GOCE DELCEV UNIVERSITY, SHTIP, NORTH MACEDONIA
FACULTY OF ELECTRICAL ENGINEERING

ETIMA 2021
FIRST INTERNATIONAL CONFERENCE
19-21 OFTOBER, 2021

-

TECHNICAL SCIENCES APPLIED IN ECONOMY,
EDUCATION AND INDUSTRY



YHUBEP3UTET ,,'OUE AEJIYEB” - IIITUII
EJIEKTPOTEXHUYKHN ®AKVIITET

UNIVERSITY ,,GOCE DELCHEV” - SHTIP
FACULTY OF ELECTRICAL ENGINEERING

IIPBA MEI'YHAPOJIHA KOH®EPEHI1JA
FIRST INTERNATIONAL CONFERENCE

ETUMA / ETIMA 2021

3bOPHMK HA TPYJIOBU
CONFERENCE PROCEEDINGS

19-21 Oxromepu 2021| 19-21 October 2021



I'naBen u onrosopen ypeauuk / Editor in Chief
[Ipod.n-p Camro I'ene
Prof.d-r Saso Gelev

Jasuuno ypeayBame / Language Editor
Becna PucroBa (Makemoncku) / Vesna Ristova (Macedonian)

Texuuuxo ypeayBame / Technical Editing
Hor.a-p danubop Cepadbumoncku / d-r Dalibor Serafimovski

H3znasau / Publisher
VYuusepsurert ,,I one Jemues” - tun / University Goce Delchev - Stip
Enexrporexunuku dakynrer / Faculty of Electrical Engineering

Anpeca Ha opranmsanuonen komuter / Adress of the organizational committee
VYuusepsurert ,,I'one Jemues” — [ltun / University Goce Delchev - Stip
Enextporexuuuku ¢axynrer / Faculty of Electrical Engineering
Anpeca: yi. ,,Kpcre Mucupkos® 6p. 10-A / Adress: Krste Misirkov, 10 - A
Mo, dax 201, HItum - 2000, C.Makemnonuja / PO BOX 201, Stip 2000, North Macedonia
E-mail: conf.etf@ugd.edu.mk

CIP - Karamorusaiuja Bo my0iuKanuja
Hauunonanua u yHusepautercka o6uomuoreka "Cs. Kiiument Oxpuzacku", Cxorje

62-049.8(062)
004-049.8(062)

MEI'YHAPO/JIHA koudepenumja ETUMA (1 ;2021)

300pHuK Ha Tpynosu [EnexTporcku u3Bop] / [IpBa MeryHapoaHa

koHpepennuja ETUMA 2021, 19-21 Oxromepu 2021 = Conference proceedings /
First international conferece ETIMA 2021, 19-21 October 2021 ; [rnaBen u
oarosopeH ypenHuk Camo ['enes]. - Lltun: Yausepsuter "['one Jenues",
Enexrporexunuku ¢daxynrer = Shtip: University "Goce Delchev", Faculty of
Electrical Engineering, 2021

Hauun Ha npuctanyBame (URL): https:/js.ugd.edu.mk/index.php/etima. -
Tekcr Bo PDF dopmart, coapxxu 358 ctp.umyctp. - HaciaoB npezeMeH of
ekpaHoT. - Onuc Ha u3BopoT Ha AeH 15.10.2021. - TpynoBu Ha Mak. u aHIJI.
jasuk. - bubnmorpaduja KoH TpyIoBHTE

ISBN 978-608-244-823-7

1. Hamop. cTB. Hac.
a) Enexrporexnuka -- [Ipumena -- Cobupu 6) MammucTBo -- [Ipumena -- Cobupu
B) ABTOMatuka -- [Ipumena -- Cobupu r) MapopmaTuka -- [Ipumena -- Cobupu

COBISS.MK-ID 55209989




MpBa MefyHapoaHa koHdepeHumja ETUIMA
19-21 OkTomepwn 2021
First International Conference ETIMA
19-21 October 2021

OPITAHU3ALIMOHEH OJABOP
ORGANIZING COMMITTEE

Bacuimja Hlapan / Vasilija Sarac
EnextpoTexHnuku hakynTer,
Yuusepsurer ,,l'one lemdes” - [ltum, CeBepHa Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Camo I'esieB / Saso Gelev
EnextpoTexHnuku hakynTer,
VYuusepsurer ,,['oue [Jemues” - Illtun, CeBepna Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Tonop Yekeposcku / Todor Cekerovski
Enexrporexamuku ¢akynrer,
VYuusepsurer ,,['oue [emues” - Iltun, CeBepna Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Hamuoop Cepadumoncku / Dalibor Serafimovski
EnextpoTexHnuku akynTer,
VYuusepsurer ,,I'one [enues” - Iltun, CeBepna Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Maja Kykymesa IlaneBa / Maja Kukuseva Paneva
EnextpoTexHnyku hakynTer,
VYuusepsurer ,,I'one [enues” - Iltun, CeBepna Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Buajana Yutkymena Jlumurposcka / Biljana Citkuseva Dimitrovska
EnexrpoTexHnyku hakynTer,
VYuusepsurer ,,I 'one [enues” - Iltun, CeBepna Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Becna Konsyaosa / Vesna Konzulova
EnexrporexHnuku akynTer,
VYuusepaurer ,,[ 'onie Jlemues” - 1lItun, CeBepra Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia



MpBa MefyHapoaHa koHdepeHumja ETUIMA
19-21 OkTomepwn 2021
First International Conference ETIMA
19-21 October 2021

ITPOI'PAMCKH 1 HAYYEH OJABbOP
SCIENTIFIC COMMITTEE

Co Horyuu / So Noguchi
Bucoxka mikoia 3a I/IH(bOpMaTI/I‘IKI/I HAaYKU U TEXHOJIOTHHU
YHuBep3uteT XoKauao, Janonuja
Graduate School of Information Science and Technology
Hokkaido University, Japan

Juonu3 I'ammaposcku / Dionyz Gasparovsky
®DakynTeT 3a eNeKTPOTEXHUKA U HH)OPMALIMOHN TEXHOJIOTHH,
CrnoBauku Texuuuku YHuBep3utet Bo bpatucnasa, Cnopauka
Faculty of Electrical Engineering and Information Technology

Slovak Technical University in Bratislava, Slovakia

Anton benan / Anton Belan
®dakynTeT 3a eNeKTPOTeXHUKA U HHHOPMALIMOHN TEXHOIOTHH
CrnoBauku Texuuuku YHupep3uret Bo bpatucnasa, Crnopauka
Faculty of Electrical Engineering and Information Technology
Slovak Technical University in Bratislava, Slovakia

I'eopru UBanos I'eoprues / Georgi lvanov Georgiev,
Texuunuku YHuBep3utet Bo ["abposo, byrapuja
Technical University in Gabrovo, Bulgaria

Heennna Credanona banadanosa / Ivelina Stefanova Balabanova,
Texunuku YHusepsutet Bo ['abposo, byrapuja
Technical University in Gabrovo, Bulgaria

Bojan /lumutpoB Kapanenes / Boyan Dimitrov Karapenev
Texunuku YHuBep3utet Bo ['abposo, byrapuja
Technical University in Gabrovo, Bulgaria

Camo I'enes / Saso Gelev
Enexrporexunuku ¢akynrer,
VYuusepaurer ,,I one Jlenmues” - llItumn, CeBepra Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia



Baatko Uunrocku / Vlatko Cingoski
EnexrpoTrexHnyku hakynTer,
Yuusepsurer ,,I 'onie lemues” - Ltum, CeBeprna Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Bo:xo Kpcrajuxk / Bozo Krstajic
Enexrpotexunyku dakynrer
Yuusepsutet Bo Llpna I'opa, [{pnHa I'opa
Faculty of Electrical Engineering,
University in Montenegro, Montenegro

Muunosan Paxynosuxk / Milovan Radulovic
Enexrpotexunuku dakynrer
Yuusep3urer Bo Llpna I'opa, Lpna ['opa
Faculty of Electrical Engineering,
University in Montenegro, Montenegro

T'oue Creanos / Goce Stefanov
EnextpoTexHnuku hakynTer,
Yuusepsurer ,,l'onie emdes” - [ltum, CeBepHa Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Mupjana Ilepuk / Mirjana Peric
EnexrpoHcku dpaxynrer
VYuusepsurer Bo Hum, CpOuja
Faculty of Electronic Engineerig,
University of Nis, Serbia

Ana ByukoBuxk / Ana Vuckovic
Enexrponcku daxynrer
VYuusepsurer Bo Hum, CpOuja
Faculty of Electronic Engineerig,
University of Nis, Serbia

Tonop Yekeposcku / Todor Cekerovski
EnexrpoTexHnyku hakynTer,
Yuusepsurer ,,l'one demdyes” - lltun, CeBepHa Makeonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Jann6op Cepapumoncku / Dalibor Serafimovski
EnexrpoTexHnyku hakynrer,
VYuusepaurer ,,I one Jlenmues” - llItumn, CeBepra Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia



Mupociaasa @apkam CmutkoBa / Miroslava Farkas Smitkova
q)aKyJ'ITeT 3a CJICKTPOTCXHUKA U I/IH(i)OpMaIII/IOHI/I TEXHOJIOTUU
CrnoBauku Texuunuku YHuBep3uter Bo bparucnasa, CrnoBauka
Faculty of Electrical Engineering and Information Technology

Slovak Technical University in Bratislava, Slovakia

Ierep Janura / Peter Janiga
q)aKyJ'ITeT 3a CJICKTPOTCXHHUKA U I/IH(i)OpMaIII/IOHI/I TEXHOJOTNN
CroBauku Texamuku YHuBep3UTET BO bpatnciara, CiioBauka
Faculty of Electrical Engineering and Information Technology
Slovak Technical University in Bratislava, Slovakia

Jana PagmdoBa / Jana Raditschova,
®dakynTeT 3a eNeKTPOTeXHUKA U HHHOPMALIMOHN TEXHOIOTHH
CnoBauku Texuuuku YHupep3utet Bo bpatucnasa, CinoBauka
Faculty of Electrical Engineering and Information Technology
Slovak Technical University in Bratislava, Slovakia

Nparan Munoscku / Dragan Minovski
EnextpoTexHnuku hakynTer,
Yuusepsurer ,,l'onie emdes” - [ltum, CeBepHa Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Bacusmja Ilapan / Vasilija Sarac
EnextpoTexHnuku hakynTer,
Yuusepsurer ,,[ 'onie lenuen” - tum, Cepepna Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Aaexcanaap Tyuapos / Aleksandar Tudzarov
EnextpoTexHnuku hakynTer,
Yuusepsurer ,,[ 'onie lenues” - tum, Cepepna Makenonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia

Baagumup Tanescku / Vladimir Talevski
EnexrpoTexHnyku hakynTer,
Yuusepsurer ,,l'one demdyes” - lltun, CeBepHa Makeonuja
Faculty of Electrical Engineering,
Goce Delchev University - Stip, North Macedonia



MNpBa MefyHapozHa koHdepeHumja ETVIMA
First International Conference ETIMA

PREFACE

The Faculty of Electrical Engineering at University Goce Delcev (UGD), has organized the
International Conference Electrical Engineering, Informatics, Machinery and Automation -
Technical Sciences applied in Economy, Education and Industry-ETIMA.

ETIMA has a goal to gather the scientists, professors, experts and professionals from the field of
technical sciences in one place as a forum for exchange of ideas, to strengthen the multidisciplinary
research and cooperation and to promote the achievements of technology and its impact on every aspect
of living. We hope that this conference will continue to be a venue for presenting the latest research
results and developments on the field of technology.

Conference ETIMA was held as online conference where contributed more than sixty colleagues, from
six different countries with forty papers.

We would like to express our gratitude to all the colleagues, who contributed to the success of
ETIMA’21 by presenting the results of their current research activities and by launching the new ideas
through many fruitful discussions.

We invite you and your colleagues also to attend ETIMA Conference in the future. One should believe
that next time we will have opportunity to meet each other and exchange ideas, scientific knowledge
and useful information in direct contact, as well as to enjoy the social events together.

The Organizing Committee of the Conference
IIPE/ITOBOP

Merynapoanata konpeperuuja Enexmpomexnuxa, Texnonozuja, Hngpopmamuxa, Mawuncmeo u
Aemomamuxa-mexHuuKu HAyKu 60 ciyxycoa na ekonomuja, oopazoseanue u unoycmpuja-ETHMA e
opraHu3MpaHa oJi cTpaHa Ha ENeKTpOoTeXHUUKHUOT paKkynTeT npu YHuBep3uteToT [ome Jemues.
ETUMA wuma 3a men ma ru cobepe Ha €IHO MECTO HAYYHHUIUTE, Mpodecopute, eKCHEepTUTE H
npodeCHOHAIIINTE O] MTOJIETO Ha TEXHUYKUTE HAYKH U Ja IIpeJicTaByBa (OopyM 3a pa3MeHa Ha UJCH, a
IO 3ajKaHyBa MyJITHIUCIUIUTHHAPHOTO HCTPAXKYBamkhe U cOpadOTKa U J1a TH POMOBHPA TEXHOJIOIIKUTE
JNOCTUTHYBamba M HUBHOTO BJIMjaHHE BpP3 CEKOj aclekT of kuBeewmeTo. Ce HazeBaMe JeKa OBaa
KoH(epeHIIMja ke TPOJOJDKU Ja OMJe HACTaH Ha KOj Ke Ce Mpe3cHTHpaaT HajHOBUTE PE3YJITaTH O]
UCTpaXyBamaTa U pa3BojoT Ha IIOJIETO HAa TEXHOJIOTHjaTa.

Kondepennujata ETUMA ce onpika online u Ha Hea Jjajioa CBOj JOIMPHUHOC MOBEKE OJ1 IIEECET aBTOPH
O]l IIECT PA3IIMYHK 3eMjU CO YETUPHECET TPYIA.

Cakame 512 ja nckakeMe Hamiata OJaroJapHOCT O CHUTE KOJIETM KOHM JOIpHHEcOoa 3a YCIEXOT Ha
ETHMA’21 co npe3eHTHpame Ha pe3yaTaTH O] HUBHUTE TEKOBHU HCTPaXKyBama U CO JAHCHPAme Ha
HOBH HJIEU NPEKY MHOTY IJIOJHHU TUCKYCHH.

Be nokanyBame Bue u Bammte xonern na 3emere ydectBo Ha ETVIMA u Bo mnanna. BepyBame nmexa
CIEIHHOT MaT K& UMaMe MOXHOCT Ja C€ CpeTHeMe, Ja pa3MEHUME HUJEH, 3HACHE U KOPHUCHU

I/IH(l)OpMaIH/II/I BO IUPEKTCH KOHTAKT, HO UCTO TaKa Ja Y)KMBaM€ 3a€IHO U BO APYIITBCHUTC HACTaHU.

Opeanuzayuonen 0060p Ha KoOHepeHyujama
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ACOUSTIC SIGNAL DENOISING BASED ON ROBUST PRINCIPAL
COMPONENT ANALYSIS
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Abstract

Robust principal component analysis (RPCA) is a powerful procedure which decomposes a matrix into its low-
rank and sparse matrix components. As such it can be used for signal denoising in situations where useful part of
the signal can be represented as a low-rank matrix, which is usually the case in acoustic signals with some
inherent periodicity. This paper examines the applicability of RPCA for cyclostationary acoustic signal denoising
by decomposing the Short-time Fourier transform of a signal and eliminating its sparse component. The main
purpose of this approach is improvement of the signal-to-noise ratio in acoustic signals obtained in noisy
industrial surroundings for the purpose of fault detection or machine state estimation. The procedure is tested on
artificially generated signals as well as on real acoustic recordings.

Key words
Acoustic signals, Noise removal, RPCA, Industrial state estimation.

Introduction

With the rise of accessibility of smart hardware devices and inexpensive sensors, acoustic
signals are starting to be used for the purposes previously reserved for some other, highly
specialized, sensor systems. From ambient event detection, classification of movement,
musical instrument detection, all the way to industrial predictive maintenance and state
estimation, sound has become a medium which is capable of absorbing various information
quite efficiently. It has been long known in the literature [1] that sound can be used to detect
fault in rotating actuators sometimes faster than vibration signals which have been traditionally
used for solving this issue. The problem, however, lies in the same feature of acoustic signal
which makes it so attractive for diverse application: sound is capable of detecting even the
slightest changes in the environment, which makes it prone to severe noise contamination. This
is especially true in real industrial settings which are generally very noisy and which consist of
large amounts of machines working simultaneously. With this in mind, identifying a single
actuator in an industrial plant and performing sound analysis for that particular machine is more
than challenging.

One of the popular algorithms in the last decade which has been used on acoustic signals,
usually for the purpose of vocal extraction, is Robust Principal Component Analysis (RPCA).
It is an extension of a widely used statistical data analysis tool called Principal Component
Analysis (PCA) and is used to decompose any matrix into its low rank and sparse matrix
components. This has proven to be very useful for diverse applications such as background
removal from video surveillance cameras, instrument extraction and vocal extraction from
musical compositions, etc. One example of musical application is given in [2] where Short
Time Fourier Transform (STFT) of the musical composition is observed and it is concluded
that musical instruments have a repetitive appearance on the time-frequency plot, which should
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correspond to the low rank matrix presentation, while vocal segments are chaotically scattered
in time and frequency, corresponding to the sparse matrix. Even though authors have not yet
seen the application of RPCA decomposition for preprocessing of acoustic signals obtained
from industrial surroundings, arguments for its potential use in this area are quite compelling.
Bearing in mind the successful application of RPCA approach on music signals, we can
analogously conclude that the expected behavior of rotary actuator signals in time-frequency
domain can correspond to a low rank matrix (due to its cyclostationary behavior which leads
to discrete number of peaks in the frequency domain), and the surrounding noise is expect to
behave as a sparse matrix, similarly to vocal components in music.

The main idea of this paper is to test the aforementioned assumption: that RPCA decomposition
of acoustic signal of a rotary actuator made in noisy industrial surroundings will yield a low
rank matrix corresponding to the sound of the actuator and sparse matrix corresponding to the
unwanted noise. This will be done on artificially generated signals first. These signals will be
created to have similar properties as real signals from rotary actuators, with added noise, so
that signal-to-noise ratio (SNR) can be controlled. After that the algorithm will be tested on
real signals in three scenarios: 1) when the background noise is stationary, which is the most
common case, and the source of the background noise are just the sounds of other machines in
the plant; 2) when impulse disturbance is added to the background noise in a form of the
hammer hitting the metal surface periodically; and 3) when speech contamination is present,
i.e. people are speaking near the microphone which records the sound of the actuator. Since the
nominal sound of the actuator is unknown, SNR cannot be measured for the real industrial
scenario, so the performance of the algorithm will be assessed by analyzing the time-frequency
representation of the filtered signal and by listening to the obtained recordings.

This paper is structured as follows. In Section 1 a short literature review is presented which
introduces the way RPCA algorithm is used in the literature and the use of acoustic signals for
predictive maintenance in real industrial surroundings. The RPCA based noise reduction
algorithm is presented in Section 3, while the specific rotary fan mill on which the test has been
done is described in Section 4. Results both on artificial and real signals are given in Section
5, while the conclusion of the paper is given in the last section.

1. Literature review

The initial attempt to robustify the PCA method, which is severely influenced by intensive
noise, dates back to 1970s and 80s [3]; however, due to inability to implement it in polynomial
time and the fact that there were no performance guarantees, the approach has not been popular
until around 2010. During that time idealized version of that problem has been examined by
[4] and has shown promising results. From then onward applications of RPCA methods have
been diverse, from image processing applications such as background removal or recovery in
video surveillance [5], to cyber security [6]. The application most interesting in the light of this
paper is the use of RPCA for acoustic signals. By far the most popular subject in this area has
been instrument and singing voice separation from musical compositions. This application has
shown great potential, starting with a simple masking procedure in time-frequency domain,
proposed by [2], this simple algorithm has been adopted and upgraded by using repeating
pattern extraction [7]. There was even an attempt to implement this procedure in real time using
bilateral random projection to reduce the amount of necessary computing [8]. It is evident that
the applicability of RPCA approach is vast, and new practical applications are emerging every
day.

This paper is concentrated on the problem of separating useful sound of the rotary actuator
from the surrounding noise in acoustic signals recorded in industrial surroundings, and as such,
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this issue is quite similar to separation of vocal component from instruments, as proposed by
[2]. Even though it has been long shown that acoustic signature of rotary actuators is
cyclostationary and that sound can be used for state estimation [1] the authors are yet to see the
RPCA factorization used for such purposes in the literature. For that reason, the aim of this
paper is to test the assumption that RPCA factorization can be used for preprocessing of
acoustic signals for the use for state estimation algorithms such as the one proposed in [9].

2. RPCA based noise removal

Robust principal component analysis is a modification of one of the most widely used statistical
algorithms for data analysis — PCA. The goal of RPCA is to recover low rank and sparse
components of severely corrupted matrix M. Procedure itself, as stated in [4] is defined as an
optimization problem:

minimize ||L||, + A||S||; 1
subjectto L+S=M (1)
Here, L € R™™ represents a low rank component of matrix M € R™™, and S € R™™
represents its sparse component. Nuclear form of the matrix (sum of all singular values) is
denoted as ||-]|. and the L1-norm of the matrix is denoted as ||-||;. The parameter A is used to
balance between the rank of L and sparsity of S. A good choice of that parameter is offered in

[4] as A = 1/{/max(n, m) and this value has been used in this paper as well.

Bearing in mind the problem we are aiming to solve, i.e. denoising acoustic signals obtained
in industrial surroundings, we should examine what kind of behavior is expected in a signal.
First of all, the recorded signals are obtained with the goal of state detection of rotary actuators.
That means that the acoustic signal is expected to have cyclostationary signature [1] with
dominant frequency components related to rotating frequency and its higher harmonics. By
observing the STFT of the signal it is expected to contain several peaks in frequency domain
which corresponds to straight lines parallel to time-axis in time-frequency presentation, i.e. the
STFT matrix is expected to have low rank. Intense surrounding noise, however, is expected to
exist on all the frequencies and should have the behavior which corresponds to sparse matrix
in time-frequency domain. As such, the STFT of acoustic signal can be decomposed into
informative cyclostationary component, L, and noise which is expected to be contained in the
matrix S from Eq. (1).

The algorithm which will be used for testing this hypothesis will be a modified version of the
work proposed in [2] for separation of vocal components from musical compositions. Here
vocal components have similar attributes as the surrounding noise, while musical instruments
have the behavior which is expected in rotary actuators. The procedure consists of five steps:
1) Separating recorded acoustic signal into smaller frames 10 s long
2) Calculating matrix M which is a STFT of a frame (using Hamming window 1024
samples long, with 1000 samples overlap)
3) Using RPCA to decompose STFT into low rank matrix L and sparse matrix S
4) Depending on the type of algorithm which will be implemented in this step one of
two actions can be taken
a. Denoising without a mask: matrix L is adopted as the filtered signal,
Mriterea = L;
b. Denoising with a mask: masking is performed to obtain the filtered signal,
Mg jitereqa from the original matrix M;
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5) Inverse STFT of M;tereq is Obtained as a reconstructed filtered signal in time-
domain

Masking procedure in step 4) b. has been proposed by [2] to improve the separation results.
The masking is used to indicate which part of the original matrix M is useful and should be
kept in filtered signal. Binary time-frequency mask is obtained as

A ¢ (M) [ RN (F)]
B(i.j) = {0, otherwise ’ @)

forall 1 <i<nand1<j<m. Parameter k has been set to the value of 0.3, which is the
value that yields best signal-to-noise (SNR) ratio for artificially generated signals. After
calculating this mask, the filtered signal STFT is determined as

Mfiltered(i:j) = B(l,])M(l,]) (3)
3. Case study

Acoustic signal denoising algorithm presented in the previous chapter has been created for the
purpose of noise removal in industrial surroundings, and as such it will be tested both on
artificially generated signals and on real acoustic recordings. The problem which we aim to
tackle in this paper is related to predictive maintenance of coal grinding fan mill in thermal
power plant Kostolac Al in Serbia.

The main purpose of coal grinding subsystem is to pulverize coal into fine powder so that it
can be transferred to the boiler where it is used as a fuel. The grinding process is achieved with
fan mills which have an impeller within them with 10 impact plates placed around the center
in circular fashion. Mill is filled with coal as the impact plates rotate with the speed of around
12.5Hz, and the friction between chunks of coal and the plates pulverizes the coal.
Unfortunately, one side effect of this process is that the impact plates themselves get worn as
the number of working hours increases. While they become depleted their performance and
efficiency suffer and if the maintenance is not conducted on time this can lead to failures and
shutdowns of the entire subsystem. For that reason periodical maintenance of the mills is
usually conducted and recently there is an attempt to automate the process using acoustical
recording obtained in the vicinity of the mill [9].

Acoustic signals are recorded by placing the microphone near the mill. The sampling frequency
is 48kHz and is later downsampled to 4.8kHz due to the fact that the most important frequency
components are lower than 2000Hz. It is shown that acoustic signals are informative enough
to detect whether the impact plates are functioning properly or the maintenance needs to be
conducted [9]; however, any unexpected noise in the acoustic recording can severely influence
any similar state detection algorithm [10]. For rotary actuators such as fan mills, the acoustic
signature is quite predictable in the frequency domain. There are dominant peaks at
characteristic frequencies and several higher harmonics are usually visible as well. In the case
of fan mill in thermal power plant Kostolac Al in Serbia, the frequency signature is shown in
Fig 1. (left). The dominant peak is at the rotating frequency of f. = 12.5Hz and its higher
harmonics, as well as at the frequency at which the impact plate passes near the microphone
(since there are 10 impact plates, that frequency is at f,, = 125 Hz) and its higher harmonics.
STFT of the signal is typical for stationary behavior, i.e. there are dominant constant lines at
specific frequencies. What is notable is that the signal shown in Fig. 1 (left) is naturally noisy
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due to the fact that even in nominal working conditions the real industrial surroundings is such
that the acoustic noise is unavoidable.

Since real acoustic signals are naturally corrupted by noise, it is hard to experiment with them
and to determine signal-to-noise ratio. For this reason artificial signal is generated which
mimics the behavior of the real signal in frequency domain, but without the noise. The idea is
not to model the signal exactly, just to mimic the shape in the frequency domain so that the
RPCA based algorithm is similar and we can control and test for the signal-to-noise ratio. The
proposed signal x(t) is phase modulated so that the higher harmonics are generated in the
frequency domain

x(t) = sin(2m - ft + sin(2w - ) + 3sin(2m - f,t + sin(27 - f,t)). (4)

Frequency domain and STFT of the signal are shown in Fig 1. (right) and we can see that the
behavior sufficiently coincides with the recorded one.

|x§n|
PN

t[s]

0 100 200 300 400 500 ] 100 200 300 400 500
f [Hz] f[Hz]

Fig. 1 Real signal recorded near the mill in frequency domain (upper left) and STFT (lower left), as well
as the artificially generated signal in the frequency domain (upper right) and STFT (lower right).
Source: authors generated these images using Matlab.

4. Results

The aim of this paper is to examine whether RPCA noise reduction algorithm proposed in
Section 2 can be used for noise removal of acoustic signals recorded in real industrial
surroundings without significantly damaging the useful part of the signal. This was tested in
two ways. First the artificial signal was corrupted with Gaussian noise and signal-to-noise
ratios were measured before and after filtration to determine whether the proposed algorithm
has any applicability. After that the real acoustic signals were used, and the algorithm was
tested in three scenarios: 1) in nominal working conditions when stationary background noise
is present; 2) when there is an impulse disturbance as sound of a hammer hitting a metallic
surface; and 3) when there is noise from people talking near the microphone. While testing on
real signals measuring signal-to-noise ratio is not possible, so the algorithm is tested by visual
inspection of the behavior of signal in time-frequency domain as well as by listening to the
resulting audio.
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Artificially generated signal

Signal described in Eq. (4) was polluted with artificial Gaussian noise of different intensities,
and the algorithm was tested with and without the application of mask. The results can be seen
in Table 1 and shows a promising behavior of the RPCA method. First of all, in all instances
denoising without the mask has shown better results than the one with mask, which is a
compelling argument that while implementing this procedure on real signals the mask should
not be used. Furthermore, when the signal-to-noise ratio is quite good (i.e. greater than 0dB)
the algorithm does not enhance the quality of the signal significantly. Not only that, but when
the noise is weak enough (SNR of 10 dB) this algorithm tends to corrupt the signal more than
it enhances it. The true power of this procedure becomes evident when the noise is stronger
than the signal, which is the case in the industrial surroundings. When SNR is lower than 0 dB
this procedure significantly recovers the corrupted signal and furthermore the bigger the noise,
the better relative increase in signal quality is achieved.

To visually inspect the performance of the algorithm it is informative to observe matrices S
and L obtained with RPCA. In Fig. 2 it can be seen that the sparse matrix S has indeed gathered
most of the noise, while in the low rank matrix L are all the dominant components of the
original signal. It is evident as well that some components of the original signal are partly in
matrix S as well (mainly those at the frequency of 125 Hz) and that is probably the reason why
this procedure does not perform very well when the noise is negligible — the sparse component
which is eliminated takes some useful information from the signal. Figure 3 shows the original,
noisy and reconstructed signal in time domain.

Table 1 Signal-to-noise ratio before noise reduction, after noise reduction without a
mask and after noise reduction with mask

SNR before denoising 10 5 0 -5 -10 -15 -20

SNR after denoising
without mask

SNRafter denoisingwith |, 5| '35 | 04 | -16 | 58 | -109 | -15.7
mask

Source: authors generated this data using Matlab.

5.6 5.5 5.2 3.9 11 -3.7 -8.9

Noisy signal Sparse S Low rank L
10 10

0 100 200 300 400 500 0
f[Hz] 0 100 200 300 400 500 Y 100 200 300 400 500
f[Hz] f[Hz]

Fig. 2 STFT of artificially generated noisy signal for SNR value of -5dB (left), sparse matrix S (center)

and low rank matrix L (right) obtained after RPCA decomposition.
Source: authors generated these images using Matlab.
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Original signal
Noisy signal

15 | | I | I I I | L
4 4.01 402 4.03 4.04 405 4.06 4.07 4.08 4.09 4.1

R t[s]
Fig. 3 time domain representation of the original signal, noisy signal with SNR value of -5dB and the
signal obtained after denoising procedure without the mask.
Source: authors generated this image using Matlab.

Real acoustic signals

As noted from Fig. 1, the acoustic recordings obtained from the real industrial surroundings
are naturally noisy and as such it is quite difficult to extract the useful signal from the noise.
Applying the RPCA denoising procedure on such signal we get the similar results as with
artificially generated ones. Figure 4 shows STFT of an original signal and low rank matrix L
(which also represents reconstructed signal without mask). It is evident that low rank matrix
has managed to extract all the dominant frequency components; however, some of the
components on lower frequencies, which originally had lower amplitude, are missing. This is
due to the fact that there is a more severe noise pollution on lower than on higher frequencies.

Original signal RPCA without mask

0 100 200 300 400 500 0 100 200 300 400 500
f[Hz] f[Hz]

Fig. 4 STFT of real acoustic signal (left) and RPCA reconstruction (right).
Source: authors generated these images using Matlab.

These results indicate that RPCA method can remove nonstationary noise from loud industrial
surroundings, while keeping stationary features of the signal (i.e. dominant frequency
components). The next test is to check whether additional disrupting noise can be filtered out
as well. As it is shown in [10] dominant noise such as impulse disturbance in time domain or
added speech signal can significantly damage state detection algorithms. Figure 5 shows the
behavior of this denoising procedure when loud impacts of hammer to metal can be distinctly
heard on the recording. As can be seen, impulse disturbance in time domain is presented as
dominant component on all frequencies, in the frequency domain. After RPCA procedure all
of those nonstationary sounds are removed. Also, subjectively, while listening to the resulting
sound signal, the impacts of hammer have indeed been eliminated and cannot be heard in the
resulting recording. Final test is the signal corrupted with added speech. This problem is quite
elusive due to the fact that speech signal changes in intensity in time, and dominant frequency
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components change as well. As shown in Fig. 6, RPCA denoising procedure manages to
suppress this kind of contamination as well.

Signal with impact disturbance RPCA denoising

0 500 1000 1500 0 500 1000 1500
f [Hz) f[Hz]

Fig. 5 STFT of acoustic signal with impulse disturbance (left) and RPCA reconstruction (right).
Source: authors generated these images using Matlab.

Signal with speech contamination RPCA denoising

t[s]
t[s]

0 500 1000 1500 0 500 1000 1500
f[Hz) f[Hz]

Fig. 6 STFT of acoustic signal with speech contamination (left) and RPCA reconstruction (right).
Source: authors generated these images using Matlab.

Conclusions

In this paper an RPCA denoising procedure has been proposed for the use on real acoustic
signals obtained in industrial surroundings, as a preprocessing step for the purpose of state
estimation. This algorithm has been tested on artificially generated signals, as well as on real
acoustic recordings of a fan mill in thermal power plant Kostolac Al in Serbia.

The results obtained on artificial signals seem promising. Since the signal is generated so that
its behavior in time-frequency domain mimics the behavior of rotary actuator acoustic
signature, results obtained here should indicate the applicability of this algorithm in real
industrial surroundings. The noise used to pollute the signal is Gaussian, and signal-to-noise
ratio was varied. The results show that the algorithm performs exceptionally well when the
noise is severe; however it tends to degrade the useful signal if the noise is not significant (SNR
larger than 5dB).

As far as the real recordings are concerned, subjective examination shows that all the added
noise, in the form of speech contamination and impulse disturbance are eliminated effectively.
What is not yet determined is whether the useful part of the signal is degraded using this
procedure and whether that degradation (if any) influences the following steps of state
estimation, which are the main reason for implementing this factorization.

Further work on this subject should aim to improve the quality of the algorithm. Since masking

procedure is shown to be ineffective, some other approaches such as repeating pattern
extraction could yield better results. On the other hand, real time implementation is something
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that can be useful in the industry, so improving the speed of the algorithm (which is currently
far from real time) can be beneficial. Finally, a detailed analysis of the performance of state
detection algorithms with and without the preprocessing step of RPCA factorization should be
examined to verify the initial assumption that indeed the procedure removes mostly noise, and
that the informative part of the signal is unscathed.
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