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Summary

Introduction. Modern turbochargers of marine diesel engines enjoy a high boost
pressure ratio in the compressor of up to 5 and above. They create high pressure of
the charged air, thus providing high-specific power and high-efficiency operation of
the marine engine with low-level emission of carbon oxides and soot. High efficiency
of MAN MC and MAN ME diesel engines with actual specific fuel consumption
of 160-170 g/kWh is ensured by the high pressure of the charged air, among other factors.
In case the turbocharger loses in performance, the power and efficiency of the diesel
engine rapidly decline while the emission level of carbon oxides and soot increases. The
allowable hazardous emission level of marine diesel engines in operation is limited by the
current requirements of the International Maritime Organization. Since the overwhelming
majority of various maritime transport vessels use diesel power units, the matter of their
efficient and safe operation is undoubtedly of current interest. The article presents the
method of vibroacoustic diagnostics of the marine diesel engine turbocharger under
operating conditions, when a prompt determination of instantaneous turbocharger speed
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and rotor vibration level is required. The method lies in the analysis of the vibroacoustic
signal that is generated by the compressor of the turbocharger with the diesel engine
running under load. Results. The spectral analysis reveals that the compressor blades
generate acoustic oscillations that are always present in the overall vibroacoustic
spectrum of the turbocharger regardless of its technical condition. The “blades” harmonic
that corresponds to these vibrations can be detected in the spectrum using the method of
limits. The calculated instantaneous turbocharger speed makes it possible to analyze the
amplitude of the main harmonic in the spectrum. The method presented in the paper helps
eliminate the Discrete Fourier Transform (DFT) spectral leakage, so that the amplitude
of the main harmonic can be estimated. The further analysis of the amplitude of the main
harmonic allows for efficient estimation of the turbocharger rotor vibration level when
in operation. The method can be practically applied by the means of a smartphone or
a computer that have the dedicated software installed. Conclusions. The proposed method
can lay the foundation for the permanent monitoring system of the turbocharger speed
and vibration level in the marine diesel engine.

Key words: turbocharger diagnostics, marine diesel engine, vibroacoustic spectral
analysis, DFT leakage.
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Anomauisn

Bemyn. Cyuacni mypoounacnimaui cyonosux Ou3envHux 08uUcyHi6 MAaiomv GUCO-
Kutl kKoeghiyichm niosuwyerHs mucky 8 Komnpecopi — 00 5 i suwje. Bonu cmeopowms
BUCOKULL MUCK HAOOYBOUHO20 NOBIMPA, MUM CAMUM 3a0e3neuyioul GUCOKY NUTNOMY

31



PO3BUTOK TPAHCIIOPTY
Ne 1(12), 2022

NOMYAHCHICMb | 8UCOKOEpEKMUBHY podomy cyOH08020 0BUSYHA 3 HUZLKUM BUKUOOM
okcudig gyaneyio ma casici. Ceped iHui020, BUCOKA eKOHOMIUHICTNb OU3EIbHUX OBUSYHIG
MAN MC i MAN ME 3 ¢haxmuunoro numomoro sumpamoro nanuea na pieui 160—170 2/
KBm-200 3abe3neuyemvcs UCOKUM MUCKOM HAODY80UH020 nogimps. Ilpu 3uuoicenni
epexmuenocmi pobomu mypOoHacHIMaua, NOMYHCHICMb | eKOHOMIUHICMb OU3ENIbHO-
20 08USYHA WBUOKO SHUNCYIOMbCA, 4 PIBeHb 8UKUOI8 OKCUOI8 8yaleylo ma Caxici 3poc-
mae. [onycmumuil pieensv WKIOAUBUX SUKUOIE NPU eKCHIyamayii CyOHO8UX Ou3elb-
HUX 08U2YHIB 0OMedceHUll YUHHUMU eumozamu MisxcHapooHnoi mopcbKoi opeanizayii.
OcKinbKu nepesastcHa Oinbuicms MOPCLKUX MPAHCHOPMHUX CYOEH PISHO20 KAACY MAE
Ou3envHi 08USyHU, NUMAHHS IX e(hekmusHoi ma Oe3neunoi excniyamayii € 6e3yMOBHO
akmyanbrum. Y cmammi npeocmaegieno memoo 8idpoaxyCcmuyHoi 0iaeHoCmMuKu myp-
boxomnpecopa cyoH08020 OU3ENbHO20 OBUSYHA 8 YMOBAX eKCINIYamayil, Koau HeooXio-
HO ONepamueHO GUHAYUMU MUMMEBY Yacmonty 0bepmanHs mypboxomnpecopa ma
piens gibpayii pomopa. Memoo nonseae 6 ananizi 6iOPOAKYCMUUHO20 CUSHATLY, AKULL
Gopmyemvcsi komnpecopom mypbonacHimaua nio 4ac pobomu OU3eibHO20 08USYHA
nio Hasaumasicenuam. Pezynomamu. CnekmpanvHuul aumanis noxkazye, wo Jionam-
KU KOMHApecopa eeHepyroms KOMUBAHHS, AKI 3A68x#COU NPUCYMHI 6 CNeKMPI 3A2dlbHOT
sibpayii mypoonasnimaua He3anedcHo 6i0 1020 mexuHiunoco cmawy. «Jlonamkosay
2apPMOHIKA, 5IKA BION0BIOAE YUM KOTUBAHHAM, 8 CHeKMPI 8USHAUAEMbCS 3a 00ONOMO20I0
memody oomedgncens. Pospaxosana mummeea wacmoma obepmants mypooKomMnpeco-
Pa 0036015€ NPOAHANIZYEAMU AMNAIMYOY OCHOBHOI eapmouiku 6 cnexmpi. Memood,
npedcmasienuil y cmammi, 00noMazac yYCyHymu CReKmpaibHi 6UMOKU OUCKPEMHO20
nepemesopenns @yp’e (DFT), wob oyinumu amniimyody ochosnoi eapmoniku. Ilooans-
WUl aHaniz amniimyou OCHOBHOI 2apMOHIKU 0036075€ eheKMUBHO OYIHUMU pi6eHb
8ibpayii pomopa mypbokomnpecopa nio yac excniyamayii. Memoo mooicna 3acmo-
cygamu Ha npaxmuyi 3a OONOMO2010 CMApM@Pona abo Komn romepa, Ha AKOMY GCMa-
HOB8/eHO cheyianbHe npozpamue 3abe3neuents. Bucnoeku. 3anpononosanuii memoo
Modce Oymu 3aK1a0eHUll 8 OCHOBY CUCEeMU NOCMIUHO20 MOHIMOPUHEY 4acmomu i
piens gibpayii mypbookomnpecopa cyoH08020 OU3eIbHO20 08ULYHA.

Knwuogi cnosa: oiacnocmuxa mypboxomnpecopa, CyOHOBUU OU3ETbHUL OBUSVH,
BIOPOAKYCMUYHULL CHeKMPATbHUL aHai3, eumok 11 D.

1. Introduction

Modern turbochargers (T/C) of marine diesel engines enjoy a high boost pressure
ratio in the compressor of up to 5 and above. They create high pressure of the charged air,
thus providing high-specific power and high-efficiency operation of the marine engine
with low-level emission of carbon oxides and soot [1]. High efficiency of MAN MC
and MAN ME diesel engines with actual specific fuel consumption of 160-170 g/kWh
is ensured by the high pressure of the charged air, among other factors [2-3]. In case
the turbocharger loses in performance, the power and efficiency of the diesel engine
rapidly decline while the emission level of carbon oxides and soot increases [1-3].

Theallowable hazardous emission level of marine diesel engines in operation is limited
by the current requirements of the International Maritime Organization (IMO) [4]. Since
the overwhelming majority of various maritime transport vessels use diesel power units,
the matter of their efficient and safe operation is undoubtedly of current interest [5—7].
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When a marine diesel engine is operating in light-load conditions, the incomplete
combustion products clog up the exhaust manifolds. This results in the change of the flow
capacity of the exhaust manifolds as well as the character of the gas internal flow in
front of the blades of the turbocharger wheel. Pulsations might occur, which causes
the rotor to vibrate [8—10]. Increased level of rotor vibration creates additional loads
on turbocharger bearings and reduces their operational life. In case of microdefects in
the bearings, the vibration level of the rotor increases even further, which might lead to
a severe failure [11].

Vibroacoustic control of the turbocharger in operation makes it possible to detect
the dangerous tendency of the vibration level increase of the rotor and indicate the need
for cleaning the flow channel [8—11]. In some cases, such control might prevent
turbocharger failure, which typically leads to a considerable loss of power and efficiency
of the entire engine [1; 11-14].

Many authors have previously pointed out the necessity of conducting operating
periodic check of the turbocharger technical condition in operation [11-14].
In such event, prompt and timely diagnostics during operation can be made by
analysis of the external vibroacoustic signals. In papers [11; 12] it is indicated that
within the spectrum of vibroacoustic oscillations of the turbocharger, regardless
of its technical condition, there is always a harmonic present at the “blades frequency”
of the compressor wheel. The amplitude of the “blades harmonic” of the compressor
considerably exceeds (two, three times or even more) the level of surrounding harmonics
in the turbocharger spectrum [8; 12]. Meanwhile, the harmonic of the main rotation
frequency of the turbocharger rotor might have insignificant amplitude and might not
be distinguishable against the noises of the spectrum [8]. Thus, the “blades harmonic”
is the primary source of the turbocharger spectrum analysis and it can be identified in
the spectrum using the method of limits.

The paper presents the diagnostic method based on the determination of the “blades”
harmonic in the turbocharger spectrum, further calculation of the rotor main speed as
well as the subsequent analysis of the harmonic amplitude at its main frequency. The
amplitude of the main frequency harmonic characterizes the general vibration level
of the turbocharger rotor [5; 6; 15].

The article begins with the analysis of the vibroacoustic signals of the TCA 66
and the VTR 564 turbochargers of low speed diesel engines during their normal operation.
The limits of normal and abnormal levels of the amplitude of the main harmonic are
illustrated by these two examples. These cases, however, are particular, so it is necessary
to analyze the vibroacoustic spectrums of a larger number of turbochargers to develop
general recommendations. Nevertheless, we believe that the information will be useful
for marine engineers, since these engines are widely used in the merchant marine fleet.

To make the results of analysis more reliable the algorithm of the “leakage effect”
eliminating is proposed, which helps to calculate more accurately the frequency
and amplitude of the given signal.

A functional diagram of the turbocharger continuous monitoring system is proposed
as the general conclusion of the paper.

The method in question can be practically applied; for its realization in most cases,
it would suffice to have a smartphone or a personal computer with the dedicated
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software. The method lies in the analysis of the vibroacoustic signal that is generated by
the turbocharger compressor while the diesel engine is operating under load.

2. TCA 66 turbocharger of low speed diesel engine vibroacoustic analysis

The registration and analysis of vibroacoustic signals of the TCA 66-20072
turbocharger [3], which is installed on the MAN 5S60MC main diesel engine [2], was
made at the 85 rpm of engine speed. Estimated engine brake power was ~4500 kW
or 50 % of MCR. According to the sea trials results, the corresponding turbocharger
speed should be about 10 300 rpm (see Table 1). The compressor impeller wheel
of the TCA66-20072 has 22 blades (11 full blades and 11 splitter blades) [3].

Mechanical engineers provide engine performance analysis during its operation to
estimate engine and turbocharger current conditions. The results of performance analysis
should be compared with manufacturer’s Official Test Data. Among the most important
engine parameters for diagnostics are: crank speed and brake power; brake specific
fuel consumption; supercharged air pressure; compression pressure and maximum
in-cylinder pressure; exhaust gases temperature at the turbocharger inlet and outlet,
and turbocharger speed (Table 1).

Figure 1. Engine 5S60MC and TCA 66-20072 turbocharger,
1 — compressor wheel, 2 — turbine rotor [3],
(a), (b) — vibroacoustic measuring points

Deviations of these parameters for given engine operating point may be caused by
some failures. Thus, for instance, the compression pressure (P comp) drop may be caused
by cylinder liner wear, piston rings break or sticking, exhaust valve seat leakage/wrong
timing or by smaller supercharged air pressure (P scav). The reasons of the maximum
combustion pressure (P max) decrement are generally related to the high-pressure
fuel-injection equipment. Smaller exhaust gases temperatures difference at the turbine
inlet and outlet (A7/C) together with turbocharger speed (7/C rpm) reduction indicate
the flow duct fouling (Table 1).

AT/C =T/Cin— T/C out.

Suggested method allows the on-going turbocharger speed measuring at engine
operation. The compressor vibroacoustic signal registration could be carried out either
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at the compressor inlet filter (Figure 1, a) or directly at the compressor volute surface
(Figure 1, b) as it is known from the experiment. The second option (point b) benefits
from the inlet flow acrodynamic noise absence.

The aerodynamic noise could also be removed from the recorded signal,
if the microphone, (positioned at point a) has the perpendicular orientation to
the turbocharger intake filter surface, so the smooth air flow around the microphone
is provided. The influence of the noise of other engine mechanisms is relatively small
as their sources generally have a big enough distance to the microphone position as
it is known from the set of experiments carried out on the number of marine low-
speed engines.

Table 1
The main engine 5S60MC Official Test Data

Load, %  Engine T/C T/Cin T/Cout Pscav P max SFOC
kW  MCR RPM RPM t, °C t, °C bar bar g/kWh
2208 25 66,1 6150 270 230 0,38 63 177,58
4407 49,9 83 9880 300 220 1,06 97,4 172,99
6621 75 95,4 12050 320 200 1,78  129,8 168,16
7937 89,9 101,5 13120 350 210 2,28 139.8 169,72
8824 99,9 1053 13850 372 220 2,62 139,8 171,13
8820 99,9 105,1 13850 375 220 2,62 139,6 171,15
9673  109,5 108,2 14540 410 240 2,96 140 172,50
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Figure 2. The main engine 5S60MC official test data
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According to the Table 1 data, the polynomial equation for the turbocharger speed
in respect to the engine brake power was developed (see Table 2). This model can be
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applied in practice for fast main engine brake power estimation using the data from
vibroacoustic turbocharger analysis. It is valid for known engine and ship hull conditions
and for given value of cargo.

Table 2
Polynomial model [S] T/C rpm = f (Ne, kW)
Equation type: T/C rpm = ((Degree3 x Ne + Degree2) x Ne + Degreel) x Ne + Degree(
Degree 0 = -25.8849715
Degree 1 =3.508765178

Coefficients: Degree 2 = —0.0003549392173
Degree 3 = 1.531921627E-08

Coefficient of determination, R? = 0.999909
Correlation coefficient, R = 0.999954499

Model results:

The compressor impeller blades generate oscillations in the general spectrum
of vibrations regardless of the turbocharger technical conditions as it was experimentally
proven|[5;8; 11]. Spectral analysis shows that the vibroacoustic signal from the compressor
blades has the frequency equal to the turbocharger rotor speed multiplied by the blades
number (see Figure 3):

v, =n, X T/C rpm / 60 (1)
were v, — blades frequency of the turbocharger, Hz; n, — total number of compressor
wheel blades; T/C rpm — turbocharger speed, rpm.

Assuming that current engine operating point is between 100 % and 25 % of MCR,
so the top and bottom limits for turbocharger speed could be estimated (for MAN
5S60MC engine):

* Max blade frequency (v
13850 rpm / 60 = 5078 Hz,

* Min blade frequency (v
X 6150 rpm / 60 = 2255 Hz.

=n X max T/C rpm / 60 = 22 blades x

b max) b

= nb x min T/C rpm / 60 = 22 blades x

b min)

expected compressor blade frequency: 10300rpm/60 * 22 = 3776,(6)Hz
Harmonic at the fundamental ——— real compressor blade frequency: 3782Hz

frequency of the turbocharger. 7 sub-harmonic: /2=1891Hz
Vibration amplitude is low [

v
turbocharger main frequency: 3782Hz/22 = 171.9H ————_

Real turbocharger speed= 171.9Hz*60 =

20 £ 50 3 x E3 E3 3 2K He

Figure 3. The spectrum of the vibroacoustic signal of the compressor
of the TCA 66-20072 turbocharger at 50 % load mode of the engine 5S60MC
(4500 kW, 85 rpm)
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Thus, the “blades” harmonic in the general turbocharger spectrum lies between these
limits (Figure 3):

v <Db<l)

b min b max”

The experimental measurements (Figure 4) were made with the electret microphone
EM-4015-BC produced by Soberton Inc. [16]. The microphone has high sensitivity,
wide pass band, narrow directional pattern, small distortion and low noise level. It
should be noted, that due to the current microphone upper limit the presented spectrum
above 12 kHz could be incorrect, but it isn’t significant as for the low-speed diesel
engines turbochargers it isn’t necessary to record the signal over 10 kHz, so it doesn’t

affect the conclusion.

Turbine Exhaust
Gas Outlet

Compressor Housing

D

&

g ~
G
o \
5
s
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Comy Wheel
Compressor Ambient Air Inlet pinasediibane

Figure 4. Recording the vibration of turbocharger
using the EM-4015-BC electret microphone

The spectrum analysis (from Figure 3) reveals the value of actual blades frequency:
3782 Hz. Thus, the actual turbocharger speed equals to: 3782 Hz / 60 = 171.9 Hz. So,
for a given engine operating point the TCA 66-20072 turbocharger actual speed is equal
to: 171.9 Hz x 60 = 10314.5 rpm.

It is notable that the main frequency (171,9 Hz) harmonic amplitude is relatively
small and could be estimated at the range of spectrum noise. This could be assumed
as the indication of small turbocharger rotor vibrations level and highly probable as
the indication of the rotor bearings normal conditions [8; 12].

Vibroacoustic spectrum of TCA 66-20072 turbocharger also has sub-harmonics
and ultra-harmonics:

e sub-harmonic x0.5 = 1891 Hz;

* ultra-harmonics x2 = 7564 Hz, x3 = 11346 Hz, x4 = 15128 Hz, x5 = 18910 Hz,
x6 =22692 Hz.

Sub-harmonics and ultra-harmonics could be used as additional diagnostic signs for
further experimental measurements of turbocharger operation.

For the signal, recorded at 44.1 kHz of frequency it is possible to make spectrum
analysis for harmonics with frequency up to 22.05 kHz [17]. For the most marine engines
the “blades” frequency of turbocharger is always at least 2 times smaller. Maximum
frequency of recorded signal is also limited by the microphone characteristics. As
the possible step for spectrum analysis is down to 1 Hz, the absolute error of turbocharger
frequency estimation is generally <1 rpm. The measurement time should be related to
the response time of a turbocharger, which is typically about 1 to 3 s. So, the accuracy
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of suggested method for turbocharger frequency measurement exceeds the typical
accuracy of standard measuring devices.

Suggested method could be used for accurate measurements of instantaneous
turbocharger speed, turbocharger rotor vibrations level estimation and for rough
estimation of the engine brake power.

3. VTR 564 turbocharger of low speed diesel engine vibroacoustic analysis

Another set of experimental research was carried out for ABB VTR 564-31
turbocharger [18], installed of the MAN 6L80MCE main marine engine of the capsize
bulker [19]

The compressor impeller has 20 blades and its vibroacoustic spectrum for the engine
operating point close to MCR is shown in Figure 5. The assumed value of turbocharger
speed for such conditions should be smaller than the turbocharger speed at the engine rated
power. So, the turbocharger speed for MCR operated point could serve as the top limit.

Max blade frequency (vb max) =nb x max T/C rpm / 60 =
=20 blades x 9000 rpm / 60 = 3000 Hz.
As the engine operating point could be estimated as close to MCR or at least between

50 % and 100 % of MCR, the bottom limit of the turbocharger speed could be assumed
as (v, min) = 1500 Hz.

speed of TURBOCHARGER:
2948Hz 72060 = 8844 rpm

vibroacoustic spectrum of
turbocharger

30 50 100 200 300 E00 000 2k 3 BK 10000 Hz

Figure 5. Recording the vibration of turbocharger
using the EM-4015-BC electret microphone

By scaling the spectrum diagram (Figure 5) the value of “blades” frequency was
estimated as 2948 Hz — it is the closest harmonic to the top limit of 3 kHz. The left
harmonic in the diagram (respect to the “blades” harmonic) is the sub-harmonic which
has a two times smaller frequency — 1474 Hz.

From the “blades” turbocharger frequency the turbocharger rotor speed was
calculated as:

RPM turbocharger = 60 x 2948 Hz / 20 = 8844 rpm.

The turbocharger standard tachometer was indicating the turbocharger speed
as 8800 rpm, so the error of the turbocharger speed estimation is about 0.5 %. It is
important to underline: as the error of turbocharger speed estimation by vibroacoustic
method is generally less than 1 rpm it provides much more accurate turbocharger speed
and further engine operating point estimation.
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The frequency of the main harmonic for the turbocharger rotor speed is:
v turbocharger =vb / nb = 2948 Hz / 20 = 147,4 Hz.

Obviously, the relatively high level of the main harmonic amplitude A could be
an indication of increased level of rotor vibrations [8]. The level of main harmonic
amplitude A in Figure 5 could be assumed as lightly increased but still permissible.

In all cases of measurements on marine engines, when high levels of fundamental
harmonics were found, it was necessary to clean the flow path of the turbochargers.
After cleaning, the level of the fundamental harmonic decreased down to A < 2.

The set of experiments carried out on the number of MAN MC-series diesel
engines has shown that if the main harmonic amplitude becomes 2-3 times greater
than the spectrum average level it indicated the dangerous level of turbocharger rotor
vibrations [12]. The average spectrum amplitude level was estimated in a range of:

[v turbocharger — 50 Hz + v turbocharger + 50 Hz].

More precise quantitative assessment of the permissible range of turbocharger
rotor vibrations level requires further experimental investigations. It is important to
accentuate the ability to make such an assessment rapidly during engine normal
operation and without any additional devices installation on the engine.

4. Eliminating the “leakage effect” of discrete spectrum (LEE)

In the process of analyzing the discrete spectrum of vibroacoustic signals in order
to estimate their frequency and amplitude characteristics, it is necessary to solve
the problem of eliminating the effect of “leakage”. This effect is a consequence
of the finiteness of the analyzed temporal realization and its discrete representation. The
effect of “leakage” or outflow of power from the spectral peaks into the adjacent spectral
lines is considered to be one of the main DFT errors [17].

As an example, Figure 6 shows the amplitude spectra of the same sinusoidal signal
with an integer (a) and a non-integer (b) number of samples per one signal period.

Let the frequency of a signal be represented by

vy =M/T,
where T is the period of the signal; M = n + ¢, where n is an integer and 0 <o < 1.

The maximum distortions of the amplitude, frequency and phase of the central
harmonica and leakage of power into the neighboring ones will be observed at6=0,5[17].

Alo) A(w)

o (O]

(a)o=0 (b)s#0
Figure 6. The DFT leakage effect.
Integer (a) and a non-integer (b) number of samples per period
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Thus, when analyzing the parameters of the original spectrum signal, i. e. the central
harmonic, the resulting amplitude, frequency and phase will be distorted in case
of a non-integer number of signal samples per its period. In practice, for discrete
recording of signals, an Analog to Digital Converter (ADC) with a selected and fixed
sampling rate is used. It is understandable that the number of samples per period will
never be an integer and the value of ¢ will change from 0 to 1 depending on the natural
frequency of the measured signal, and the accuracy of estimating the signal parameters
along the central harmonic will change.

The most common solution for leakage effect reduction is based on window transform
methods. The essence of the method is simple: to reduce the number of discontinuities
at the edges in order to reduce leakage it is necessary to reduce the amplitude of the signal
near the edges. This scaling is carried out during the implementation of the multiplication
by the window with the special form s} =s; - W(j), where W(j) is stands for Window
functions, Table 3.

As a result of applying window functions, the spectrum of the original signal is
changed and its amplitude decreases by RMS Coeft times, as shown in Table 3. Thus,
the dependence of the amplitude of the fundamental harmonic in the spectrum from
the value of o decreases. This means that the fundamental harmonic can be used to
approximate the signal parameters with a certain constant error, which can be taken
into account.

Table 3
Window functions used to reduce the DFT “leakage effect” [17]
window RMS Coeff equation
. 2zn
Hemming 1,414 @(n) =0,53836 - 0,46164 cos N1
. 27n
Hanning 1,633 @(n)=0,5|1-cos N1

(31~ ()’
12,(B)|

Blackman-Harris 1,585 @(n)=0,42-0,5cosQzn / (N —1)) + 0,8 cos(4zn / (N —1))

Kaiser 1,61 @(n) =

More precisely, we can eliminate the “leakage effect” by a numerical method based
on the processing of the complex DFT results. In [17], a suggestion was made that
the frequency m, the phase @, and the amplitude A of the original signal from the values
of two maximum harmonics in the spectrum should be specified. For this it is proposed
to solve numerically the system of complex equations. To do so, the system of complex
equations is proposed to be solved numerically:

{|E(ms¢)k /E(m’¢)k+l| = |Xk / X |} , )
Arg(E(m,¢),) = Arg(X,)

where the parameters of the k-th harmonic are specified as: X, = Re,+ jIm,,
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) 1 Im
X, = NAe™ , A, = W‘/RCZ“ Im?, , ¢, = arctg( Re:) = Arg(X,).
The harmonic coefficients can be represented in the form: X, = (4, / 2)E(m,¢), ,
where E(m,¢), is a complex function independent of the amplitude, but dependent on
the frequency and phase:

. 2z j(m-k) _ 1 ) =2r j(m+k) _ 1
_ it € i+ €
E(m’ ¢)k =e 27 j(m-k) +e 2x j(m+k) : (3)
e ¥ -1 e NV -1
The system of equations (2) must be solved in the case where the harmonics to
the left and right of the central one are not equal to zero (in practice it is more than

a given small value 9):
X, >6,X,.,,>6.

If X,, =0, X,,, =0, then the leakage effect is absent and the frequency, amplitude
and phase of the central harmonica correspond to parameters of the measured initial
signal (Figure 6a).

When solving the system (2) for the situation of strong leakage effects (¢ ~ 0,5),
only five full iterations were required to provide a specified error of less than 0.5 % in
frequency and phase. For a sinusoidal signal, the amplitude and frequency are recovered
to the value specified in the original signal with accuracy to 5 decimal places. In this case,
the amplitude of the central harmonic in the spectrum after the DFT before the recovery
procedure was with an error of 35 % (1) [12; 17].

An error in estimating the frequency of the original signal with respect to
the frequency of the central harmonic can also be significant. It depends on
the frequency of the ADC and the frequency of the original signal. As the frequency
of the ADC increases, it will decrease.

A(m) a b C d

os| ic=0.1._ i P T N e~ I Y e S
o | S | - e e S S
P 5 B BB DAL L A EE AR L I e
ot eI B e e e S5 R | || B e L LL LB LU SU—
9] (SR 5 | SRR e R B ] e el S L | AHAE A
0.2 ..........

S0 l""‘o'olll" II[[ Fiib bt e

[} 200 600 800 1000 1200 1 400

Figure 7. DFT leakage effect eliminating [12; 17]

The solution of the system (2) is not associated with additional memory as is the case
for the fast Fourier transform (FFT). Despite the iterative numerical solution for
system (2), such procedure only very slightly increases the overall computation time,
and make it possible to obtain not only the spectrum of the signal, but also the restored
value of the fundamental frequency, amplitude and phase of the measured signal, when
it is close to sinusoidal.

This method was investigated in case of noise in the original signal (with a white
noise of 5 % and 10 % of the amplitude of the sinusoid). Figure 7 shows the solution
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of the system (2) for a sinusoid with an amplitude of 0,8 and for the cases a) 6 = 0,1,
b)6=0,3c)e=0,5andc)c=0.

The central green line in each Figure 7 a, b, ¢, d is the main harmonic of a sinusoid
with amplitude of 0,8 with the restored amplitude, frequency and phase, being a result
of solving the system of equations (2).

For all the cases, not more than 5 complete iterations were required to ensure
a given accuracy. As a result of the solution of the system (2), the phase and frequency
of the signal with the addition of white noise to 10 %, are restored to the initial value
with an error of not more than 0.5 %.

5. Conclusions

The proposed method allows to determine the turbocharger rotor speed and level
of the vibration by means of stabilizing harmonics amplitude of vibroacoustic spectrum
using proposed algorithm. The method can be implemented in the continuous monitoring
system of the turbocharger, Figure 8.

turbocharger speed
DSP FFT controller

FFT - Spectrum
- blade frequency harmonics - LEE algorithm
- fundamental harmonic relative vibration level

Figure 8. Block diagram of a turbocharger vibroacoustic
continuous monitoring system

In accordance with the main directions of increasing the efficiency of vehicles [20],
it is relevant to reduce operating costs by eliminating undesirable effects and using more
technologically advanced and practical equipment. Tests on two-stroke marine engines
have shown that a mobile version of a smartphone-based vibroacoustic measuring
system can be realized.

Expected features of the proposed system:

» continuous monitoring of turbocharger rotation speed and rotor vibration level;

 reliability and ease of installation, as the sensor is in a low temperature zone;

* high accuracy rotation speed control, which makes it possible to monitor the total
engine load.

In order to define the limits of normal and abnormal rotor vibration levels for various
types of turbochargers, further research is necessary. It may be noted that the vibroacoustic
spectrum analysis of turbocharger can be quickly made under the operating conditions
and does not require significant expenses.
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Abbreviations
The following abbreviations are used in this manuscript:

T/C
MAN MC

MAN ME
MCR

DFT
FFT
LEE
ADC
RMS
IMO

Turbocharger

This type of MAN engines uses a mechanically driven camshaft for fuel
injection, cylinder lubrication, and to control the timing of the starting air
and exhaust

Electronically controlled engines

Maximum continuous rating is defined as the maximum output that
an engine is capable to produce continuously under normal conditions
Discrete Fourier transform

Fast Fourier transform

DFT leakage effect eliminating

Analog to Digital Converter

Root mean square

International Maritime Organization
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