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Abstract. The paper proposes a brief review of the major available
instantaneous angular speed (IAS) measurement and signal processing
techniques, useful in various fields of scientific research and industrial
applications. A short review on some available resources and results in the
literature was also done in order to identify some future objectives in scientific
research. The main techniques related by direct and indirect measurement was
firstly introduced (discrete-time, continuous-time and encoder-less signal
techniques). Some considerations on available IAS signal production techniques
(elapsed time measurement, angular displacement numerical differentiation) and
processing techniques (numerical filtering, numerical fast Fourier transform)
were done, frequently using results from our preliminary research as examples.

Keywords: rotational motion; angular speed; sensor; measurement; signal
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1. Introduction

The main reason of this paper is related with an observation on the
properties of the components of mechanical power flow (torque and angular
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speed) transmitted inside a rotational kinematic chain: there is a relationship
between instantaneous values of torque and angular speed. This speed-torque
relationship (usually with negative slope: increasing the load means decreasing
the angular speed) is given by the properties of actuation systems (e.g. the
mechanical characteristic of any electric motor).

A natural consequence occurs here: the mechanical loading in a
kinematic chain (torque) can be evaluated by measuring the instantaneous
angular speed (IAS) evolution. This consequence implies the possibility of
indirectly measurement of the continuous and variable parts of torque, already
revealed by (Aono et al., 2013; Villanueva et al., 2011).

The measurement of torque supposes to use loading sensors placed on a
shaft (usually these sensors acquire the angular deformation of a shaft placed in
series on the power flow). The IAS measurement can be done easier, usually
with contactless methods, with the sensor placed -temporary if it is necessary-
in parallel with the power flow.

In the literature there are many previous researches and results related
by computer assisted IAS measurement and data processing in time and
especially in frequency domain (related by torsional vibrations). This last topic
(IAS analysis in frequency domain) seems to be very promising according with
some already published noticeable results as it follows:

— the paper (Li and Zhang, 2017) introduce new monitoring techniques
for IAS measurement named Instantaneous Angular Phase Demodulation
(IAPD) useful in gearboxes condition monitoring. With the same objectives (Li
et al., 2017) proposes a new technique of IAS signal processing based on
Empirical Mode Decomposition and Autocorrelation Local Cepstrum
techniques.

— the paper (Stander and Heyns, 2005) present a new data processing
method based on IAS and vibration signals monitoring in order to detect the
faults in gears working under cyclic stationary and non-cyclic stationary load
fluctuation;

— the papers (Gomez et al., 2016; Renaudin et al., 2010) propose the
IAS measurement as a technique of monitoring for bearing condition.

— the paper (Lamraoui et al., 2014) proposes the using of 1AS signal for
chatter detection in milling.

— the paper (Girardin et al., 2010) proposes the using of IAS signal for
milling tool condition detection (cutting tool wear and breaks).

In order to achieve a correct approach for a future research activity, this
paper proposes to investigate the state-of-the-art on IAS signal measurement
and analysis. There are many papers focused on achievements on this subject. It
is expected that this study revealed some important resources for our future
research which can be exploited later on.
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2. Measurement Techniques

2.1. 1AS Measurement by Discrete-time Signal Techniques

As general technique for IAS measurement the scientists proposes the
conversion of information related by rotation frequency in IAS. An IAS sensor
consisting of a rotary part (placed on a shaft whose speed should be measured)
which activates (optically, electrically or through a magnetic field) a fixed part
(no contact between) is generally used. Some techniques related by special
applications use atypical devices.

2.1.1. IAS Measurement Using Encoders

Generally the information related by IAS is generated by an encoder
placed on the body whose rotation must be monitored. Usually the encoder it’s
an optical device with a disk inside which contains N equidistant angular
markers (with a constant angle Ap = 2z/N between). The encoder produce a
number N of electrical pulses at each completely revolution of the internal disk.
The time delay At between two subsequent pulses and the number N are
involved in calculus of average IAS as follows:

Ap_ 27
At N-At

=

M)

This equation replaces the exact definition of angular speed: w = dp/dt,
with dg and dt infinitely small increments. For a rotating object having a known
evolution of rotation angle ¢(t) (experimentally acquired with a sensor) it is
possible the calculus of IAS evolution w(t) by numerical differentiation. This
can be a privileged direction of research in the future, even if the numerical
differentiation seems to increase the measurement noise.

The resolution of @ description using an encoder is N values per
rotation. Assuming that the encoder shaft rotates with n rotation per second then

the sampling ratio R of ® description is R=n-N samples per second (s). The

same sampling ratio of @ is obtained if N has a high value and the encoder
rotates of low speed or N has a low value and the encoder rotates at high speed.

This measurement technique (having a big advantage: it does not need
calibration) was successfully used by:

— Bourdon et al. (2014) which uses a high accuracy optical encoder
(with N = 5000) for monitoring IAS on rotating machines, in order to detect
faults in gears and bearings.

— Leclére et al. (2013) which exposes an overview of different types of
IAS measurement errors using encoders, in theoretical and experimental terms.
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— Diamond et al. (2016) which proposes a technique of compensation
for geometrical errors of encoders.

— Bourogaoui et al. (2016), which make a deep review of different
measurement techniques, some issues are related by IAS measurement with
encoders.

— André et al. (2014) which proposes a method for encoder signal
processing taking into account the influence of aliasing and discretization errors
on IAS measurement.

— Zhao et al. (2018) proposes the Kurtosis-guided local polynomial
differentiator method in IAS description useful in fault signatures of defective
components on planetary gearboxes.

— Gubran and Sinha (2014) which uses the IAS evolution to detect
torsional vibrations induced by transverse blade vibrations in rotating machines.

— Gu et al. (2006) which proposes a technique of IAS measurement in
presence of electric noise in order to detect faults in rotating parts of a machine.

— Stander and Heyns (2005) which uses an encoder and an
accelerometer to generate the IAS and vibrations inputs signals in an online
vibration-monitoring systems of gearboxes under non-cyclic stationary load
conditions.

Because there is no physical (mechanical) contact between the fixed and
the rotating parts of the encoders, this measurement technique doesn’t introduce
supplementary mechanical friction torque in the supervised system. However a
very small dynamic loading occurs (because the inertia of the disk).

2.1.2. 1AS Measurement Using Devices Similarly to Encoders

Some other measurement techniques use a very similar principle: a
proximity sensor activated by a structure placed on a rotational shaft. Some
examples are provided here below:

— Rivola and Troncossi (2014) uses a zebra tape with black and white
stripes placed on a camshaft. The tape is tracked by an optical probe.

— Espadafor et al. (2014) uses a precisely poled band (with 180 teeth)
strapped on the engine shaft and a proximity inductive sensor.

— Yu and Zhang (2010) uses a magnetic encoder mounted on a rotating
shaft in order to measure the IAS and acceleration of the crankshaft in an
aircraft engine-propeller.

— Kim and Park (2007) proposes IAS measurement on a fuel-injection
engine using a permanent magnet around which a coil is wound, and it is placed
near a flywheel with 100 teeth (N=100). In fact this is a so-called variable
reluctance sensor acting as an AC voltage generator (or as AC tachometer).
During the rotation of the flywheel this sensor introduces a variable torque, not
suitable for many other applications.
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— Guo et al. (2017) uses a similar technique in a close loop feedback
system related to speed in order to reduce the torsional vibrations in a diesel
engine shaft.

— Pan et al. (2016) uses a three phases Hall position sensor placed
inside a DC motor in order to generate an IAS signal useful for regenerative
braking in electric vehicles.

Some uncommon measurement techniques use rotational position
sensors, with a relative difficult IAS signal constitution procedure:

— Sarma et al. (2008) and Bourogaoui et al. (2016) propose an angular
position and speed sensing technique based on resolvers in servo controlled
systems.

— Bellini and Bifaretti (2006) proposes a method of reduction of the
electrical noise -by filtering- in the IAS signal generated from an
electromagnetic resolver by numerical derivation.

—Wau et al. (2017) introduce a measurement technique of rotation angle
(with 0.1° resolution) based on a multi-polar magnetic ring placed on a rotary
shaft and a modulation coil with a magnetostrictive/piezoelectric laminate
composite beam inside as sensor. The IAS information comes either from
numerical derivation of the angle either from the frequency of the signal
delivered by sensor.

Some IAS measurement techniques use AC tachometers (Altintas et al.,
2011; Shimano et al., 1990). These tachometers usually generate a harmonic
signal. The 1AS signal is related by frequency or amplitude. In the last case, the
IAS and amplitude are directly proportional; the proportionality constant should
be determined by calibration. Some of our researches proves that a stepper
motor (used as generator) works properly also as an AC tachometer.

In the major part of these techniques the IAS information occurs as a
discrete-time signal, generally not suitable for real-time close-loop feedback
control with a simple regulator. The time-delay in IAS signal processing can
generate dynamic instability.

2.2. 1AS Measurement by Continuous-time Signal Techniques

An easy way to describe the IAS evolution is to use an inexpensive
analog DC tachometer (or a brushes DC motor used as generator) which
provides a DC voltage u proportional with the instantaneous angular speed:

u=K-w (2

Compared to the major part of the techniques outlined above, the IAS
measurement with a DC tachometer provides an important advantage: it
generates an electric signal directly related by IAS, no need external
supplementary electrically powered devices.
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Unfortunately there are some disadvantages of this measurement
technique: it needs calibration and signal processing (low pass filtering) in order
to remove the important electrical noise (generated by the brushes used to
collect the signal from the tachometer rotor). Unfortunately the filtering
removes essential information of the 1AS signal available in frequency domain.
Nevertheless the DC tachometers are frequently used in industrial applications
with real-time close-loop control -reported by (Khalil and El-Bardini, 2011;
Barbosa et al., 2010; Altintas et al., 2011)- essentially because the input
information related to 1AS (delivered by tachometer) is a continuous-time signal
(no significant time-delay in signal processing). A proportional-integrative (PI)
control law in the regulator is appropriate to remove the electrical noise.

Despite the simplicity of DC tachometers there are some supplementary
disadvantages:

— it uses permanent magnets inside: this means that the properties of
these magnets may change over the time (ageing, accidental demagnetization,
etc.); a periodic calibration is necessary.

— the tachometer introduces friction in the mechanical system where are
placed (because of brushes and bearings); a brushless tachometer (more
expensive) is sometime desirable.

— if the voltage generated by tachometer is acquired with an equipment
having low electrical impedance then a reaction torque (proportional with the
electrical resistance) is generated, a supplementary mechanical loading occurs
when the tachometer shaft rotates.

Shah-Mohammadi-Azar et al. (2013) propose a capacitive sensor and a
fully differential capacitance sensing method for angular position and IAS
measurement. Nevertheless the relationship between output voltage signal and
IAS is not linear.

Fabian and Brasseur (1998) proposes also a capacitive sensor for IAS
measurement (with a relative error of 4%) using a passive rotary electrode
placed between two fixed electrical active electrodes.

The older methods of speed measurement on vehicles use a drag-cup
tachometer (Morris and Langari, 2016) also known as speedometer. A small
permanent magnet (attached to the shaft whose IAS must be measured) rotates
inside a cup made by aluminium (or copper). This cup is attached to an internal
shaft which carries an angular pointer. When the magnet rotates, a variable
magnetic field is created so eddy-currents occur in the cup. The interaction
between currents and magnetic field creates an action torque transmitted to the
internal shaft. If a reaction torque is generated on this shaft (e.g. with a flat
spiral torsion spring) then the angle of rotary motion is proportional with 1AS of
permanent magnet (and with reaction torque as well). This kind of interaction
occurs also in eddy-currents braking systems (Karakok et al., 2016). A future
approach on this topic will be probably achieved: the indirectly measurement of
IAS by measuring the reaction torque or the angular displacement of internal
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shaft. It is expected that the dynamics of this measurement system will be a
difficult item.

A resolver used to describe the angular position of a rotary shaft is
supposed to produce also a continuous-time signal, according with Fig. 5. An
IAS signal can be produced by numerical differentiation of angular position
signal, according with (Sarma et al., 2008; Bourogaoui et al., 2016) and Fig. 6.

The advantage of these approaches is that the resolution of w
description is practically infinite (the only limit is given by the resolution of the
numerical description of the analog IAS signal deliver by sensors).

2.3. Indirect (Encoder-less) IAS Measurement Signal Techniques

The rotary shafts produce vibrations (if they are unbalanced bodies).
These vibrations are transmitted to the structure where the shafts are placed
(e.g. inside a gearbox). This structure moves (vibrates) generally as a mixture of
vibratory motions (different frequencies and amplitudes) also induced by
different parts (shafts, gears, bearings, etc.) or actuating equipments (e.g.
driving motors). A vibration sensor converts these vibrations in an electrical
signal. Some signal processing techniques (e.g. FFT analysis) are available for
stationary regimes in order to extract and to describe the vibration produced by
a certain shaft or a different rotary part (Hinbin and Ding, 2013). The frequency

f; of this vibration describes the average IAS value per rotation (as @ {=2-7f;).

Some researchers report scientific results on this topic, as follows:

— Feng et al. (2016) proposes an order spectrum analysis method of
vibration generated by a planetary gearbox based on iterative generalized
demodulation for non-stationary complex multi-component signal analysis.

— Leclére et al. (2016) proposes a technique to detect the 1AS of a wind
turbine from a gearbox accelerometer signal (using probability density functions
of the instantaneous spectra of the signal).

— Lin and Ding (2013) obtains the 1AS signal of an engine (working in
steady-state regimes) using the lowest frequency component of a vibration
signal in frequency domain, and uses a discrete spectrum correction technique
to improve the precision. There is a big advantage of this technique: it is useful
during current operations of inspection and maintenance of vehicles (a simple
vibration sensor replaces the function of an encoder, difficult to install).

— Urbanek et al. (2013) proposes a technique of vibration signal
processing based on principles of phase demodulation and joint time-frequency
analysis in order to obtain the IAS evolution of a selected shaft inside a rotating
machine. The authors claim that this technique is available even the machine
turns in non-stationary regimes.
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— Ravaglioli et al. (2015) proposes a methodology for instantaneous
rotational speed control on a turbocharger (Common-Rail Diesel fuel injection
system) through a proper processing of the signal delivered by an accelerometer.

— Hong et al. (2017) proposes a technique of IAS indirect measurement
useful for a 750-kW planetary wind turbine gearbox diagnosis (gear failure
detection by vibration signal spectral analysis) based on resampling of signal
produced by an accelerometer.

An interesting approach is proposed by (Ottewill and Orkisz, 2013).
They shows that it is possible to perform IAS monitoring using solely the
electric current absorbed by an AC voltage induction motor used to drive a
rotating machinery such as a gearbox. Some of our previous researches prove
that is better to use for this purpose the evolution of the active electric power
absorbed by motor (Horodinca, 2010; Horodinca, 2016). The FFT of the AC
electric current contains a dominant peak on the frequency of the current. In the
FFT of active electric power this peak disappears.

A new approach for a future research can be defined here (as a part of a
future research): the vibration signal acquired with an accelerometer can be
numerically treated with an adjustable frequency multiple narrow band pass
filter in order to obtain only the component induced by rotational motion of a
certain shaft. The first central frequency of this multiple band pass filter is the
rotational frequency (as fundamental frequency). All other central frequencies
of this filter are harmonics of this fundamental.

3. IAS Signal Processing

3.1. IAS Signal Generation in Discrete-time Signal Techniques

The most common profile of the signal delivered by an IAS sensor
working in discrete-time technique is a rectangular signal (e.g. the signal s; in
Fig. 1). This signal is delivered directly by sensor (e.g. an incremental encoder)
or results by pulse shaping (a periodical signal is electronically converted in a
rectangular signal).

Let’s assume the using of an encoder which generates N pulses per
rotation. The simplest method (Li et al., 2005) to calculate the average value of
IAS is to count (by electronically means) how many pulses (n,) are generated in
a certain period of time (t). The average value of IAS is given by:

o=n, =% ®)
N -t
This method produces high measurement accuracy at high IAS but has
the disadvantage that produces a low value of sampling ratio (R = t™) and a
systematic measurement error of ¢, = £ #/N¢ (if the duty cycle of the rectangular
signal is 50%).
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An interesting way to find the IAS value is proposed by (Arabaci and
Bilgin, 2012). The rectangular signal is converted from time to frequency
domain using Fast Fourier Transform. The frequency f of the peak with the
highest amplitude (the highest power spectral density) is involved in average

IAS calculus as: @ =2 7fIN.

The highest sampling ratio R=n-N (with n the frequency of rotation) of
average IAS description can be obtained according with the signal processing
method depicted in Fig. 1, also known impulse timing (or elapsed time) method
according with (Leclére et al., 2016; André et al., 2014; Renaudin et al., 2010;
Li et al., 2005).

Suppose that a rectangular impulse (as voltage variation low-high-low
levels, or a variation between 0-1-0 logical levels) that lasts t;; is generated by
the encoder (as a part of a rectangular signal s; having a duty cycle of 50%).
This impulse is ideally depicted on signal s; in Fig. 1 (with vertically rising and
falling edges). During this time the rotary part of the encoder is suppose to
rotates with a known angle Ap=2-7/2:N.
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Fig. 1 — Impulse timing by elapsed time method (I).

The average IAS value during this impulse is given by:

— A T
g =—2 = 4)
tsl N 'tsl

The measurement of IAS is conditioned by the measurement of ty
duration. Assume that s, is a clock signal with period T, (a high frequency
rectangular signal -usually tens or hundreds of MHz- having a 50% duty cycle).
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The signals s; and s, are applied to the two inputs of a logical AND gate which
produces at output the logical conjunction of signals written as s;'S, (0r S;AS; as
well), depicted in Fig. 1 as a pulse train with N, = #,/Ts, pulses (the gate is open
for signal s, only as long as the signal s; has high level).

The duration t; can be written as ty~N,Ts,, with a systematic
measurement error of & = * Tg,. A higher frequency of signal s, (or a smaller
period T, as well) generates a smaller measurement error.

In these conditions the average IAS from Eq. (4) becomes:

;ﬂz 4 + 7[ (5)
N - Np ‘Tgo N-Tg,

The last term from Eqg. (5) describes the systematic measurement error
&, Of average IAS.

The sampling ratio becomes double (R=2:n-N) if the impulses generated
by the transition between 1-0-1 levels from signal s; are processed in the same
manner. All the previous considerations are available (including Fig. 1), except
the necessity to use an inverter (a NOT logical gate), to process the signal s;
before entering in the AND logical gate. In this way a 1-0-1 impulse become a
0-1-0 impulse.

This method produces high measurement accuracy at low IAS value.
However it needs a computer assisted counter to count and read the number of
pulses N, and to make the calculus from Eq. (5).

tslr

A
\

A
o

[ ]
L ]

tslm -t

gt -

Fig. 2 — Impulse timing by elapsed time method (I1).

According to Fig. 2 a simpler (but less precise) method uses the analog
to digital conversion of signal s; (which is a common procedure in data
processing) and computer aided detection for the duration of the impulse.

Here is considered the real shape of the edges, suppose to be linear
and tilted slightly from vertical. The digital signal is described by distinct
samples (depicted as black filled circles on Fig. 2), each sample having a
precise determination by an abscissa (a time) and an ordinate (a voltage). The
distance measured on abscissa between two consecutive samples is At (the
sampling time).
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The real duration of the impulse (here tg,) is detected as tyn = 1, = te—te,
with t. the time of first sample on rising edge (as the abscissa of point c) and t,
the time of first sample after falling edge (as the abscissa of point e). The
measurement error occurs because the point’s ¢ and e are not placed exactly at
the start and at the end of rising and falling edge.

However -as a future approach in our work- there is a way to improve a
lot the accuracy of measurement (practically with ty, = ty,) based on the
detection of the abscissa of exact point of start (end) of the rising (falling) edge,
depicted as t. (tere). Here tg. is the abscissa of intersection point between two
lines. Each line is mathematically defined by two points a, b and c, d respectively.
Similarly can be detected the time te.

All these last considerations are available if the sampling time of the
signal is small enough (ts;r>> At). A part of these reflections will be used later
in our researches to elaborate a precise detection technique of the period for any
periodic signal (and particularly a harmonic signal).

3.2. 1AS Signal Generation in Continuous-time Signal Techniques

The major parts of these techniques (e.g. DC tachometers, drag-cup
tachometers etc.) don’t need special procedures to obtain the IAS signal.

One of the most promising methods of measurement of IAS in
continuous-time technique uses an AC resolver. Because we intend to explore
this sensor in a future activity, we will focus here especially on this topic.

According to Fig. 3 and (Bourogaoui et al., 2016) a resolver consists of
a rotary coil RC supplied by an AC voltage Vi\=V-sin(2-z-f-t), placed near two
fixed coils FC1 and FC2 having perpendicular axles (90° between).

The rotary coil RC (electrically supplied via a rotary transformer) is
attached inside the resolver to a shaft. This shaft is coupled to the rotary part whose
rotation angle (¢) should be measured. The fixed coils are placed inside the
resolver so that the rotary coil induces an AC voltage in fixed coils having the
instantaneous values: Voyr=V-sin(6)-sin(2-z-f-t) and Voyr,=V-cos(#)-sin(2-z-f-t).
Here 6 is the angle of RC axis measured against the axis of FC2. The ratio of
the two instantaneous voltages produces the rotation angle as it follows:

Vouri(t)  V-sin(@)-sin(2-z-f-f)  sin(6) _t
Vouro () V-cos(@)-sin(2z-f-t) cos(@)

— VOUTl (t)
o(t) = arcta{—voun (t)} (7

A simple simultaneously measurement of the voltages Vouri and Vours

an() (6)
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FC2

VOUT 1

FC1

VOUT2
Fig. 3 — A conceptual description of a resolver.

and the calculus from Eq. (7) produces the value of the angle 6(t). A computer
assisted data acquisition and calculus system based on a two channels analog-
digital converter is necessary. The sampling ratio of 6(t) is the same with the
sampling ratio of the voltages Vouti(t) and Vouro(t). Assuming an evolution of
rotation angle 6 related by time written as 6=6(t), then the IAS of rotary part is
defined as numerical differentiation of this angle (related to time). By numerical
differentiation two arbitrary successive values of the rotation angle ,=6i(t;) and
6i+1=0,+1(ti+1) determine the current value of the average IAS w(ty) as:

a,_sz_gzm_‘@i

8
At iy -t ©

If there are ny samples which describes the evolution of 6 than i=1+n,-1.

There are ny—1 samples of @, so k=1+n,—1. Here above t,=(ti+1+t)/2.

Similarly, by numerical differentiation of 1AS, the average
instantaneous angular acceleration (IAA) aj(t) can be defined (Horodinca,
2016) as:

a_jz%: O — G (9)
At by -t

Here j=1+n,—2 (there are n,—2 samples of average IAA) and
tjz(tk+1+tk)/2.
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Similarly the first and second derivative of IAA (also known in physics
as jerk and jounce) can be defined.

Rotation angle T T T

0.8H
06

04

o

Pl ———
i
S
Rotation angle evolution [rad]

Voutqand Voyre evolutions [V]

% VouT VouTz2
A

I 1 L 1 S 5
0 0.1 02 0.3 0.4 0.5 0.6 07 08 09 1

Time [s]

Fig. 4 — Computer aided simulation of the signals generated by a resolver:
(Voura(t). Vourz(t)) and the calculated rotation angle O(t) (from simulated signals).

This approach is also available for calculus of IAS using any other
different technique of rotary angle measurement, e.g. using a capacitive sensor
(Shah-Mohammadi-Azar et al., 2013; Fabian and Brasseur, 1998).

Rotation angle

Rotation angle [rad] and average IAS [rad/s]
As

0 0.1 0.2 0.3 04 0.5 06 0.7 08 0.9 1
Time [s]

Fig. 5 — Average IAS calculated by numerical differentiation of rotation angle.
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In order to prove the accessibility of this technique, a numerical
simulation of the evolutions of the voltages Voyri=1-sin(#)-sin(2-z-10-t) and
Vourz=1-c0s(#)-sin(2-7-10.t) for an harmonic evolution (1 Hz frequency) of
rotation angle #(t)=1sin(2:z1-t) -and V,y=1-sin(2-z-10-t)- was done and
depicted in Fig. 4 (for t=0+1 s and a sampling time of At=1 ps).The rotary coil
RC is supplied with an AC voltage with V=1 V amplitude and f=10 Hz frequency.
The evolution of rotation angle 6=6(t) depicted in Fig. 4 is established by
calculus, from simulated values Vouri(t) and Voura(t), using Eg. (7). We should
mention that a real resolver uses a higher amplitude V (up to ten volts) and
frequency f (usually a few hundreds of Hz) of supplying voltage V.

Fig. 5 shows the evolution of average IAS Z)(t) obtained by numerical
differentiation of rotation angle 6(t) -already introduced in Eqg. (8)- as it was

depicted in Fig. 4. There are two arguments which prove a correct approach for
average IAS calculus:

— the IAS evolution w(t) is in quadrature with rotation angle 6(t) (with
90° shift of phase between);

— the ratio A,/A; between the amplitude of IAS (A,=2-z on Fig. 5) and
the amplitude of rotation angle (A;=1 on Fig. 5) is exactly the angular velocity
of rotation angle (2-z-1) from 6(t)=1-sin(2-z-1-t)).

These previously simulation results will be used in our future
experimental researches on IAS evolution.

Because the domain of 6(t) evolution is frequently very big (e.g.
hundreds of completely rotations) the output value of 4(t) from Eq. (7) should
be systematically rectified for the reason that the function arctan produce
results only in the domain —z/2 + z/2. We already solved this issue.

3.3. IAS Signal Filtering

The IAS signal is often a mixture of periodic and non-periodic
components, sometimes not related with the 1AS (as electrical noise). In order to
extract the evolution of a desired part of this signal the most common technique
is the numerical filtering.

The major part of the periodic phenomena inside a rotary machine
mirrored in the evolution of IAS has low frequency. A low-pass numerical filter
is suitable to extract the influence of these phenomena on IAS evolution. The
simplest way to introduce this filtering technique is the so called moving
average filter (http://www.analog.com/media/en/technical-documentation/dsp-
book/dsp_book Ch15.pdf), depicted in mathematical form as:

_ i=p_
wéut(j)% S o) (10)

i=j—p+l
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The current sample at the filter output g, (j) is an arithmetic average

of p previous samples @, (i) applied at the filter input. Here p is the filter

parameter. A numerical simulation of the filter characteristic (the evolution of
ratio between output and input signal amplitude versus frequency) prove that if
the 1AS signal has a sampling time of At,, (or a sampling ratio of 1/At, as well)
all the components having the frequencies: 1/p-At,, 2/p-At, ...... p/p-At, are
completely removed (see the points A, B, C and D on Figure 6). The amplitudes
of all other components are only attenuated. It is possible to completely remove
all the components of IAS signal having the frequency bigger than 1/p-At,, (also
called transition frequency) if a multiple, repetitive, moving average filter is
used. This filter is mathematical described by:

out
i=j—p-k+1

i=p—k
wﬁut(j)=%k- D @hi())  with k=s, 25,4s,...p-2  (11)

The current sample at the filter output @, (j) is an arithmetic average

(i) applied at the filter input, o}

out

of p-k previous samples ..

out
result of a previous filtering.

Fig. 6 present the filter characteristics, also called transmissibility’s
versus frequency evolutions (single filtering, multiple filtering and ideal
filtering).

(i) being also a
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Fig. 6 — The transmissibility of a moving average low-pass filter
(with single, multiple and ideal filtering).
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The efficiency of multiple average filter technique was proved in an
experimental IAS signal processing (shown here only as a preliminary result).
In a lathe chuck an AC tachometer (Horodinca, 2016) was placed (a stepper
motor used as generator, with N=100) in order to describe the 1AS evolution of
the main shaft throughout a simple experiment: during the rotation motion (with
1043.3 rpm., average value) three trains of positive impulse loading (torque)
was applied on the main shaft by manually braking. Each train contains ten positive
impulses (not strictly repetitive) with 2.7 Hz frequency (approximately value).

110.48 T T T T T T T T T

"
[ 109.95

Unfiltered signal

Instantaneous angular speed [rad/s]

I L L L
12 14 16 18 20

2 4 6 &
Time [s]

Fig. 7 — An evolution of 1AS signal. The expected component of I1AS is
hidden by plenty of variable components.
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Fig. 8 — The IAS evolution given in Fig. 7 after multiple numerical moving average
filtering. The expected component of 1AS is clearly described.
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Fig. 7 describes the evolution of IAS signal during this experiment
(with 2.62 rad/s as y-axis range), with a sampling time of At=575.06 us average
value. It is expected that the IAS should mirror this variable loading, but
unfortunately this signal contains too many variable components which hide
this influence.

In order to eliminate these components a multiple moving average
filter was used, according with Eq. (11), with p=140 and s=20. The result of
filtering is shown in Fig. 8 (with only 0.37 rad/s as y-axis range). The
mechanical loading during experiment is now very well described in the IAS
evolution; here occurs clearly three trains of impulses (T, T, and T3) each one
with ten negative impulses. Because of the mechanical characteristics of the
electrical motor (the IAS decreases when the loading increases) a positive
impulse of loading generates a negative impulse of speed.

The efficiency of this filtering method was proved. An important
remark should be formulated: according with the simulation of transmissibility
filter evolution before the transition frequency (in the point A in Fig. 6) the
amplitudes of the impulses from Fig. 8 is just 76.03% from real amplitudes. A
multiplication factor of 1/0.7603 should be used for the ordinates in Fig. 8 in
order to obtain the real amplitudes. Also is expected that the filtered signal is
phase shifted relative to the real signal.

3.4. Fast Fourier Transform of the IAS Signal

An appropriate technique of IAS measurement and a stationary regime
of the rotary system allow the analysis of angular speed in frequency domain
using the fast Fourier transform (FFT) according with (Li and Zhang, 2017;
André et al., 2014; Arabaci and Bilgin, 2012; Renaudin et al., 2010).

A variable (periodical) mechanical loading (torque) induced by
malfunction of a rotary system’s component (e.g. a shaft rotating with a
frequency of rotation f,) certainly introduces a variable component in IAS
evolution. This component should be observable at least as a peak (having the
frequency f;) in the power spectral density of IAS signal obtained using FFT.
Some supplementary peaks harmonically correlated with this peak should be
also observable. The frequencies and amplitudes of all these peaks characterize
the malfunction of system’s component, useful in a diagnosis procedure.

In order to prove the availability of this approach, a preliminary study
shows that almost all variable components from the 1AS signal depicted in Fig. 7
are strictly related with phenomena from the lathe’s gearbox. The evolution
from Fig. 7 is converted in frequency domain as shown in Fig. 9 (a partial view,
from O to 40 Hz). The conversion was done by FFT, with IAS measurement
units for the amplitudes of the signal’s components, on y-axis
(http://www.mathworks. com/help/matlab/ref/fft.html).
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Despite the fact that the signal is numerically described in time domain
with a slightly variable sampling time (which depends by number of samples per
rotation N and the IAS value) and it describes a variable process with a train of
pulses (Ty, T, and Ts), the evolution from Fig. 9 indicates a low level of measurement
noise. The majority of the components of the signal occur periodically, each one
having a peak on Fig. 9. Some of them -as fundamental frequencies- are certainly
related with the behaviour of rotating parts of the gearbox (e.g. A -a first driving
belt, B -a second driving belt, C and E -internal shafts, D -the main shaft) some
others (marked with X;+X;;) are harmonics of the fundamentals (e.g. HB; and
HB; as first and second harmonics of B, HC, as first harmonic of C, HD; as first
harmonic of D) or has unknown origin (for the time being). Also the variable
loading with trains of impulses Ty, T, and T are quite well described.
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Fig. 9 — The evolution of 1AS from Fig. 7 in frequency domain (obtained by FFT, with
IAS measurement unit for the amplitudes of the components).

However we should mention that the FFT provides a partial
characterisation of the 1AS periodical components (each one described with a
sum of harmonic correlated constituents). For each constituent FFT gives only
the value of amplitude and the frequency (however, approximate values). For a
completely characterisation is necessary also to find out the phases of this
constituents (as a challenge for a future approach).

4. Conclusions
The evolution of IAS in rotary machines is an important issue in

scientific research taking into account the large number of scientific papers and
the reported results on this topic available in the scientific literature. The last
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achievements in mechatronics of IAS sensors and in computer assisted data
acquisition and signal processing improve actually significantly the researcher's
possibilities to discover and to fix new opportunities in this area (e.g. new
sensors and measurement techniques, increasing the accuracy measurements,
signal processing in time and frequency domain). Many issues related by
mechanical dynamics of rotary parts involved in movement transmission
previously partially solved using loading and vibration sensors (e.g. angular
acceleration evolution, torsional vibrations detection, condition and fault
diagnosis, etc.) are now fully approachable using IAS sensors.

Besides presenting all these new opportunities we have identified and
confirmed a part of them with our own previous unpublished research results
(e.g. the synthesis of angular displacement signal in a resolver, the numerical
differentiation of angular displacement, signal processing by numerical filtering
and fast Fourier transform, etc.).

Some new future research directions were defined as follows:

— The synthesis of a high precision computer assisted technique
detection of the period (semi-period) for any periodical signal, especially a
harmonic signal delivered by a bipolar stepper motor used as AC tachometer
(N=200), useful in IAS measurement by impulses elapsed time method.

— The increasing of sampling rate in IAS description by numerically
processing of the AC tachometer signals (two different methods available).

— The usage of a resolver as high sampling rate IAS sensor by
numerical differentiation of the angular displacement.

— The numerical differentiation of the IAS signal in order to obtain the
angular acceleration signal (and the second and third derivative of the IAS as well).

— The synthesis of a numerically adjustable frequency multiple narrow
band pass filter in order to extract a periodical signal (the fundamental and
harmonics correlated components) from an IAS signal. This issue is useful for
diagnosis of a selected rotary part inside a machine.

— A method for precise identification of the IAS signal components
(amplitude, frequency and phase) by numerical interpolation (better and more
complete than by FFT).

There is an direct benefit of this last objective, if a completely
identification of the periodical components from the signal depicted in Fig. 7
(except the trains of impulses Ty, T, and T3) is done, then this components can
be mathematically subtracted (removed) from the signal. As result, the correct
mirroring of variable loading induced by the trains of impulses (generated with
approximation in Fig. 8, by filtering) is obtained (with real amplitudes, no phase
shifting).
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CONSTITUIREA SI PRELUCRAREA SEMNALULUI
DE DESCRIERE A VITEZEI UNGHIULARE: O SCURTA EVALUARE A
STADIULUI ACTUAL

(Rezumat)

Lucrarea propune o scurta prezentare a stadiului actual in legatura cu cele mai
cunoscute tehnici de masurare si de prelucrare a semnalului de descriere a vitezei
unghiulare instantanee (VUI). Se prezintd pe scurt resursele si rezultatele deja
disponibile n literatura stiintifici cu scopul de a identifica obiectivele cercetarilor
noastre viitoare. Au fost mai intai prezentate tehnicile principale de masurare directa si
indirecta a VUI (cu impulsuri, cu descriere continud, fira senzor VUI). Au fost facute
apoi unele consideratii asupra tehnicilor cunoscute de producere a semnalului VUI
(cronometrarea impulsurilor, derivarea numerica a semnalului de descriere a deplasarii
unghiulare) si de prelucrare a acestora (filtrare numerica, transformata Fourier rapida),
folosind frecvent spre exemplificare rezultate ale propriilor noastre cercetari.



