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Abstract. The paper is devoted to the developing a comprehensive model for underwater
radiated noise of marine object in order to model and simulate sonar systems. Many works
present underwater radiated noise models, but as a rule, they consider either one of the noise
components in order to develop algorithms for the corresponding sonar operation mode, or one
of the noise sources in order to design ship parts and assemblies. This paper combines several
noise models of marine objects considering additional factors that were not taken into account
in these models. The obtained comprehensive model is under verification phase, but its
application will significantly expand the possibilities for developing and synthesizing
classification and tracking algorithms of sonar system

Introduction
The development of a realistic model of underwater radiated noise (URN) model of marine object is
an urgent problem for such applications as ship noise monitoring in order to protect marine ecological
systems [1], classification of marine objects [2,3] (especially autonomous uninhabited systems), data
processing in sonar systems [4], their modeling and simulation [5], and others.
The main URN sources of marine object to be described by such models are
e propeller noise; it is significant that even at low speeds the rotation noise of the propellers and
vortex noise are some of the main sources, and when certain speeds are reached (cavitation
inception speed), a cavitation effect arises in the vortex water flows and the noise of the
propellers becomes dominant;
e hull noise caused by vibrations due to shaft rotation, engine work, auxiliary mechanisms, etc .;
e hydrodynamic flow noises, manifested at high speeds during the formation of the wake as a
result of cavitation on hull and propeller;
e other noises.
Traditionally, when developing the algorithms for passive sonar systems, it is customary to
consider three components of the URN of a marine object
e the continuous part of the noise power spectra (CPS), determining its level in a wide
frequency band,
e discrete components of the noise power spectra (DCS), usually presented in the form of scales
(harmonics of the shaft and blade scales), tonal signals of auxiliary mechanisms, etc.;
e narrow-band amplitude modulation of the broadband part of the noise, consisting of shaft-
blade modulation arising from cavitation on the propeller, and modulation caused by sea
rolling.
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Existing models as a rule consider either one of the noise components in order to develop
algorithms for the corresponding sonar operation mode, or one of the noise sources in order to design
ship parts and assemblies.

The paper is devoted to the developing a comprehensive URN model for a marine object, which
combines several of the most modern specified URN models considering additional factors that were
not taken into account earlier. Applying the comprehensive URN model in the design of simulation-
modeling systems improve the quality of testing and algorithmic software, debugging procedure.
Consequently, it improves quality of technical solutions in designed sonar systems and software.
Another important area of using improved URN model is the task of secondary data processing in the
sonar system such as classification and estimation of the orientation and motion parameters of marine
objects.

1. The traditional underwater radiated noise model of a marine object

The URN models for various noise components and sources are described in many works [1, 3, 5-11,
13-16]. Comprehensive URN models are much less common [4, 5]. An example of comprehensive
URN model can be represented:

UURN (t) = (1 + USBM (t) + UPRM (t)) ' F71 { V SCPS (f) ' W} + UDCS (t) . (1)

where Uprn(?) i1s URN; Uspp(t) is modulating process, characterizing shaft-blade modulation;
Upru(t) is modulating process, characterizing pitching and rolling modulation; Scps(f) is CPS of URN;
F! { } is inverse Fourier transform operator; Upcs(?) are tonal signals, characterizing DCS of URN; ¢

is time; f'is frequency; w is zero-mean gaussian white noise.
As an example, Fig. 1 shows the power spectral density (PSD) of an object noise with discrete
components (a) and an amplitude-modulated signal (b).
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Fig. 1. An example of the underwater radiated noise of a marine object. (a) noise spectrum, (b) modulated signal

The process of blade modulation is described in a simplified form by the following expression [4]:

Nips

Usggy (1) = Z (m, '005[27[ Fopy i -1+ sy + 0 F gy () / FSBM,i])
@

where Nggs 1s a number of harmonics of the shaft-blade scale; m; is a modulation coefficient of the
i-th harmonic; Fgpy,; is an average frequency of the i-th harmonic; @sgy,; is an initial phase of
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modulation corresponding to the i-th harmonic; JFy;y:(2) is zero-mean gaussian white noise which
defines frequency fluctuations of the i-th harmonic.
Pitching and rolling modulation is described by the expression:

Upa (1) =, -c0S[ 27 - F, -t + @, + OF,(£) | F, |+ my -cos[27 - Fy -t + @ + 6F (1) | Fy [; 3)

where mp, mp are modulation coefficients of pithing and rolling, respectively; Fp, Fr are average
frequencies of pithing and rolling, respectively; @p, @ are initial phases of modulation corresponding
to pitching and rolling, respectively; 0Fp(?), 0Fr(t) are zero-mean gaussian white noises which define
frequency fluctuations of the pitching and rolling modulation, respectively.

Discrete components of the noise spectrum are described by the expression:

NDCS

Upes(8) = z (aDCS,i '003[2” Fpesi T+ @Ppes, + 5FDCS,1‘ @)/ Foes, )3
)
with Npcs is total number of tonals in CPS (including various models, which will be discussed below),
i is tonal index, a,.,; is tonal level, F,., is tonal average frequency, ¢, is tonal initial phase,

OF, s, (t) is zero-mean gaussian white noise which defines frequency fluctuations of the i-th tonal.

It should be noted that the set of tonals in (4) includes both tonals caused by the propulsion and
drive shaft [6] and tonals of mechanisms, generators, etc. The last are usually expertly appointed and
are beyond the scope work.

The CPS in this model, as a rule, is represented by the Urick model [7] by the expression:

Seps (/) =8, —20-logy, L;

o (5)
where S, is normalized to the frequency f; (in the band of 1 Hz) PSD level in dB; f; — normalizing
frequency (usually 1 kHz).

The considered model has a good structure that describes all the main processes of marine object
URN. Outside of this approach, only some specific phenomena remain. Nevertheless, taking into
account recent URN studies [9-16], it is necessary to improve it in order to increase the adequacy of
the model.

2. Proposed underwater radiated noise model of marine object

Recently, a significant number of URN models have appeared that have higher adequacy, which is
verified experimentally [8]. The most actual model is the AQUA-project model [9], based on
Wittekind-model [10]. In comparison with the Ross [11] and Urick [7] models, which underlie the
simulation model considered above, the AQUA model has the following advantages:

e a wider range of frequency response, with lower frequency about 10 Hz. This takes into
account the complex shape of the noise spectrum at frequencies band from 10 Hz to 1 kHz,
that allows to expand the range of simulation to low-frequency sonar system;

e separation of the CPS noise into three components having different sources. This one allows
to take into account the directivity of the noise (with corresponding sources), as well as the
influence of amplitude modulation, or its absence.

AQUA-project model defines only CPS noise by the expression [9]:

SCPS(f’V) =Smach (f’V)+Spmp (f’V)+SCaV (f’V) (6)

where V is a speed of the marine object. At the same time, the AQUA-project model suggests, by
analogy with Wittekind [10], to divide the noise power spectrum into 3 components, each of which is
described as follows.

First is noise of mechanisms
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K +K,-log;, V

Smach (f’ V) = Pbaselo 10 s for f < fmach ; (7)
K +Kj5-logy, f+K4-logy V

Smach (f’ V) = ])baselo 10 ’ for f > f;nach ’ (8)

where Py, is power for normalize (Paz/Hz), K, K, K;, K, are coefficients of AQUA-project model,
Jfmacn 18 frequency of mechanisms noise spectrum.
Second is the noise of a non-cavitating propulsion

K5+Kq-log) [+Ky-log)y V

Sprop (f’ V) = Pbaselo 10 , IpH f < f;vmp ; (9)

K;+Kg-log)g [+Ky-log,o V
Spr()p (f’ V) = B)gselo 10 b HpH f > f;n'op b (10)
where K, Ks, K7, K5, Ky are coefficients of AQUA-project model, f,,,, is frequency of non-cavitating

propulsion noise spectrum.
Third is component for cavitation noises, including cavitation of the propulsor and hull

Ko +K logyy f+K,-log V'
Sear (fsV)=F,,, 10 10 ’Hpr<f;‘av; (11)
K3+K,-logy f+K,-log, V'

Sea (V) = £ 10 a s mpu f > £, (12)
where K;9, K;;, K;2, K;3, K14 are coefficients of AQUA-project model, f;,, is frequency of cavitation
noise spectrum.

Consider the AQUA-project model, similarly to (1), taking into account amplitude modulation and
DCS caused by the operation of the propulsion. Firstly, amplitude modulation. According to [12],
there are two main (but not exclusively) types of such modulation:

e shaft-blade modulation, caused by the formation of a wake trace from cavitating fluid flows;

e modulation by pitching and rolling, arising from changes in the distance to the water surface
from the propeller and leading to power fluctuations due to the Lloyd effect [9].

We formulate several assumptions, which, of course, require experimental verification:

e shaft-blade modulation affects the cavitation noise of the screw, but not the hull. This causes
some difficulties using the AQUA model, as it does not separate cavitation noise into the noise
of the propeller and the hull. What is certainly advisable to do in the future. Nevertheless,
considering the propeller noise predominant, we can consider the noise process with the
Sear(f, V) spectrum modulated by the shaft-blade modulation defined by the model [12], which
we will consider in more detail below. At the same time, we note that shaft-blade modulation
arises only in the cavitation modes of propeller;

e modulation by pitching and rolling affects (taking into account the foregoing) both the CPS
component S, (f, V)and S,,.,(f, V), determined by the noise of the propeller.

Thus, we can reformulate (1) in the form:

UURN(taV) = (1 +USBM (t) + UPRM (I,V)) -F {Sprop (f,V) + Scav (f,V)} ...
et FHS o (fV)} 4 Upes (0)

UPRM (t)’V 2 I/c
0,V<V

crit

, (13)

rit

where U, (t,V) ={ , Verir 18 cavitation-inception speed.

Under assumptions made and according to [12], the parameters of the processes that specify the
shaft-blade modulation in the form (2) are defied as follows.

F F and Fg, , =R-N, where R is rotate per second of propeller, N, 1S

sem,iv1 — Lsav,i "l SBM |1 blades >
number of blades.
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8Fg, () =norm(M;c), where M =(3+0.25-W*)-10°, o=max[2.52.5+5-(W-2)]-107, W
is sea heavy.

m, = norm(0.06;0.035), and the values of the other harmonics (i >1) are not well understood and
assigned voluntaristically.

The total number of harmonics in is also unknown and is usually assumed tobe 1 ... 2 N, .. -

For modulation by pitching and rolling in the same sources, the following recommended choice of
parameters is taken from [4].

F, =norm(0.12;0.03) F, =norm(0.26;0.05);
OF,(t)=0F,(t) =norm(0.07;0.02) ;
m, =my =norm(M, ,;0,,), where M, , =0.043-W , and o, , =norm(0.05,0.003).

For DCS in [6] the following recommendations for parameter values are given: F), .,

=R-i, and

the blade frequency F,.,=R-N,,,. -i. Those parameters are set in accordance with these

DCS,i

recommendations. Other parameters (« OF,,(t) and N, ) determined by experts, for

DCS.,i
example N, =1.2-N,, .. .

In our note, the source of the blade scale of DCS is propulsion, and the shaft scale is transmitted to
the hull and is radiated by it. Thus, the shaft scale, unlike blade scale, is not subjected to modulation
due to the Lloyd effect.

For DCS noise from the diesel generator working [13], one can indicate the following frequency of
a single tonals and write an expression similar to (4)

F DG.1 = F;urrent ’ N oyl / 2 / N strokes
where F, .. is generator current frequency, N, is number of cylinders, N, .. is number of strokes.

In addition, in models of noise emission, it is usually practiced to assign other tonals by experts like
sum (not a scale), also similar (4). As a result, expression (13) can be reformulating:

Uppn (,V) = (1+USBM(t)+UPRM(t,V))-(F_1 {Spmp (f,V)—l—va (f,V)} +Us(f))+...
Lt FJ {Smach (f’V)} + UB (t) + UDG (Z) + U”th‘” (t) ’ (14)

where Ug(t) are shaft scale tonals; Ugy(¢) are blade scale tonals; U,.(f) are diesel generator

tonals; U

other

(2) are other tonals, assign by expert.

3. Underwater radiated noise directivity
URN directivity is a rather difficult to model. In some cases, URN directivity can be calculated
analytically [14], but more often it can be obtained either by measuring specific marine objects, or in
the form of a statistical average value for a certain class of objects. Among the most common models
in the literature, we can distinguish noise models of propellers, for example [14-16]. Based on the
work [14], when studying a specific propeller in non-cavitation mode, the noise level normal to the
propeller is 70 percent of the noise level behind the propeller.

In general, we can only indicate that the directivity of the noise components is different and has
both horizontal and vertical components. Denoting by the directivity coefficient of URN power, we
finally rewrite (14) in the form:
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U (0,V) = (14 U g (1) + U o, (£,1)) % ...
Dypn (0 B):(F ™ {S iy (S V)4 Us e ) o]
4Dy (@ B) - (FH{ S (/1)) + Uy 0)
oot Dy (6 B) - (F {8 (FV )+ U (04 Upg(0)) 4 Dy (0 8) Uy 2), )

where D, ... (a,p) is directivity coefficient of non-cavitating propulsion noise, D, .. (a,/) is
directivity coefficient of cavitating propulsion noise, D,,,(a,/) is directivity coefficient of hull

noise, D, (a, ﬂ) is directivity coefficient of other noise, «,/f are angle in horizontal and vertical

Oi

plane, respectively. It should be noted that in (15) the blade scale tonals are divided into two noise
Us yonear (1) and Uy . (?), since the directivity of propeller noise is different in before V' <V, and

after V>V, #®)=0forV=>Vv_; U, (t)=0 for V<V,

crit crit ° S.cav

cav

cavitation modes. That’s why U = i -
Conclusion

The paper proposes the author's URN model of marine object, obtained by combining two of the most
advanced in its part models, namely AQUA [9], describing the CPS and DCS and amplitude
modulation models, describing narrow-band processes in radiation and modulation [12]. At the same
time, the authors made some assumptions that allowed them to clarify the model of narrowband
components in terms of DCS modulation and noise directivity. The additive nature of the AQUA
model also made it possible to represent the direction of the object noise more adequately. Of course,
the obtained model needs verification using in-situ data. However, its presence will significantly
expand the work on the development and synthesis of algorithms for classification and tracking of
marine objects, which play a significant role in automatic systems, which have become widespread in
recent years. Nevertheless, it should be noted that in simulation using comprehensive URN model the
possibility of use other URN models [1,7] should be considered as well.
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