolution of the rotor rotation frequency during a no-load stationary regime at the
theoretical synchronous speed of 750 rpm.

This evolution is the result of a filtering with a BMAF with four samples in the average. There is
a small peak-to-peak variation of 0.045 Hz around an average of f,1 =12.486463437276486 Hz) for an
average period of Tyr=1/fyi= 0.080086727921266 s (useful to find by FASS the PCRRf1 pattern of the
first rotation speed of the rotor). This frequency variation is caused by the relative vibrations between
the laser sensor and the rotor and the torsional vibrations of the rotor. The average first rotor’s
rotation speed is np1= 60-f1=749.187 rpm.

It is interesting to note that a similar study can be carried out in relation to the frequency fiv:i of
the IV (based on a similar approach of the signal uvi[s-At]). Figure 14 shows the evolution of this
frequency during the same experiment.
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49.98 49.9826 Hz average value
[ |\'

Frequency of the IV [Hz]
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Time [s]

49.965
0

Figure 14. The evolution of the IV frequency during the same stationary regime at the theoretical
synchronous speed of 750 rpm.

There is a very small peak-to-peak variation of 0.034 Hz (due entirely to the behaviour of the
electrical network supply) around an average value of fivi = 49.9826 Hz. This average frequency
defines the exact value of the synchronous motor’s speed ns1, as ns:=60-fivi/p1 (with pi=4 the number of
magnetic poles), so ns1 =749.739 rpm. This average frequency fivi should be considered as related by
average period Twi=1/fivi. This average period is used to define the number of samples h=2001
(from h = |T;y,/At]) in the BMAF used in Equation (1) to define the IAEPf.

With these values of np1 (also known as the first mechanical speed of the rotor) and ns (also
known as the first electrical speed of the stator), it is possible to define an important motor
characteristic, the no-load slip, as s1= 100-(nsi-np1)/nsi= 0.07362%. This slip value (normally less than
5%) describes the torque provided by the motor (it increases as the torque increases).
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A similar approach was done for a second no-load test at stationary regime for the second
theoretical synchronous speed (1500 rpm, p2=2). This time these values were obtained: f»
=24.979842608525143 Hz), Tp2= 0.040032277851852 s (useful to find the PCRRf2 pattern of the second
rotation speed of the rotor), fivz=49.9955 Hz, np= 1498.790 rpm, n>=1499.865 rpm, h=2000 and
52=0.07167%.

3.2.1. The Extraction of the PCRRf1 Patterns

The evolution of the VIAEPf1 during the first experiment at 750 rpm is shown in Figure 15
(2,000,000-h samples, with At=10us). A zooming in region A suggests that there is a dominant
component within the VIAEPf1 that is expected to have the period of Ty, which is expected to be
reflected in the PCRRf1a pattern.

This PCRRfla pattern is extracted by FASS, based on Equation (3), with T,, m and n
particularized as Tp1=0.080086727921266 s, m1.=245 and ny, = |Tp14/At| = 8009 samples. Figure 16
shows two periods of this PCRRfla pattern (curve 1, in blue). This PCRRfla pattern (with a peak-to-
peak amplitude of approximately 9 W) is plotted relative to the position of the angular marker placed
on the rotor (2, Figure 3), more precisely it starts (#=0) at the time when this marker passes through
the angular origin. This moment is marked by a minimum value on the PCSL1a pattern. This PCSL1a
pattern (shown in Geneva green colour, with curve 2 in Figure 16, also with two periods,) is obtained
by FASS treatment of the variable part of the signal usi[s-At] with exactly the same values Tj1, m1 and
n1 used previously to extract the PCRRf1a pattern.

15 118 times horizontal magnification A zoom in area A

1.06 times vertical minification
52900 samples (0.529 s)
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Figure 15. The evolution of VIAEPf1 during a first experiment with the motor running at no-load
(at 750 rpm theoretical synchronous speed), used to extract the PCRRfla pattern by FASS.

The x-axis of Figure 16 also shows the phase angle of the patterns with respect to the origin.
However, this phase angle must be seen in the light of the fact that there is a gap (phase difference)
between the variable mechanical phenomena and their reflection in the VIAEPf, due to the dynamics
of the rotor (its inertia, the rigidity of the rotating magnetic field, dry and viscous friction, rotation
frequency, etc.).

The fact that this PCRRfla pattern can be used to synthetically characterise this motor, running
at first speed under no-load is confirmed by its repeatability. A new evolution of VIAEPf (identical
in time and number of samples but acquired next day) was processed with an identical FASS,
resulting in a new pattern as PCRRf1b, represented by the red curve 3 in Figure 16 (the PCSL1b
pattern is identical with PCSL1a). Despite slightly different conditions (Tyw= 0.080057415179776 s, niv
= 8006 samples, fiviv=50.0017 Hz, s = 0.07511%) the similarities with the PCRRfla pattern are quite
obvious.
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Figure 16. A representation of two periods from PCRRfla pattern (1), PCSL1a pattern (2) and
PCRRf1b pattern (3).

The difference between these two patterns is partly explained by the variation of the
instantaneous speed of rotation and consequently of the instantaneous periods Tpi1 and Tpiza and
probably by some minor, normal changes in the condition of the motor. To be very rigorous, we must
also point out a fact that proves that the accuracy of the PCRRfla and PCRRf1b patterns is not perfect,
because according to detail A, shown enlarged in Figure 17, there is a very small abnormal step
discontinuity between the two periods. Conversely, this discontinuity is not observed in PCSL1a and
PCSL1b.
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Figure 17. A magnified view of Figure 16 in area A.

According to Figure 3, a permanent magnet 5 (weighing about 10 g) as dynamically unbalanced
mass (DUM) was placed (at a distance of 35 mm from the axis) on the jaw coupling hub 4 mounted
on the rotor, in three different angular positions relative to the angular marker 2. For each position,
the PCRRf1 pattern was recorded under the experimental conditions already described. Curve 1
shows the PCRRfla pattern (already described above, without DUM), curve 2 shows the PCRRflc
pattern (the DUM placed at 60 degrees before the marker 2, relative to the direction of rotation), curve
3 shows the PCRRf1d pattern (the DUM placed at 60 degrees after the marker 2) and curve 4 shows
the PCRRfle pattern (the DUM placed at 180 degrees).
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Figure 18. PCRR1 patterns obtained without DUM (curve 1) and with three different angular
positions of DUM on the jaw coupling hub (curves 2, 3 and 4).

It would be expected that the centrifugal force generated by the dynamic unbalance (acting as a
rotational force pushing radially against the bearings) would alter the PCRRf1 patterns. As can be
clearly seen, there are no major differences between the patterns, indicating that these mechanical
unbalances have an insignificant influence (mainly due to the low rotor speed). It should be noted
that this rotating centrifugal force has another effect: it excites the motor to vibrate on its support.
The mechanical power delivered by the motor to supply this vibration is obviously reflected in the
IAEPf. This effect has not been highlighted here (e.g. by phase-shifting of patterns).

3.2.1.1. The Analysis of the PCRRf1a Pattern

Some resources provided by the analysis of the PCRRfla pattern are presented below.

The FASS procedure was used to obtain the synthetic description of the PCRRfla pattern (by the
coordinates of the n points on the curve). An approximate analytical description of this pattern can
be done as the sum of r sinusoidal components, with a sample formally described as

T
Pyrpialk - At] = Z Afgi-sin (21 Brg; "k - At + Crqy)  withk=1+n (6)
i=1
A simple procedure (already introduced in [44]) is also available here to find the constants A
(as amplitudes), Bfi (as frequencies) and Cpi (as phases at the origin of time). Similarly to Figure 16
(which contains two periods of the PCRR(f1s pattern), the synthetic definition of the PCRRfla pattern
is extended to more than one period (e.g. 10 periods). Thus, the description of a generic sample
Pprp1a[k-At] from the synthetic definition of PCRRfla pattern is available for k=1+10-n. Using the Curve
Fitting Tool from Matlab, applied to the extended PCRRfla pattern, it is possible to find quite
accurately the values of the constants from Equation (6) up to a reasonable upper limit r (here r=15).
The extended PCRRfla pattern (with ten periods) rather than the normal pattern (with one period) is
used to increase the accuracy of determining the values of the constants. A model with a sum of eight
sinusoidal components was used in the curve fitting procedure. A first curve fitting procedure
produces the values of the first eight sets of constants (for i=1+8). The eight harmonic components
defined by these sets are mathematically removed from the extended PCRRfla pattern. The curve
fitting procedure is then reapplied to the remainder of the pattern, finding another eight sets of
constants (for =9+16). One set is ignored, corresponding to a component with an insignificant
amplitude. The values of the constants thus determined are given in Table 1, in ascending order of
frequency Bpi.
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PCRR(f1a pattern, using Equation (6).
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Afai Bfai Chai

(W] [Hz] [rad]
1 3.945 12.4857 = 1/Tp1a= Bfa1 Fundamental 1.725
2 1.913 249714 = 2- B Istharmonic -1.747
3 0.02436 37.4491 = 2.9993- B 2rdharmonic 1.059
4 0.02832 62.4364 = 5.0006- Bf1 4t harmonic -2.031
5 0.1168 74.9142 = 6- Ba1 5% harmonic 2.07
6 0.09591 87.4078 =7- B 6™ harmonic -1.45
7 0.1688 99.8856 = 8- Bfa1 7th harmonic 0.9121
8 0.06114 112.3474 =8.9980 - Bfa1 8th harmonic 1.169
9 0.04019 124.8570 =10 Bfa1 9t harmonic 0.5538
10 0.02553 137.3507 = 11- Bt 10* harmonic 1.596
11 0.02038 324.6760 = 26+ B 25t harmonic 2.634
12 0.02024 337.0901 = 26.9980- Bfx | 26 harmonic 1.23
13 0.06175 424.6253 = 34.0089- Bfa1 | 33" harmonic -2.366
14 0.05657 437.0394 = 35.0032- Bfar | 34" harmonic 1.26
15 0.01367 536.8296 = 42.9955- B | 42t harmonic -0.5324

It is quite obvious that, as predicted, FASS has produced two notable results: first, it has removed
all signal components that are not harmonically correlated with the Tpi: period (including the signal
noise), and second, it has retained only the pattern sinusoidal components that are harmonically
correlated with this period. In other words, there is harmonic correlation between the Bgi frequencies
(B i= i* Bm1). Some harmonics are missing. For example, the third harmonic (with a frequency of
49.9428 Hz) is missing because it is very close to the 50 Hz frequency and is removed by the BMAF
filter used to define IAEPfla. The absence of the other harmonics is due to the peculiarities of the
shape of the PCRRfla pattern.

The quality of the analytical description of the PCRRfla pattern, based on the definition from
Equation (6) and the values in Table 1, can be illustrated simply by plotting the two patterns as shown
in Figure 19.

This figure shows two periods of the synthetic pattern (in blue, curve 1, visible when zooming
into area A, where the overlap is worst) and two periods of the analytical pattern (in red, curve 2). A
very good analytical description makes the two patterns overlap very well, the (insignificant)
differences are shown (as an example) in the zoom in area A.

Curve 3 (in black) shows the evolution of the difference (sample by sample) between the two patterns
(as a residual, what remains after the mathematical subtraction of the analytical model from the
synthetic one).

Obtaining analytical descriptions of the patterns facilitates the application of more advanced
motor condition monitoring strategies (e.g. related to phenomenon described by the evolution of a
particular harmonic).

There is another way to describe the content of the PCRRfla pattern, based on the FFT (Fast
Fourier Transform) spectrum. In order to obtain a high resolution of the spectrum (in frequency), it
is essential to use the FFT of the extended PCRRfla pattern (e.g. for 10 periods, as before).
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Figure 19. Representation of PCRRfla patterns (on two periods): 1- with synthetic definition (by
FASS); 2- with analytical definition (using Equation (6) with r=15, found by curve fitting); 3- the
difference between these patterns (as residual).

The FFT spectrum of the extended synthetic PCRRf1a pattern is shown in Figure 20, window 1
(in the frequency range of 0 + 550 Hz).

A zoom of this spectrum from region A (the same frequency range, 0 + 0.2 W range on the y-
axis) is shown in window 2. A zoom of this spectrum from region B (the same frequency range, 0+0.0.1
W range on the y-axis) is shown in window 3. As can be clearly seen in window 1, all harmonics of
the fundamental component (with period Tyi) are practically represented, which means that the
analytical description (6) of the pattern can theoretically be raised over r = 15. The dominant
sinusoidal component (previously identified by curve fitting and described in the first row of Table
1) is also well represented here (with frequency and amplitude, by the highest peak in window 1).
However, here and for all other sinusoidal components shown in spectrum, the phase angle at the
time origin is missing (not provided by FFT).

Similarly to window 1 from Figure 20, curve 1 on Figure 21 shows a zoom of the FFT spectrum
of the extended analytical PCRRf1a (in the frequency range 0+550 Hz). As expected, there are only 15
peaks in this spectrum, corresponding to the 15 components identified before by curve fitting (and

described in Table 1).
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Figure 20. 1- The partial FFT spectrum of the synthetic PCRRfla extended pattern (10 periods); 2
— A zoom in area A; 3 — A zoom in area B.
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It is important to note that both PCRRfla patterns (synthetic and analytical) are affected by the
action of BMAF (which previously allowed the definition of IAEPf from IEP) in the sense that
practically the amplitudes of all sinusoidal components of these patterns are attenuated (and some
of them are eliminated) on the one hand (i.e. depending on their frequency, their real amplitudes are
found at the output of the filter multiplied by the transmissibility Tr(f) of the filter, with Tr(f) <1), and
on the other hand their phases at the time origin are modified (a phase angle is introduced). The
frequencies of the sinusoidal components remain unchanged. The evolution of this transmissibility
Tr(f) as a depending by frequency has already been shown (as an example) in Figure 5 (BMAF with
h=2000), for PCRRf1a in particular h=2001.
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Figure 21. 1- The partial FFT spectrum of the analytical PCRRf1a extended pattern (10 periods); 2
— The lower part of the curve of the inverse transmissibility of the BMAF filter (1/Tr(f)) used to
obtain IAEPf from IEP.

This question now arises: is it possible to obtain the real pattern, unaffected by these two
deficiencies (as PCRR1a pattern)? Since the description of the main components of the analytical
PCRRfla is fully known (Table 1), there is a simple way to find the real amplitudes (as Ax) of the
sinusoidal components: to amplify the amplitudes (A) with the inverse of the BMAF transmissibility
(1/Tr(f) at frequencies f= B, 50 A = Afui/ Tr(Bfii). As consequence, because Tr(f) <1, all the amplitudes
Adi increase (A« > Agi). The evolution of the inverse of the transmissibility with the frequency (within
0+ 550 Hz range) was shown in Figure 21 (the red curve, 2). On the 1/Tr(f) curve (with an upper limit
at 200) there are some peaks (with infinite amplitudes) corresponding to Tr(f)= 0 and the regions
labelled R1, R2....R11 in between.

It is easy to prove that only in the even regions (R2, R4, .... R10) a phase shift of n radians is
introduced by BMAF, so that there the real phases angle at the origin of time (as Cui) should be
rewritten as Cai = Crai +71. Only the components i = 4 + 6 fulfil this condition, as being placed in R2.

Using these amplitude and phase correction approaches, the description of the sinusoidal
components of the real analytical pattern PCRR1a is given in Table 2.

Table 2. The values of the constants Asi, B.i and Caiinvolved in the analytical description of the PCRR1a
pattern, using Equation (6).

. Afai Adi = Apair1/Tr(Bfai) Bai Cai

i (W] 1/Tr(Brai) (W] (Hz] [rad]

1 3.945 1.103 4.351 12.4857 Fundamental 1.725

2 1.913 1.568 2.999 249714 1% harmonic -1.747

3 0.02436 3.311 0.0807 37.4491 2™ harmonic 1.059

4 0.02832 5.578 0.1580 62.4364 4" harmonic -2.031+m=1.105
5 0.1168 4.704 0.5494 74.9142 5% harmonic 2.07+m=5.2115
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6 0.09591 7.697 0.7382 87.4078 6" harmonic -1.45+1=1.6915
7 0.1688 608 102.6304 99.8856 7™ harmonic 0.9121
8 0.06114 10.111 0.6182 112.3474 8t harmonic 1.169
9 0.04019 7.841 0.3151 124.8570 9" harmonic 0.5538
10  0.02553 12.035 0.3073 137.3507 10™ harmonic 1.596
11 0.02038 20.398 0.4157 324.6760 25" harmonic 2.634
12 0.02024 28.90 0.5849 337.0901 26" harmonic 1.23
13 0.06175 26.684 1.6477 424.6253 33™ harmonic -2.366
14 0.05657 37.25 2.1072 437.0394 34™ harmonic 1.26
15  0.01367 45.09 0.6164 536.8296 42" harmonic -0.5324

Unexpectedly, the amplitude Aa7 is huge. A simple reason explains this fact: within the IEP there
is a huge dominant component of 100 Hz (1164 W as shown in Figure 5). Because of the sampling,
new sinusoidal components are artificially created (due to a phenomenon known as spectral leakage)
very close (in frequency) to this dominant component. This component is not completely removed
by the BMAF. It is obvious that this component must be compulsorily neglected in the analytical
patterns PCRRfla and PCRR1a. Based on Equation (6) — where Agi, B and Crihave been replaced by
Adi, Bai and Cii- and Table 2, the analytical pattern PCRR1a was built (with two periods) as shown in
Figure 22 (curve 1), superimposed on the analytical pattern PCRRf1a (curve 2, also with two periods).
It is obvious that the PCRR1a pattern filtering using the BMAF (with h=2001) produces PCRRfla
pattern.

Of course, a more complete description of the analytical PCRR1a pattern can be obtained if the
component identification on synthetic extended PCRRf1a is done by curve fitting for r>15. As can be
seen from the FFT spectrum in Figure 20, there are many other small amplitude sinusoidal
components that can be considered in this description.

H' 'l'[l | "l‘l‘ \W

Figure 22. Graphical descriptions of two periods from: 1 — the analytical PCRR1a pattern; 2 — the
analytical PCRRfla pattern.

It is obvious that the analytical PCRR1a pattern can only be deduced by knowing the analytical
approximation of the PCRR1fa pattern (from Equation (6), here based on the data in Table 1). In other
words, it is not possible to use direct the synthetically defined PCRRfla pattern for this purpose.

It is interesting to look at the similarities between the PCRR1a and PCRR1b patterns (PCRR1b
being similarly obtained from PCRRf1b). Figure 23 shows these two patterns superimposed (curve 1
as PCRR1a, curve 2 as PCRR1b, both with two periods).
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Figure 23. Graphical descriptions of two periods from: 1 - the analytical PCRR1a pattern; 2 — the
analytical PCRR1b pattern.

As can be clearly seen, there are some similarities but also some relatively large differences (the
patterns do not fit perfectly). The first plausible reason for these differences is the accuracy of the
curve-fitting procedure used to find the mathematical description of the synthetic patterns, as it is
less accurate in describing the low-amplitude sinusoidal components (which also have high
frequencies) in PCRR1fa, b. An approach on a more accurate curve-fitting procedure is needed, as a
future challenge.

We believe that, for the time being, the use of analytical PCRRf1a, b patterns or their FFT spectra
is more reliable for motor condition monitoring.

3.2.2. The Extraction and the Analysis of the PCRRf2 Patterns

Similar to Figure 15, the evolution of the VIAEPf (as VIAEPf2a) during a first experiment
(without DUM) at 1500 rpm (theoretical synchronous speed) is shown in Figure 24 (also with
2,000,000-h samples, and At=10us). An zooming in of region A shows (as an example) the local
character of the instantaneous active electrical power variation.

15

52900 samples (0.529 s) |

VIAEPF [W]
(=]

! |\”"l”

* N A
I

-10 ‘

-15

17.95 times horizontal magnification

1.11 times vertical magnification A zoom in area A

0 5 10 15 20
Time [s]

Figure 24. The evolution of VIAEPf2a during a first test (without DUM) with the motor running
at no-load (at 1500 rpm theoretical synchronous speed) used to extract the PCRRf2a pattern by
FASS.

Using the FASS procedure - based on Equation (3) - it was possible to extract a first PCRRf2
pattern (as PCRRf2a, with Ty = 0.040018907773371 s, 12 =4002 and m2. =460) described with two
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periods, with curve 1 in Figure 25. In the same figure, curve 2 shows a PCRRf2b pattern (from a
second identical sequence, VIAEP{2b, sampled after 200 s, with the motor running continuously after
the first experiment) and curve 3 shows a PCRRf2c pattern (from a third identical sequence,
VIAEPf2c, sampled after 400 s, with the motor running continuously after the first experiment). The
curves 4 show the overlaid patterns PCSL2a, b, c also with two periods.

There is a logical assumption that PCRRf2a, b and ¢ patterns are strictly correlated with PCSL2a,
b, ¢ patterns (PCRRf2a, b and c starts and ends on a minimum of PCSL2a, b and c). The FASS method
of extracting both types of patterns means that they no longer start strictly on the PCSL2a, b and ¢
minima (due to averaging with a high m value and local variation of Tyzu. periods). Thus, after the
initial selection of the sample position for k=1 (from Equation (3)) on a minimum of the us.[s-At] signal
and obtaining the patterns, for each pair of patterns (e.g. PCRRf2a and PCSL2a) the value of k is
slightly adjusted appropriately until the PCSL2a starts strictly on its minimum (or more simply, until
the n sample of PCSL2a is exactly its minimum). In this way we are sure that the PCSLa, b and ¢
patterns overlap as much as possible (as Figure 25 clearly shows), and therefore we expect to have
the correct overlap of the PCRRf2a, b and c patterns (for comparison between).

As Figure 25 clearly shows, the PCRRf2a, b and c patterns (found under similar experimental
conditions) overlap quite well, having quite similar shapes and amplitudes, which once again
indicates that this type of pattern is an important indicator within the evolution of IAEPf, useful for
describing the state of the motor running at no-load.

It is interesting to remark that the average peak-to-peak amplitude of these patterns is smaller
than the average peak-to-peak amplitude of the patterns PCRRf1a, b (Figure 16). There is a hypothesis
here: probably the dynamic system of the rotor and the rotating magnetic field now acts as an
attenuator; the variable mechanical phenomena (at a higher instantaneous speed now than before)
are reflected with reduced amplitudes in the IAEPf evolution.

The practical usefulness of this PCRRf2 pattern can be illustrated experimentally by showing
how it changes with the introduction of different no-load running conditions for the motor rotor, e.g.
by adding the DUM to the rotor [10], at different angular positions (a topic already discussed).
According to Figure 3, the DUM was placed on the jaw coupling hub mounted on the rotor (at a
distance of 35 cm from the axis), at 60 degrees before the angular marker 2, relative to the direction
of rotation.

=27

-68

G 3
Averaged voltage within PCSL [mV]

Averaged VIAEPT within PCRR by FASS [W]

-233

. . L . . . 1 -250
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Time [s]

Figure 25. A graphical representation with two periods of the patterns: 1 - PCRRf2a; 2 -
PCRRf2b; 3 - PCRRf2c; 4 — overlaid PCSL2a, b, c.

Three consecutive identical tests were carried out with the motor continuously running at no-
load with 1500 rpm (theoretical synchronous speed) with the same time delay between as before,
with VIAEPf2 registration (2,000,000-h samples, with At=10us, at 0 s, 200 s and 400 s) and extraction
of three new PCRRf2 patterns (as PCRRf2al, b1 and c1), graphically represented (with two periods
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each one) in Figure 26 (as curves 1, 2 and 3). Curve 4 shows the evolution of PCSL2al pattern (as a
formal representation, without indication of vertical magnification). For comparison, curve 4 shows
the evolution of the PCRRf2a pattern from Figure 25 (now with colour changing from blue to black).

Averaged VIAEPTf within PCRR by FASS [W]
Averaged voltage within PCSL [mV]

! - ! — -209.9 mV
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

Time [s]

Figure 26. The effect of the DUM placed on the jaw coupling hub at 60 degrees before the angular
marker. A graphical representation with two periods of the patterns: 1 - PCRRf2al; 2 -
PCRRf2b1; 3 - PCRRf2c1; 4 -PCSL2al; 5 - PCRRf2a.

As expected, there are significant similarities between the three patterns PCRRf2al, b1, and c1
(as describing similar experiments) and, interestingly, there are significant differences compared to
the PCRRf2a pattern (in peak-to-peak amplitude, shape and time lag to the angular marker 2 on the
rotor shown in Figure 3), certainly as an effect of the DUM (through the rotary centrifugal force of
8.63 N thus created), better highlighted due to the higher rotor speed. Of course, it is possible to
investigate the content of harmonically correlated sinusoidal components of these patterns (e.g.
PCRRf2al) using the curve-fitting method, or to describe this contents using the FFT transform as
shown above.

Three further similar identical tests were carried out under the same conditions; this time with
the DUM placed 60 degrees behind the angular reference 2 (relative to the direction of rotor rotation).
The patterns PCRRf2a2, b2 and c2 were extracted and plotted in Figure 27 (represented by curves 1,
2 and 3). Here curve 4 shows the pattern PCSL2a2 (without indication of vertical magnification);
curve 5 shows the pattern PCRRf2a identical to Figure 25 (for comparison); curve 6 shows the pattern
PCRRf2al from Figure 26 (now with colour changing from blue to magenta).

As expected, there are again significant similarities between the three patterns PCRRf2a2, b2, c2
(as describing similar experiments), better than before (Figure 26).

It is now clear that the amplitude of the PCRRf2a2, b2 and 2 patterns is even greater this time,
suggesting that the rotor itself (without DUM) is dynamically unbalanced. In these new experiments
the additional mass increases the total dynamic unbalance. The change of the phase shift from the
origin (the minimum on PCSL2a2 signal) is also evident.

Finally, three more similar identical tests were carried out under the same conditions, except this
time the DUM, which now is positioned at 180 degrees from the angular mark 2. The patterns
PCRRf2a3, b3 and c3 were extracted and plotted in Figure 28 (represented by curves 1, 2 and 3). Here
curve 4 shows the pattern PCSL2a3 (without indication of vertical magnification); curve 5 shows the
pattern PCRRf2a also shown in Figures 26 and 27 (for comparison); curve 6 shows the pattern
PCRRf2al also shown in Figure 27 (for comparison); curve 7 shows the pattern PCRRf2a2 from Figure
27 (with colour change from blue to purple). For the new patterns (PCRRf2a3, b3 and ¢3), there is a
small increase in amplitude but a significant change in phase shifting (revealed here as a time lag)
compared to the origin.
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Averaged VIAEPT within PCRR by FASS [W]
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Figure 27. The effect of the DUM placed on the jaw coupling hub at 60 degrees behind the
angular marker. A graphical representation with two periods of the patterns: 1 - PCRRf2a2; 2 —
PCRRf2b2; 3 - PCRRf2c2; 4 -PCSL2a2; 5 — PCRRf2a (from Figure 25); 6 - PCRRf2al (from Figure
26);.

In order to have a clearer idea of the influence of the angular position of the DUM placed on the
jaw coupling hub (and also on the rotor), Figure 29 shows a synthesis of the experimental results:
only the PCRRf2a, al, a2 and a3 patterns and the PCSL2a3 pattern (used to mark the origin of the
patterns) are shown. Here PCRRf2a is the pattern obtained when the rotor rotates at 1500 rpm
(theoretical rotation speed) without the DUM (also curve 1 in Figure 25); PCRRf2al is obtained when
the rotor rotates with the DUM placed at 60 degrees before the angular marker (also curve 1 in Figure
26); PCRRf2a2 is obtained when the rotor rotates with the DUM placed at 60 degrees after the angular
marker (also curve 1 in Figure 27); PCRRf2a3 is obtained when the rotor rotates with the DUM placed
at 180 degrees against the angular marker (also curve 1 in Figure 27) ;

20mV —

L o
Averaged voltage within PCSL [mV]

Averaged VIAEPT within PCRR by FASS [W]
S s b A

L
o
T

I . . —-1905mV — |
0 0.01 0.02 0.03 0.04 0.05 0.068 0.07 0.08
Time [s]

Figure 28. A graphical representation with two periods of the patterns: 1 - PCRRf2a3; 2 -
PCRRf2b3; 3 - PCRRf2c3; 4 -PCSL2a3; 5 — PCRRf2a (from Figure 25); 6 - PCRRf2al (from Figure
26); 7 — PCRRf2a2 (from Figure 27);.

On the x-axis of the Figure 29, the values of time and the angle to the origin on rotor (2 in Figure
3) are marked.
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Figure 29. A graphical representation with two periods of the patterns: 1 - PCRRf2a; 2 —
PCRRf2al; 3 - PCRRf2a2; 4 - PCRRf2a3; 5 - PCSL2a3.

These angular values on the x-axis help to relate the position of the patterns to the angular origin
on the rotor (placed here at 0 degrees). In the event of a rotor malfunction (usually of a mechanical
nature), this helps to identify the cause.

As a general remark, the PCSL patterns (in all the experiments) are only used to find the angular
origin on the rotor (described by position of their minima). The change in shape of these patterns (e.g.
between Figures 27 and 28) is generally related to the change in relative vibration between the rotor
(motor) and the laser sensor.

4. Discussion

This study presents some of the possibilities available for monitoring the state of a three-phase
AC asynchronous induction motor (particularly with squirrel-cage rotor) running at no-load, based
mainly on some appropriate methods of computer-aided sampling, definition and analysis of the
evolution of the absorbed IAEPf (and especially VIAEPf). Apart from some interesting but secondary
results on the no-load testing of a three-phase AC asynchronous motor (e.g. ESP and CAEPf values,
rotation frequency, slip value and start-up time), the essence of this work is focused on the method
of extracting the PCRRf patterns from the VIAEPf evolutions under different rotor rotation
conditions. These patterns are periodic, with a period strictly equal to the period of rotation of the
rotor, and can be related to an angular origin on the rotor. It has been demonstrated through various
experiments (two different rotational speeds, no DUM and with a DUM placed at different angular
positions on the rotor) that the PCRRf patterns of the evolution of the IAEPf absorbed by the motor
can be considered as reliable elements for the synthetic and analytical characterisation of the state of
the motor, detected during the no-load tests.

The extraction of these patterns is possible because, firstly, a high sampling frequency definition
of the IAEPf was proposed, based on the removal from the IEP of the fundamental components of 50
Hz (induced by the IV) and 100 Hz components (generated by the IEP definition) and their
harmonics. This removal was performed using a BMAF (with h samples in average), where / is the
number of samples per IV period. This requires finding the exact mean value of the IV period (and
frequency), a problem solved in a similar way in a previous work ([21], available for any periodic
signals) and applied here. There is a second mandatory condition that must be fulfilled for the correct
extraction of the PCRRf patterns: the exact determination of the mean value of rotation period T,
value of the motor rotor at no-load. This was done using the same method from [21], similar to that
used to measure the mean value of the IV period, but applied to the us. signal (generated by a laser
sensor and an angular mark placed on the rotor). The PCRRf patterns are extracted from the VIAEPf
using the FASS procedure (Equation (3)). This procedure was also used to extract the periodic PCSL
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patterns within the ust signal. A PCSL pattern defines (with its minima) the angular reference on the
rotor where the PCRRf patterns begin.

Each PCRRf pattern can be described synthetically by the coordinates of its n samples (with time
or phase angle on the x-axis and IAEPf on the y-axis) or analytically as a sum of harmonic correlated
sinusoidal components. This analytical description was found by curve fitting procedures applied to
the extended synthetic patterns (here over 10 periods) using the Curve Fitting application from
Matlab. An alternative description of the extended patterns (synthetic and analytical) was made in
the frequency domain using the FFT spectra (with real amplitudes on the y-axis and frequency on the
X-axis).

It should be noted that the shape of the PCRRf patterns must be accepted as been conventionally
described, since a number of their harmonic components are completely removed or severely
diminished in amplitude and phase-shifted by the BMAF filter used to extract the IAEPf from the
IEP. The filter transmissibility curve (the red one in Figure 5) completely eliminates a number of
sinusoidal components from the IEP that are not found in the PCRRf patterns. Those components
whose T period is described by z samples and whose h/z ratio is strictly an integer are completely
eliminated (the transmissibility for these components having 1/T. frequencies and satisfying this
condition is zero), e.g. the 34 harmonic within the pattern PCRRfla as shown in Table 1. All other
components whose Te period is described by z samples and which do not satisfy the above condition
(with respect to the h/z ratio) have a reduced amplitude at the filter output (greatly reduced when
z<h). Also some components are affected with a shift of phase of 180 degrees at the time origin.

At the present stage of research, it is practically impossible to determine the description of the
sinusoidal components completely removed by BMAF. For sinusoidal components whose
amplitudes have been artificially diminished, an attempt has been made to restore the correct
amplitude values (by multiplying with the inverse of the transmissibility, 1/Tr(f), as a function of
frequency). For the components whose phases at the time origin have been changed, their correct
phases have been restored by adding 180 degrees. Although the approach is correct in principle, the
results of this restoration of correct amplitude and phase values at the time origin are relatively good,
as shown in Figure 23 (which shows the results of restoring two different PCRRf1 patterns, but
determined under the same experimental conditions). If this approach had been correct, the two
reworked patterns should have matched better. There is a very simple reason for this partial
mismatch: the identification of the description of the sinusoidal components (amplitudes, frequencies
and phases at the origin of time) of the extended patterns was not done very accurately. We hope that
the use of a better identification method (as a future challenge) will overcome this shortcoming.
Despite this relative inconvenience, it is clear that PCRRf patterns are valuable in experimental
research, especially for early fault detection.

As a summary of this work, a brief description of the signals processing is given using the
flowchart shown in Figure 30. The flowchart also contains some other information (e.g. the equations
used the numerical results and some examples in figures).

This approach can be evidently applied for many other types of induction motors. A future
approach will be specifically dedicated to the extraction of PCRRf patterns by FASS within the IAEPf
supplied by three-phase AC-AC converters used to motorise the spindle of CNC machines, including
those using voltages and currents that are not sinusoidal.

This study can be further applied to the identification of patterns within many other
experimental signals in stationary regimes (e.g. vibration, surface roughness [44], voltage, current,
run out, etc.), the use of these patterns in experimental characterisation of systems state can be an
interesting topic.
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Figure 30. The signals processing flow chart with some additional information.
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