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Abstract

Underwater researches have been carried out for various purposes such as the
protection and investigation of natural and environmental resources, various
construction activities, finding and extracting fossil fuel resources, academic and
industrial researches. Especially in the last two decades, unmanned underwater vehicles
are effectively used in almost all of these researches. One of the most essential parts of
those vehicles is their thrust system which gives them the ability to move underwater. In
this study, the design of a thruster for unmanned underwater vehicles is given. The
designed thruster system consists of four main parts: an electric motor, a driver circuit, a
magnetic coupling transmission element, and a propeller. The electrical and mechanical
designs of these parts are performed depending on the predetermined design criteria. A
brushless type DC motor is chosen as an electric motor, and the required torque and rpm
values are determined analytically. Depending on the chosen electric motor, a suitable
driver circuit is determined. Then the propeller, the magnetic coupling element, and the
motor housing are designed by using the SolidWorks software package. Pressure and
fluid dynamics analyses of the housing and propeller are performed by using the Ansys
software package. The thruster design is validated by simulation results.
Keywords: Unmanned underwater vehicle, thruster, magnetic coupling, transmission,

propeller

* This paper has been presented at the ICAT'20 (9th International Conference on Advanced
Technologies) held in Istanbul (Turkey), August 10-12, 2020.
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INSANSIZ SUALTI ARACLARI ICIN ITICI TASARIMI

Ozet

Dogal ve g¢evresel kaynaklarin korunmasi ve arastirilmasi, cesitli sualt1 insaat
calismalari, fosil yakit kaynaklarinin saptanmasi ve ¢ikarilmasi, akademik aragtirmalar
ve endiistriyel ¢alismalar gibi bir¢ok farkli alanlarda su alt1 arastirmalari yapilmaktadir.
Ozellikle son yirmi yilda insansiz sualt1 araglar1 bu arastirmalarin hemen hepsinde etkin
bir sekilde kullanilmistir. Insansiz su alt1 araclarmm en 6nemli sistemlerinden biri de
onlara su altinda hareket kabiliyetini saglayan itki sistemleridir. Bu ¢alisma, insansiz su
alt1 araglar1 igin bir itki sistemi tasarimi gosterilmistir. Tasarlanan itki sistemi elektrik
motoru, siirlicii devresi, manyetik aktarim organi ve pervane olmak iizere dort ana
bilesenden olusmaktadir. Bu bilesenlerin elektriksel ve mekanik tasarimlari onceden
belirlenmis tasarim kriterlerine gére yapilmistir. Elektrik motoru olarak fir¢asiz dogru
akim motoru se¢ilmis ve gerekli tork ve devir sayist degerleri analitik olarak
belirlenmistir. Belirlenen elektrik motoru i¢in uygun bir motor siiriicli devresi
secilmigtir. Pervane, manyetik aktarim elemani ve sistem muhafazasi tasarimlari
SolidWorks programinda yapilmistir. Sistem muhafazasi ve pervanenin basing ve akis
dinamigi analizleri Ansys programi kullanilarak yapilmistir. Gelistirilen itici tasarimi
simulasyon sonug¢lari ile dogrulanmustir.
Anahtar Kelimeler: Insansiz Sualti Araci, itki Sistemi, Manyetik Kaplin, Giig

Aktarim, Pervane

1. Introduction

Unmanned underwater vehicles (UUV) which can be autonomous (AUV) and
remotely operated (ROV) are essential parts of scientific, industrial, and military work
carried out in the seas [1, 2]. Through these vehicles, it has become possible to operate
in depths and areas where manned underwater vehicles cannot dive due to risks [3].
Thus, with unmanned underwater vehicles, tasks like observation, research, monitoring,
data collection, sample collection, search and rescue, maintenance, repair, excavation,
and pipeline construction can be performed at high depths [4].

ROVs are classified into four main groups which are observation class ROVs,
mid-sized ROVs, work class ROVs, and special-use ROVs [5]. Observation class ROVs
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can be divided into two categories as micro-class and mini-class ROVs. The depth
ratings of observation class ROVs are generally less than 300 meters. Figure 1
illustrates a commercial mini-class ROV from BlueRobotics company with a 6-thruster
vectored configuration. For this vehicle, 4 thrusters are used for lateral movement and 2

thrusters are used for vertical movement.

Figure 1. BlueROV2 by BlueRobotics (Source: www.bluerobotics.com)

One of the main systems of those vehicles is the thruster system that gives them
the ability to move underwater. This system gives a significant influence on determining
the overall performance of an underwater vehicle [6]. Figure 2 illustrates Tecnadyne
Model 280 Thruster that is produced for mini-class ROVs and AUVs.

Figure 2. Tecnadyne Model 280 Thruster (Source: https://tecnadyne.com/thrusters)
The thruster system needs a multidisciplinary design process. In the design phase
of this complex system, the following certain design criteria must be considered;
e Size and weight,
e Leak proofing,
e Working depth,

e Thrust force,
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e Hydrodynamic structure,
e Power consumption,
e Ease of maintenance

There are not many studies on thruster design in literature. In [6], a thruster is
designed and tested for specially designed Shrimp ROV. In [7], the design of a low-cost
thruster for AUVs is given. In the design, a brushless DC motor is used by considering
efficiency. In [8], the reverse engineering method is used in thruster design.
Additionally, multi-objective evolutionary algorithm is preferred for hydrodynamics
performance optimization. In [9], a hubless rim-driven thruster for ROVs is designed
and developed. Specially designed brushless permanent magnet DC motor with 16 poles
is used for the thruster.

In this study, the thruster design for micro and mini-class unmanned underwater
vehicles is presented by considering the above-mentioned design criteria. The thrust
system consists of four main subsystems. These are an electric motor, a driver circuit, a
magnetic coupling transmission element, and a propeller. The electrical and mechanical
designs of the thruster are performed. Then the simulation studies are done in order to
validate the system design. Additionally, the rpm-thrust curve of the designed thruster is
drawn. This curve shows that the desired thrust value can be provided by the designed
thruster.

2. System Design
2.1. Technical Specifications
The determined technical specifications are as follows.
e The thrust system must generate a thrust force between 6kgF-7kgF.
e The nominal power of the thrust system must be between 100W-150 W.
e It should be able to operate in depth conditions up to 100 meters [10].
e It must be operable under temperature conditions from 4 ° C to 30 ° C.
e The total weight should be <1,2 kg. (Based on average market expectation)
e The total length should be <280 mm. (Based on average market expectation)
e The system should be resistant to the risk of abrasion and corrosion caused by

seawater.
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e There should be a nozzle to protect the propeller against substances that are
under the sea and may prevent the propeller from working.
2.2. System Architecture
General system architecture for the electrical thruster consists of four subsystems
which are a DC motor, a motor driver circuit, a magnetic coupling, and a propeller as

shown in Figure 3.

Reference
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o

Figure 3. System Architecture

2.3 Mechanical Design

There are four main parts in the system mechanical design. These are housing, a
propeller, a magnetic coupling, and a nozzle. These parts are examined in the following
subsections.
2.3.1. Housing Design

Housing is the part that protects the electronic components from the water and
damage. It has to overcome tough conditions underwater such as pressure, corrosion
effects of salty water, and possible collisions with extraneous materials. 5083 Series Al-
Mg alloy is selected due to better corrosion resistance and weight values. The front and
back caps of housing are screwed into the main part. Silicone O-rings are used to

provide tightness between parts. The design of the housing is given in Figure 4.
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Figure 4. Housing

2.3.2. Propeller Design

Propeller is the part of the thrust system, which converts the rotation that the
motor supplies to the thrust force [11]. The unique design of this propeller is done
according to the criteria that the system must satisfy. Propeller mainly has 4 design
parameters [12]. Those are;

e Pitch angle

e Number of blades

e Surface area

e Material

To determine the optimum parameter values of the propeller by considering
design criteria, SolidWorks Flow Simulation toolbox is used. By performing simulation
studies, the appropriate values of the number of blades, pitch angle, and the surface area
are determined. Since the propeller material must be resistant to the corrosion effect of
water and it has to be relatively light and remarkably strong, 5083 Series Al-Mg alloy is
chosen for the propeller material. The final design of the propeller is given in Figure 5.
2.3.3. Magnetic Coupling Design:

To protect the motor and motor driver from water, the transmission element provides
water isolation between the motor and propeller. There are several methods to isolate
motor shaft (and also electrical components) from water conditions such as the use of
sealing materials placed around a shaft or magnetic coupling method. In this study, the
magnetic coupling method is used for power transmission. As shown in Figure 6, the
magnetic coupling consists of five parts: a driver coupling, a driven coupling, a
containment shroud, a shaft bearing, and a propeller shaft. The driver coupling is the

mechanism that is connected to the motor.
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Figure 5. Propeller

Through magnetic interaction, the driven coupling reacts to the motion of the
driver, resulting in a contactless transmission of mechanical energy [13]. It reduces the
wear of materials and efficiency losses caused by friction due to its no-contact working
principle. Nickel plated NdFeB magnets are used in the design because of providing

relatively stronger magnetic forces.
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Figure 6. Magnetic Coupling

2.3.4. Nozzle Design

Nozzle reduces the vortex effects of the propeller and increases the efficiency of
the propeller. Additionally, it protects the propeller from collisions and reduces
environmental damage caused by the propeller. The nozzle design is shown in Figure 7.
2.4. Electrical Components

The choice of the motor has great importance in the thruster design. The motor
must comply with certain design limits and must provide desired torque values in
desired angular speed ranges. Mostly, two motor types are used for thrusters. Those are

the brushless DC motor and the induction motor.
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Figure 7. Nozzle Design

A brushless DC motor and a proper drive circuit are used for this study. Brushless
DC motors are widely used for the thrusters of the micro and mini-class unmanned
underwater vehicles. Because the power supply to be provided by the operator is DC in
general. In addition, brushless DC motors can be driven relatively easily using a PWM
signal via a driver circuit [14]. The determined motor has power enough to meet the
desired angular velocity-torque values and it is in accordance with the length and
diameter parameters reserved for the motor in the body design [15].
2.5 Final Design

The final design of the thruster is shown in Figure 8. The exploded view of the

design is given in Figure 9.

Figure 8. Assembled View
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Figure 9. Exploded View

3. Simulations

Pressure analyses made on ANSYS program are shown in Figure 10 and Figure
11. The total deformation that occurs at 145 psi, which is the water pressure at 100 m
depth, applied to the body when the fixing point is chosen as the top of the mounting
tower is shown in Figure 10 and Figure 11.

There is almost no deformation at the ends due to the brushless DC motor located
at one end of the housing and the driver part of the magnetic transmission element at the
other end. The part shown as red in the middle-low section is the most deformed place.
But this area has still really small value as deformation and therefore negligible.

Housing is safe and operable at the conditions needed.

ANSYS
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Figure 10. Deformation Analyses
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Figure 11. Stress Analyses

Likewise, in Figure 10 and Figure 11, the pressure-based equivalent stress and
stress distributions made on the ANSYS program can be seen. As mentioned in the
deformation analysis, the stress is concentrated in the middle parts due to the presence
of the motor in one end and the drive part of the magnetic transfer element in the other
end.

If the pressure in the region where the orange is concentrated is read according to
the scale on the left and converted to MPa, it is calculated as 18MPa.

In Table 1, the mechanical properties of aluminum 6061 alloys that we plan to use
in the implementation of the thruster are shown [16]. We can read from the table that
the yield stress of this alloy starts from a minimum value of 145 MPa.

As a result of analyses, it has been shown that our system housing can withstand
more than 5 times the pressure at 100m, which is the maximum working depth we have
specified in our technical requirements.

Table 1. Aluminium 6061 Specifications

Property Aluminium 6061-T4
Tensile Strength (MPa) 241
Yield Strength (MPa) 145
Modulus of Elasticity (GPa) 68.9

The fluid analyses, shown in Figure 12, are performed by using SolidWorks Flow
Simulation toolbox.
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Figure 12. Fluid Analyses
Figure 13 shows the rpm-thrust curve obtained as a result of simulations run for 9
different rpm values (400 rpm, 600 rpm, 800 rpm, 1000 rpm, 1200 rpm, 1400 rpm, 1600
rpm, 1800 rpm, 2000 rpm). As it is seen from the figure, desired thrust values are
provided by the designed thruster.
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Figure 13. RPM-Thrust Graph
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4. Conclusion

In this study, the thruster design for micro and mini underwater vehicles is

presented. The electrical and mechanical designs of the thruster are performed

depending on the predetermined design criteria. Design is validated by the simulation

results and it is shown that the designed thruster provides the desired thrust value. The

designed thruster can easily be produced and integrated into the remotely operated

vehicles for their thrust systems.

In the future study, the designed thruster will be produced and experimental tests

will be performed for the validation of simulation results.
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