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Abstract
Subsurface buoy systems, especially equipped with the vector sensor, have more and more ex-

tensive applications in military and civilian regions. However, their acoustic performances are con-

strained by the vibration resulting from the unavoidable ocean current in some degree. The influence

of such vibrations is quantitatively analyzed by means of modeling the simplified models of two de-

ployment configurations involving the positive buoyant buoy and neutral buoy system. The corre-

sponding formulas are deduced respectively for the deployment configuration buoy systems in the mo-

tion state firstly. Then the simulation software is developed and some numerical simulations are put

up via the Runge-Kutta method. The simulation results and theoretical analysis indicate that the neu-

tral buoy will be an excellent design protocol in engineering application in comparison with the posi-

tive buoyant buoy.
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0 Introduction

A subsurface buoy system is an effective device to
acquire the marine environmental information, such as
passing-by ships and underwater moving targets of in-
terest radiated noise, ocean noise under a variety of sea
state and so on. It can work well in the harsh marine
environment in the long-term, continuous and confident
manner, which characterizes its automation, safety and
reliability, and fruitful information. It has a broad de-
velopment prospects in the field of information access
about underwater target of interest and ocean noise

") However, with the development of

characteristics
vibration reduction and noise control technology, the
radiated noise in the high frequency band of underwater
moving target decreases greatly, which makes underwa-
ter acoustic researches shift to low frequency gradually.
Also it makes the required aperture of conventional hy-
drophone array become larger and larger, which limits
its applications in practical engineering. Fortunately,
the vector sensor inspires new ideas to solve this prob-
lem. Thus, the subsurface buoy system armed with the
vector sensor has got more and more development and
progress' >’

Unlike the conventional hydrophone, the vector

sensor can measure both the particle motions and pres-
sure changes associated with the same target of inter-
est, while the hydrophone can only measure the pres-
sure changes. So the vector sensor can acquire more
comprehensive acoustic field information, which makes
it more suitable for further signal processing and sonar
capability extensions'*!. Unfortunately, the vector sen-
sor is also sensitive to attitude changes, vibrations and
ocean current, even at velocities less than 50em/s"*’.
During the period of subsurface buoy equipped with
vector sensors working in the ocean, it is inevitably in-
fluenced by the ocean current, tide and so on, which
makes it produce the attitude changes involving rota-
tion, pitch and roll. At the same time, it also causes
the buoy to vibrate forward and backward, up and

L68) addition, the flow noise ari-

down randomly
sing from the ocean current over the vector sensor or its
housing is often a major source of interference. All
these influences are usually directly coupled to the vec-
tor sensor sensing elements, in which the acoustic in-
formation acquired by the vector sensor may be corrup-
ted by these influence factors, and even they can’t be
used for further research, such as target direction of ar-
rival (DOA) estimation, target classification and rec-
ognition and so forth"”’.
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This paper focuses on the vibration influence on
the subsurface buoy introduced by the ocean current,
tide, etc. In Section 0, it introduces the background
and the influence factors to subsurface buoy. In Sec-
tion 1, it conducts the mechanical analysis of two sim-
plified subsurface buoy models and derives the differ-
ential equations for the buoy motions. In what follows,
in Section 2 it validates the theoretical analysis in sec-
ond section through numerical simulation. It is summa-
rized in Section 3 indicating that the neutral buoy is an
excellent design protocol and arranges the next work.

1 Mechanical analysis of subsurface buoy
systems

The subsurface buoy system is a complex device
and may have many deployment configurations. Here,
two deployment configurations are discussed, which are
illustrated in Fig. 1 and Fig.2. In Fig. 1, the subsur-
face buoy has positive resultant force>’ | i. e. the buoy
gravity is smaller than its buoyance. On the other
hand, the subsurface buoy in Fig. 2 may have positive ,
or negative even zero resultant force, among which
there may exist an optimal choice, and it can mitigate
the vibration arising from ocean current'®’.

Fig.1 Deployment configuration A

Fig.2 Deployment configuration B

For the sake of analyzing conveniently, here it
will simplify the two deployment configurations. In
these simplified models, suppose all ropes are ideal

and their gravities are not considered into the motion
equations about the buoy. The acoustic release is neg-
lected. In addition, the shape of the float and the sub-
surface buoy is omitted and are seen as particles. Mo-
reover, the force produced by the ocean current is har-
monic, i.e. F, + Acoswi. Here term F is the equiva-
lent force of the initial condition, and A and @ are the
force amplitude and frequency respectively. If the mo-
tion equations about the buoy constructed, the vibra-
tion influence on the subsurface buoy due to ocean cur-
rent would be analyzed.

1.1 Deployment configuration A

According to the above assumptions, mechanical
analysis of deployment configuration A is depicted in
Fig.3. The subsurface buoy locates at O, (x,,z,) ini-
tially,, imposed by resultant force B between buoy gravi-
ty and its buoyance, strike force F of ocean flow and
pull force P of the rope with the length of L. Owing to
the impact of ocean current, it will move from O, («x,,
zy) to O (x,z).

equations about the buoy will be derived.

Hereinafter, the relative motion

Z

B

I Buoy (initial) (x,, z,)
—>r

' ) Buoy (moving)(x, 2)
e 0 '

Fig.3 Mechanical analysis of deployment configuration A

Considering the second law of Newton, the motion
equations about the buoy can be achieved as follows:

x d*x

F-PY =p&s
L dt
B—P% = md—f
¢

where m is the quality of the subsurface buoy. From
Eq. (1), parameter P is eliminated and a first two-or-
der differential equation about the buoy will be got:
2 2
mz%—mx%:Fz—Bx (2)
On the other hand, the rope holds the length un-
changed, i.e. ;
X+ = vz o= L (3)
Differentiating Eq. (3) and a second differential
equation can be expressed as
d’x d’z dx.
TR T (dt ~

L dz
de’ de’

oy (4)
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Combining Eq. (2) and Eq. (4) and introducing
the following notations ;

L
1= e
de
5
s (5)
Y2 A
a,, =mz a, =-mx b, = Fz - Bx
dx dz
{a21=x Ay =2 bz:_<52—(a>2
(6)

A set of two two-order differential equations about
the buoy will be attained finally .

Ay Ap][h b,
[a21 azz][yz] [bz] )
And the following initial conditions should be sat-
isfied:
x(t) ‘::o =X
&
% o (8)
2(1) ‘p=o =3
&,
dt |,
As can be seen from Eq. (2) and Eq. (4), the

motion equations of the buoy are nonlinear and perhaps

can be solved through numerical calculation method,
such as the Runge-Kutta method "', Here Eq. (7)

can make the computation convenient.

1.2 Deployment configuration B

Deployment configuration B may be a more com-
plex configuration, but it may mitigate the vibration in-
fluence on the buoy due to the ocean current in a high
degree. Mechanical analysis of the simplified model of
configuration B is depicted in Fig. 4. Initially, the float
locates at O, (x,, ,2, ), imposed by resultant force B,
between buoy gravity and its buoyance, strike force F,
of ocean flow and pull force P, of the rope with the
length of L,. Due to the impact of ocean current, it will
z B,

TFlont (ini_tial) (X01,Z01)
0, £

Float (moving) (x,,zy)
90 B,
VA
’ 1
L, Buoy (initial) (xo2, 2o2)
0,

=

rot (initial)(xo3, zo3)
0, ¢ I Buoy (moving) (x3,2;,)
0

B

L “Knot(moving) (x3,23) c

Fig.4 Mechanical analysis of deployment configuration B

move from O, (%, ,z, ) t0 O',(x,,z,). The subsurface
buoy initially rests at O,(x,,25,), with the corre-
sponding parameters B, , F, , P, and L, respectively and
move to 0',(%,,z,) in the same way. In addition, the
connection knot of the three ropes is at the position of
0, (xy; ,25;) at the beginning, and can move from
0, (%3 ,203 ) to O'5(x5,2;). Moreover, the length from
the connection knot to the origin is L;.

Deducing in the same way as in Section 1.1, the
motion equations about the float, the buoy and the con-
nection knot can be achieved as follows;

d*x d*z
m, (2, = z) ?21 - m; (%, - x3) ?21
:Fl(z]_z3)_Bl(xl_x3> (9)
d*x d*z
my(z, = z;) dtz2 - m, (%, = x3) dez
=F2(zz—z3) _Bz(xz_x3) (10)
d’x, d’z d’x, d’z,
m,z; ? - m;x; 12 T myz; ? - MyX, d7
:(Fl"'Fz)zs_(Bl"'Bz)% (11)

where m, and m, are the quality of the float and the
subsurface buoy respectively. Besides, the three ropes
hold their length unchanged, i.e. :

(g _xo_s)z + (2 _Zo3>2

= (xl _x3)2+(zl _23)2 :LT (12)
(% _5'503)2 + (20 _203)2
= (xz_x3)2+(zz_zs)2 :lé (13)

Xgy +Zoy = x5 + 25 = L) (14)

Differentiating the equations from Eq. (12) to
Eq. (14) and the two-order differential equations can
be expressed as:

d*x d*z d*x
(xl —x3) del"' (Zl _Z3) del_ (xl —x3) dT;
e ey TE o _dy,dn da,
S &t &t e
(15)
d’x d’z d’x
(xz xs)dez*'(zz_zs)dez_(xz_xa)de}
-(z, -z )dzﬁ__ %_%)2_(%_% 2
SR o de  de de  de
16
d’x, d’z, dxy dz , e
g TEge TG~ G an)
Introducing the following notations ;
_ d’x, _ d’z
N P T
d’x d’z
¥ = dzz2 Ya = dT; (18)
_ s
Ys d Y6 A
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ay =m(z —z), a, =-m(x -dy),
by = Fi(z, —2) = B (% -x;)
ay = my(2, —23), @y ==my(x, —d;),
by = Fy(z, —2y) = By (x, —x5)
A3 = M2z, 3 = = MyX3, (33 = M3Z3,
ay ==myxy, by = (Fy + F,)zy = (B, + B,)x,
Ay = X = X3y Qgp = 21 — 23,

dw,  dxy, dz,  dz,
e T R T TR
As3 = Xy = X3, Us4 = 2, — 23,
> de  de de  de
Ags = X3, Qg = 23, bg = - (% ? _(%)2

(19)

A set of six two-order differential equations about

the buoy will be obtained finally, which are also non-
linear equations.

fa, ap, 0 0 0 0 xn] [bi]

0 0 ay ay 0 0 Y2 b,

Az Ap Az Gy 0 0 Y3 | _ by
a, a, 0 0 — Ay T Qp (| Vs b,
0 0 as asy —as; —asy| Vs bs
LO 0 0 O ags ag dlysd  Lbgd
(20)

And the following initial conditions should be sat-

isfied :

xl(t) ‘_o = Xon
dx1(t) -0
dt |,
2 (1) |,y = 20
(0| _,
dt |,
(1) [,y = %0
dxz(” -0
e |, (21)
Zz(t> ‘;:0 = 2pn
d (1) | _
dt |,
x5 (1) ‘;:o = X3
dx3(t) -0
dt |,
23(t> ‘[:0 = 203
dZ3(l> — 0
dt t=0

2 Numerical simulation and analysis

Here, numerical simulation for configuration A
and B is proceeded respectively and influence of the
subsurface buoy resulting from the ocean current is
studied. First of all, the simulation software is devel-
oped. Then the numerical simulations are conducted by
the Runge-Kutta method "’
figuration A, the simulations are divided into two ca-
ses. On one hand, resultant force B between the buoy
gravity and its buoyance is changed with some fixed
strike force F of ocean flow. On the other hand, strike
force F of ocean current is changed with constant result-

For the deployment con-

ant force B. For configuration B, the condition of re-
sultant force B is studied under which it can make the
vibration imposed upon the buoy the smallest.

2.1 Simulation software development

The simulation software is developed in C lan-

guage[“]

, and the major interfaces are listed in Fig.5
and Fig. 6, in which they are the software simulation
interfaces for configuration A and B respectively. After
numerical computations, the resultant data is stored as
a MAT file, which can be read, analyzed and depicted

in MATLAB platform.

| Simulation Software for Subsurface Buoy Systems
CONTROL(Q) CONFIGURATION(C) SAVE(S) HELP ()

Il

-40. 00

| =
-

Fig.6 Software simulation interface for configuration B
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2.2 Simulation results for configuration A

As stated above, the simulation parameters for
configuration A are listed in Table 1, where amplitude
A of flow stress on the buoy in the motion state is equiv-

alent to —40dB.

Tablel  Simulation parameters for configuration A
Parameters Case 1 Case 2
Buoy mass m (kg) 150 150
Flow stress on the buoy in the sta- 10 40 ~ 60
tionary state F' (N)

Amplitude of flow stress on the bu-

oy in the motion state A (N) 0-01 0.01
Frequency of flow stress f (Hz) 2~10 2~10
Rope length L (m) 50 50
Resultant force B (N) 40 ~60 80

The simulation results are illustrated in Fig.7 ~
Fig. 10. Fig. 7and Fig. 8 are for case one, of which
Fig. 7 is the vibration force arising from ocean flow on
the buoy in z direction, Fig. 8 in x direction. Fig.9 and
Fig. 10 are the results for case two. Among these fig-
ures, the x axis denotes frequency of flow stress and y
coordinate is resultant force B or flow stress on the buoy
in the stationary state respectively. The color indicates
the vibration force on the buoy with the unit of decibel.
As can be seen from Fig.5 to Fig. 8, compared with
flow stress on the buoy in the stationary state, the lar-
ger the buoyance of the buoy is, the smaller the vibra-
tion force on the buoy in z direction is, but the larger in
x direction. This can be interpreted from Eq. (3). Ac-
cording to Eq. (3), we can obtain the following ex-

pression ;
dx dz
xdt+zdt—0 (22)
Eq. (22) can be transformed further as:
%o | &2 (23)
v, x
E 575
42
44 58
z
r
b
g
E
&

2 3 4 5 6 7 8 9 10
Frequency of flow stress f(Hz)

Fig.7 Vibration force on the buoy in z direction for case A

Resultant force B(N)
W
3

40
)
44 I
46 I
48

2 3 4 5 6 7 8 9 10

Frequency of flow stress f(Hz)
Fig. 8

Vibration force on the buoy in x direction for case A

40 .51.2
2
-51.4
44
46 -51.6
48 -51.8
50
.52
L5212
1524
52,6
2 3 4 5 6 7 8 9 10

Frequency of flow stress f(Hz)

Flow stress on the buoy in the
stationary state (N)

Fig. 9

Vibration force on the buoy in z direction for case B

W
e

60

40 -46.8

3 :i .47
8 -47.2
g f;f .47.4
23 -47.6
g5’ -47.8

2 § 52 ‘

& '§ 54 48
g s6 48.2
= 484
-48.6

2 3 4 5 6 7 8 9 10

Frequency of flow stress f(Hz)

Fig. 10 Vibration force on the buoy in x direction for case B

From Eq. (23), it is concluded that the smaller
the buoy coordinate x, in the initial state is, the smaller
the vibration velocity in z direction is. This is consistent
to the larger buoyance of the buoy. In addition, we can
summarize from these figures that the vibration forces in
z and x directions are both smaller than the input of
ocean current, which means that deployment configura-
tion A has damping nature just like a filter. But the fil-
ter performance is not outstanding.

2.3 Simulation results for configuration B
Compared with deployment configuration A, con-
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figuration B may have more parameters to determine its
acoustic characteristics. All the simulation parameters
for configuration B are tabled in Table 2, where ampli-
tude A, and A, of flow stress on the float and buoy in the
motion state is equivalent to —60dB and —-40dB re-
spectively.

Table 2 Simulation parameters for configuration B

Parameters Configuration B
Float mass m, (kg) 50

Buoy mass m, (kg) 150
Resultant force between the float gravity 100

and its buoyance B, (N)

Resultant force between the buoy gravity 40 ~ 40
and its buoyance B, (N) T
Flow stress on the float in the stationary 10

state Fy, (N)

Flow stress on the buoy in the stationary %0

state Fy, (N)

Amplitude of flow stress on the float in 0.001
the motion state A, (N) ’
Amplitude of flow stress on the buoy in 0.01

the motion state A, (N) ’

Rope length L, (m) 10

Rope length L, (m) 8

Rope length L, (m) 50
Frequency of flow stress f ( Hz) 2~10

Fig.11 and Fig. 12 give the simulation results
about the vibration force on the buoy in z and x direc-
tions for deployment configuration B. In both figures,
the x coordinate is the frequency of flow stress and y ax-
is is the resultant force B,. The color still represents
the vibration force on the buoy with the unit of decibel.
As can be concluded from Fig. 11 and Fig. 12, the
more resultant force B, approaches to zero, the smaller
the vibration force will be on the buoy in both z and x
directions. As can be seen from Fig. 13, the mitigation

-40 70
-80
-90
-100
-110
-120
-130
-140
2 3 4 5 6 7 8 9 10

Frequency of flow stress f(Hz)

-30

b
(=]

Resultant force B, (N)
S o

w N
(SR -

40

Fig.11  Vibration force on the buoy in the z direction
for configuration B

Resultant force B, (N)

3 4 5 6 7 8 9
Frequency of flow stress f(Hz)

10

Fig.12 Vibration force on the buoy in the x direction
for configuration B

z direction
80+ ---- x direction

Mitigation capability (dB)

40 -30 -20 -10 O 10 20 30 40
Resultant force B, (N)

Fig.13 Mitigation capability to ocean current influence

capability to ocean current influence is nearly 90dB in
the z direction for neutral buoy in comparison with
about 20dB for positive buoyant buoy depicted in Fig. 7
and Fig. 9. Here, we can think configuration B as a
Its filter
characteristics can have a great deal improvement, es-

cascade structure of two configurations A.

pecially in the z direction. In other words, deployment
configuration B may be a better choice in practice. In
this condition, the signal of interest recorded by the
vector sensor especially in the z direction will not be
corrupted by the vibrations due to the ocean current in-
fluence. And it will improve the signal processing per-
formance through long time integration to extend sonar
capability ' .

3 Conclusion and further work

This article focuses on the vibration influence on
the subsurface buoy resulting from the ocean current. It
firstly derives the motion equations of two simplified
deployment configurations of the subsurface buoy sys-
tem. Then it analyzes the constructed differential mod-
els through numerical calculation via the Runge-Kutta
algorithm. The numerical simulation results and theo-
retical analysis indicate that .
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(1) For configuration A, the larger the buoyance
of the buoy is, the smaller the vibration force on the
buoy is in the z direction;

(2) For configuration B, the more resultant force
of the buoy approaches to zero, the smaller the vibra-
tion force is on the buoy in both z and x directions;

(3) In practice, deployment configuration B may
be an advantageous choice in engineering application,
which is propitious to improve the post signal process-
ing performance to extend the sonar detection capabili-
ty.

The work in this paper is very meaningful for de-
signing the subsurface buoy. However, the subsurface
buoy system is a complicated engineering project,
which is needed to think about the influence of the bu-
oy’ s shape and material, installation, and flow noise
on vector sensor. Here is the next work to do about the
ocean current and flow noise :

(1) Vibration analysis in the condition of quasi-
real ocean current is done, using software CFD;

(2) Flow noise analysis for deployment configura-
tion B.
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