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Abstract — In the early stage of design of the crane structure 

of retractable sonar antenna systems extended from the hull of a 

ship, hydrodynamic analysis of the sonar geometry is required. 

Based on the information obtained by the hydrodynamic analysis, 

the forces, moments and the basic characteristics of the electric 

motors on the crane can be determined. In this study, a new 

approach is proposed for the design of a retractable sonar antenna 

system (RESA) that can be moved -in and out- of the hull of the 

ship through a tunnel; and the design requirements of the crane 

system of RESA are presented. Within the scope of these 

requirements, considering the heaving and pitching motions and 

ship slamming, pressure distribution affecting the sonar antenna 

were estimated by the help of Computational Fluid Dynamics 

(CFD) analysis, and the geometry of the ship hull to which the 

crane will be inserted was developed. Analyzes have been carried 

out regarding the calculated underwater pressure and force 

distributions affecting the sonar elements according to the location 

of the retractable sonar selected in accordance with the geometry 

of the hull, then by those calculated forces and pressure 

distribution, the electric power system design and was carried out 

with the selection of the electric motors required for the sonar 

crane system. According to the operation scenario of the RESA, 

the main drive unit of the system was also simulated by the selected 

electric-motor and the power electronics circuit. By using the 

equivalent circuit in the simulation, harmonic analysis of motor 

currents and voltage signals was performed and the torque and 

other output values were obtained as close to reality. 

Keywords - retractable sonar system, computational fluid 

dynamics, strip theory, seakeeping analysis, brushless DC motor. 

I. INTRODUCTION 

Sonars are generally used to detect any object/target that has 
its own magnetic signature. These objects/targets might be 
active or passive underwater mines. In general; the principle of 
operation of a sonar system can be summarized as the formation 
of a Foucault’s current, by the contact of the electromagnetic 
signal emitted from the sensor with an underwater target 
(especially a metallic one e.g. a mine) creates a second magnetic 

field on the receiver sensor. Of course, the dimensions, 
orientation and the depth of the target, and the electrical and 
magnetic permeability of the environment are important during 
the whole process [1]. Sonar antennas consist of various sizes, 
and might possess numbers of sensors. These sensors can be 
electromagnetic, acoustic or optical. In addition, sensors can 
communicate with each other when necessary. In some cases, 
acoustic or optical sensors can be used together with 
electromagnetic sensors in order to detect and classify the target. 
In particular, acoustic and optical sensors are used to obtain the 
object or target images at the desired quality [2].   

Recently, there are noteworthy  developments  in sensor 
modules used as underwater target searching systems for many 
commercial and military purposes [1], [3]. These modules can 
be used in the design of such systems for to scan both in high 
and low frequency ranges in appropriate numbers [4], [5]. 
Different methods such as signal processing/filtering, 
developing an algorithm, statistical analysis, and image 
processing and data analysis are used to detect and display the 
target in sonar systems respectively. In addition, environmental 
conditions of the location where the target is to be determined 
should be taken into consideration [6].  

By developing appropriate algorithms, the accuracy of target 
detection can be increased significantly and by using the results 
obtained, the image processing performance can be improved 
[7].  

In general, despite the hull mounted sonars three different 
methods are used for sonar antenna to be submerged. One of 
them is lowering the sonar antenna from a floating platform 
with the help of a crane.  Although this method is simple and 
practical, its reliability in adverse weather conditions is low. In 
addition, the preparation and installation for daily use by such 
a system is a time consuming process when compared to others.  
The second method is to submerge the sonar antenna with the 
help of an unmanned underwater vehicle; such as remotely 
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operated or autonomous underwater vehicles-ROV or AUV 
respectively [8], [9], [10].  Although this method has been in 
use extensively in recent years, scanning endurance of the 
submerged system depends on the endurance of the batteries of 
the submerged vehicle [11].  The third method, which is the 
main subject of this study, is a method in which the sonar 
antenna can be driven out of the ship hull through a tunnel 
(lowering tunnel) and can be used during the sonar operation as 
a retractable appendage of the hull of the ship [12]. By this 
method, underwater scanning can be performed with the 
Retractable Sonar Antenna System (RESA) whether the ship is 
stationary or in motion. 
 

In the following sections, how to determine the geometry 
and the location of the RESA on the hull, and the calculation of 
pressure distribution on the sonar antenna required for the design 
of the proposed retractable crane system are summarized. 
Therefore; the basic dimensions of the ship, the geometry and 
the basic characteristics of RESA, and the location of the 
antenna's penetration tunnel were determined. The underwater 
pressure and force distributions acting on the retractable sonar 
RESA was analyzed by utilizing Strip Theory Calculations and 
Computational Fluid Dynamics (CFD).  The operation 
principles of the crane, the underwater translational and 
rotational motions of the sonar antenna were also determined. 
Electric motor alternatives that can be used for the crane system 
were evaluated and simulation results related to the selected 
electric motors were discussed. 

II. THE DECISION OF THE LOCATION OF THE RETRACTABLE 

ANTENNA 

A generic hull form with 30 cross-sections was obtained by 
using Maxsurf Motions software by the evaluation the 
characteristics of sample mine hunting vessels Fig. 1.  Slamming 
is defined as the 10-15% of the ship's bow coming out of the 
water and hitting the water as a result of the combined heaving 
and pitching motion of a ship moving in rough seas. Due to the  
local and global structural problems as a result of bow slamming 
(Fig. 2), calculations should be made to optimize the hull form 
with less slamming frequency, especially at the ship preliminary 
design stage of the ship [13], [14], [15]. 

These calculations are necessary for the prediction of proper 
location of certain elements on the hull sensitive to ship’s 
motion; such as the RESA, and the speed sensor within the 
region where the possibility of slamming impact is relatively 
less. 

 

 

 

 

 

 

Fig. 1.  The geometry of the hull (unscaled) 

 
Fig. 2. Ship motions, and slamming [16]. 

In the seakeeping calculations during the ship design, the 
parameter of the probability of slamming (slams/hour) is crucial. 
The probability of slamming is obtained by 

         ��� � � ∪ �	 � �
��   exp �� ��
���� � ����

�����              (1) 

 
Here; � is the draft of the ship, ��� and ��� are the areas 

under the relative motion spectrum, and the second moment of 
that area respectively, and  �
�  is the critical vertical speed of the 
motion. The vertical displacement amplitudes of the combined 
heaving and pitching motions should be determined 
probabilistically for the relative motion of the point where the 
calculation will be performed. By applying the "strip theory" 
approach, this complex problem can be simplified, so that the 
motions can be determined as probabilistic motions as in regular 
waves [17]. The hull used was modeled by conformal mapping 
technique, and the irregular sea wave spectra obtained by 
superposing the regular sinusoidal waves within varying 
frequencies. In order to determine the forces that will affect the 
lowering mechanism of the RESA, the analysis was performed 
according to the environmental conditions where the system 
might operate, and then the maximum acceleration and pressure 
values that the RESA might be exposed to were obtained.  

As a conclusion, the location of the sonar antenna’s lowering 
tunnel is obtained and modeled and integrated into the hull form 
(Fig. 3). 

For position dependent motion amplitudes, the sonar 
antenna’s extension location from the hull is given as a 
coordinate input to the calculation. By applying conformal 
mapping technique the cross-section hydrodynamic coefficients 
are calculated and the transfer functions (Response Amplitude 
Operators-RAO) were obtained. By integrating motions spectra 
throughout the whole wave frequency range, motion amplitudes 
were derived. 

 

 

 

 

 

Fig. 3. The location of the sonar antenna’s lowering tunnel 
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III. DEVELOPMENT OF SONAR ANTENNA GEOMETRY  

In order to develop the sonar antenna geometry, the fluid 
flow around the extended antenna was analyzed for 12 knots 
ship speed. For this analysis Reynolds Averaged Navier Stokes 
Computational Fluid Dynamics (RANS-CFD) technique was 
used by running ANSYS CFX v.19.2.  

Sample surface cell structure and boundary layer modeling 
from cell sizes have been obtained as a result of the mesh 
independence study (Fig. 4), and the 3-D RESA system 
geometry has been optimized (Fig. 5). For the geometry of 
antenna and the electric motor system, the moment and total 
drag forces acting on the electric motor are also estimated as for 
prerequisites. 

For modeling the turbulence, Menter's Shear Stress 
Transport (SST) k-w modeling was preferred and second order 
numerical methods were used in all equation solutions. 

Within the scope of the resistance force prediction, the mesh 
independence study has been performed by using the ITTC 7.5-
0.3-01-01 Uncertainty Analysis in CFD Verification and 

Validation Methodology and Procedures. In this context, three 
different cell structures were created and the effect of cell size 
on the antenna surface on the predicted force has been examined.  

By using the surface cell dimensions, and the solution 
parameters obtained as a result of the mesh independence study, 
the flow structure and force values around the antenna were 
estimated. The analysis was performed at 00 (zero degrees) of 
angle of attack for 12 knots flow rate. The calculated pressure 
distribution on front of the antenna is given in Fig. 6.  

 

Fig. 4. Surface cell structure of the antenna 

 

 

 

 

 

 

Fig. 5. 3-D antenna geometry optimized for the analysis 

 Pressure distribution has a profile that is nearly constant 
throughout width direction of the antenna, and the change in 
flow velocity due to the tip vortex reduces the pressure towards 
the edges of the antenna. 

When the flow behind the antenna structure is examined, it 
is seen that at a flow rate of 12 knots, there are massive 
separations and strong vortices occurring near the edges (Fig. 7). 

IV. LOWERING AND RETRACTING SYSTEM OF THE CRANE OF 

THE SONAR ANTENNA 

The crane mechanism designed for the RESA system 
basically consists of two main parts. One of them is the structure 
that allows the RESA to be lowered into the water and also 
allows vertical movements (up and down) related to the ship 
motion (Fig. 8), and the other part is that consists of sonar 
antenna modules which can be operated in various directions 
and angles as shown in Fig. 9. Analysis matrix for the antenna 
is given in Table 1. 

 

 

 

 

 

Fig. 6. Pressure distribution on front of the antenna 

 

 

 

 

 

  

 

Fig. 7. Vortex structure near the edges of the antenna 

 

 

 

 

 

 

 

 

Fig. 8. Vertical motion of the RESA 

                                           

Vertical motion  Main Body of 
RESA 

The tunnel 
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    (a)                          (b)             (c) 

Fig. 9. Antenna rotational motions; (a) Yawing -clock wise, and 
counterclockwise turns (!"#�), (b) Tilting (!"��$, (c) Rolling  %!"&�$  

 

TABLE 1. Analysis matrix for Antenna  
 

Flow 

speed 

(knot) 

Yaw Angle 

(!'()) 

 

Tilt Angle 

(!'*)$ 

 

 

Roll Angle %!'+)$ 

 

12 0° 0° 0° 

12 0° 45° 0° 

12 90° 0° 0° 

 

Although there are many types of retractable sonar antenna 
systems in military and commercial use, here in this study a new 
system has been designed to lower the RESA to the desired 
depth through a tunnel. The advantage of this new system 
compared to other crane systems is that the RESA can sustain a 
desired position under the water. The required information for 
the direction keeping for the antenna can be obtained directly 
from the stabilization control system of the ship. The activation 
of RESA initiates by the vertical motion of the crane to extend 
the sonar antenna downward related to the vertical motion of the 
keel of the ship.  When the lowering process is started at the time 
t0, all the other movable parts on the RESA must remain 
stationary until the process is completed at the time t1. When the 
RESA is lowered to a desired depth, the antenna modules must 
be able to move manually or automatically within certain limits 
in order to detect, find, and classify the image of the underwater 
object. All these operations are tried until the target image is 
clarified.   

V. ELECTRIC MOTOR SELECTION FOR THE CRANE SYSTEM 

In this section, the properties of the electric motors that are 
to be used on the crane system are examined. The criteria for 
electric motor selection is determined and some simulations 
have been carried out under ideal conditions. 

The main drive unit of the RESA system was simulated by a 
selected electric motor and a power electronics circuit. In such 
systems, Alternating Current (AC) or Direct Current (DC) 
electric motors can be used. Although AC motors (e.g. 
asynchronous motors) are simple for application, they require a 
complicated electronic drive system. For this purpose AC 
motors are disregarded, and DC motors are preferred and 
analysis was carried out accordingly.  Due to the maintenance 

difficulties and possible malfunctions of the brush and ring 
system of the DC motors in atmospheric conditions, brushless 
DC (BLDC) motors were chosen as a model for the analysis. 
The rotor of BLDC motors is made of permanent magnets.   

The difference of these motors from permanent magnet 
synchronous motors (PMSM) is that, due to the characteristic of 
the inverter output voltage applied to the stator, the back 
electromotive force (EMF) formed in the stator windings has a 
trapezoidal form [18], [21].   

Although it provides a 25% advantage in weight-to-power 
ratio compared to synchronous motors, the nonlinear structure 
of the mathematical model of these motors makes it difficult to 
analyze.  Based on the equivalent circuit in the Fig. 10, the three-
phase stator voltage equations of a brushless direct current motor 
can be written as follows [21], [22]; 

 

  ,�-�.�

/  ,0- 0 00 0. 00 0 0


/ ,2-2.2

/ 3 ,4- 0 00 4. 00 0 4


/ 5
56 ,2-2.2


/ 3 ,7-7.7

/        (2) 

 

Here V is the stator voltage, i is the phase current, R and L are 
the stator resistances and inductances, and e is the voltage 
created by the back electromotive force. Equations are written 
for phase a, b and c.  For the mechanical side; 

 �8�%9$  :;%9$ 3 < 5=
56 3 �>%9$                              (3) 

Where; Tem (t) is the electromagnetic torque generated in the 
motor, ω(t) is the angular velocity of the rotor, B is the viscous 
friction constant, J is the rotor moment of inertia and TL is the 
load torque. 

Back EMF for phase a is 

             7-  ?8;%9$                          (4) 

where ke is the back EMF constant.  

 The voltage equation is constructed for phase a, using 
symbols in the Laplace domain (s) can be obtained from (2); 

       �-%@$  %0- 3 4-@$A-%@$ 3 B8Ω%@$          (5) 

and the phase current: 

         A-%@$  �D%�$EFGH%�$
IDJ�>D                                  (6) 

 

Figure 10. The equivalent circuit of a three-phase star-connected brushless 
direct current motor driven by an inverter 
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The equation for the electromagnetic torque Tem is  

   �8�  %8DKDJ8LKLJ8�K�$
M                       (7) 

In theoretical studies the phase voltages and currents are 
assumed to have rectangular waveforms with 120 degrees 
resolution and without third harmonics. The back EMF has 
trapezoidal waveform with the peak value of Ep. The peak values 
of the rectangular phase currents ia, ib and ic are determined by 
Ip. Back EMF waveforms and phase currents are in the same 
phase. The geometry of these waveforms is purely theoretical as 
the inductances of the stator phase windings and switching 
effects are normally neglected [18], [19]. 

Based on the evaluations of the waveforms for three phases, 
the total power P to be taken from the shaft at any time t is 
calculated based on these theoretical waveforms [18]; 

        �  2OPAP                   (8) 

Here in this study, PSIM software was used for the 
simulation of the drive system by choosing the integration of the 
equivalent model of the system, and the equations given above 
[22]. As it is more efficient motor control the closed loop control 
method was chosen compared to open loop control (Fig. 11).  

In this respect, the results to be obtained by modeling the 
motor based on the inverter output voltage and current are 
expected to give more accurate results than theoretical 
definitions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Features of the simulation are as follows: 

The nominal power of the motor is predicted approximately 
1 kW.  A load of 80 kg (nearly the weight of the RESA) is 
attached to the end of the motor shaft, and the speed conversion 
ratio of the reducer connected between the load and the shaft is 
determined as 100:1. Pulley radius at the shaft exit is 10 cm.  The 
results have shown that the inverter efficiency is about 94%, the 
motor efficiency about 84%, with a result in total 78%. The 
waveform of the trapezoidal back EMF has been analyzed 
precisely, calculating the root mean square-rms, and the 
fundamental and peak OPvalues. Real-time position control can 
be performed in all of these special electrical machine (SEM) 
type of motors (Fig.12). These motors can be used with hydro-
pneumatic systems where water tightness is required. RESA 
when operating immersed, all axial changes, the dynamic 
position and direction information of the ship must be available 
simultaneously. For position control in BLDC motors Hall 
Effect sensors (HES) are used. There is an embedded HES in the 
BLDC motor used in the simulation.  Control signals of the 
switches on the inverter circuit of the motor are produced 
according to the position information received from these 
outputs. The waveforms of the angular position of the rotor and 
the output speed of the motor obtained from the simulation result 
are given in Fig. 13 and 14 respectively. 

VI. RESULTS AND CONCLUSION 

 It has been observed that the prediction of the location of the 
extension tunnel on the hull, and lowering the antennas 
underwater by means of an elevator system through that tunnel 
is a practical and fast method for to design a retractable 
appendage e.g. a retractable sonar antenna-RESA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Simulation circuit for closed loop control of the BLDC Motor (with the speed and current feedback) 
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Fig. 12.  BLDC motor simulation circuit for underwater axial motion 

The most suitable motor type was determined for RESA, and 
the system was verified by a simulation using the speed and 
current feedback closed loop control method. The crane system 
efficiency is obtained about %78. Analyzing the inverter-motor 
circuit in this way is very rare in the literature. Satisfactory 
results have been obtained by comparing the fundamental and 
rms components, and taking the effects of the inductive 
components into consideration.  

 

 

 

 

 

 

 

 

Figure 13. Angular position of the rotor (degrees)  

 

 

Figure 14.   Motor output speed (rpm) 
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