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Abstract 

According to the functional requirements of deep-sea underwater vehicles, the 
structural design of deep-sea thruster is studied to provide technical basis for the design 
and development of deep-sea underwater vehicles. Firstly, considering the size and 
sealing of thruster, a double main thruster configuration based on magnetic coupling 
transmission is proposed. Then, in order to improve the power transmission efficiency, 
the structural design of the thruster is optimized by reducing the friction coefficient. 
Finally, the experimental tests of pressure resistance depth, motor efficiency and 
propeller efficiency are completed, and the results verify the practicability and 
reliability of the proposed model structural design. 
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1. Introduction 

The ocean is rich in biological and mineral resources. With the continuous expansion of the scale of 

marine scientific research and marine engineering development, deep-sea underwater vehicles also 

play an important role [1]. As the most heavily loaded component of deep-sea underwater vehicles, 

thruster needs to work in high-pressure and high-load environment for a long time [2]. Reasonable 

thruster structure design can ensure the smooth implementation of underwater tasks, and avoid huge 

losses that cannot be recovered in case of vehicles failure. Therefore, the research on the structural 

design of deep-sea thruster has important application value for the improvement of safety 

performance of vehicles and the development of deep-sea resources [3,4,5]. 

At present, propeller thruster is widely used. It can be divided into hydraulic-driven thruster and 

motor-driven thruster according to the driving power source [6]. Among them, the hydraulic-driven 

thruster has stable transmission and can be protected by backflow when it is stuck by foreign objects, 

avoiding the occurrence of motor overrun fault. However, due to the secondary conversion of energy, 

the transmission efficiency is lower than motor-driven thruster. Motor-driven thruster has high 

reliability, high transmission efficiency and good water tightness. It is commonly used in deep-sea 

underwater vehicles. In terms of sealing mode, motor-driven thruster can be divided into magnetic 

coupling thruster, mechanical sealing thruster and packing sealing thruster. According to the technical 

indicators requirements, the motor-driven mode of magnetic coupling transmission is adopted, and 

the structural design is improved in this paper. On the basis of achieving thruster efficiency, the space 

size of the mechanism is fully considered, which lays a foundation for the research and development 

of deep-sea watertight propulsion system. 
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2. Overall Scheme of Thruster 

2.1 Technical Indicators 

On the premise of ensuring the pressure resistance requirements of working depth, the thruster 

structure design also needs to consider the transmission efficiency and maximum thrust, see Table 1. 

 

Table 1. The main technical indicators of deep-sea thruster 

Technical indicators Requirements 

Input voltage 110 VDC 

Working depth 2000 m 

Thruster efficiency 

Motor efficiency is not less than 85% 

Propeller efficiency is not less than 55% 

Total efficiency is not less than 40% 

Maximum thrust Greater than 38 kgf at 6 knots 

2.2 Thruster Configuration 

For the thrust indicator of 38 kgf at 6 knots, there are two optional thruster configurations: single 

main thruster or double main thruster. Theoretically, single main thruster configuration has higher 

efficiency. However, in addition to the thrust indicator, the problem of limited thruster size needs to 

be considered. For the single thruster configuration, the maximum outer diameter of the given 

propeller shroud is 220 mm. For the double main thruster configuration, the maximum outer diameter 

of the given propeller shroud is 180 mm. 

Considering the space size of the stern section of the vehicle and the scalability of the thruster, it is 

necessary to analyze the maximum power, speed and efficiency of the thruster in detail. The analysis 

results of the two thruster configurations are shown in Table 2, in which the single main thruster 

evaluates the two thruster modes. It can be seen that the power of 2.2 kW single main thruster 

configuration is similar to that of double main thruster configuration. For the thruster as a whole, the 

single main thruster configuration has higher transmission efficiency, so the efficiency of the thruster 

will also be higher. However, in terms of propeller efficiency, the efficiency of single main thruster 

is less than 50%, which cannot meet 55% of the technical indicator requirements. In terms of thruster 

reliability, since the power supply voltage of thruster is constant, the power of single thruster is 

increased to 2.2 kW. Considering transmission efficiency and motor efficiency, the input power of 

thruster motor will not be less than 3.0 kW. If 110V DC power supply is selected, the rated current 

of the motor will reach more than 27 A, and the peak current will be greater. The requirements for 

motor drivers will also be greatly increased. In addition, high-power motors will face more uncertain 

factors in transmission and heat dissipation, and the reliability will be reduced. In summary, the 

double main thrusters configuration is determined. 

 

Table 2. Comparison of thruster configurations 

Parameters Single main thruster Double main thruster 

maximum power 2.2 kW 2.8 kW 2*1.1 kW 

Thruster speed 1800 rpm 2000 rpm 2000 rpm 

Propeller efficiency 49.88% 49.87% 56.0% 

Outer diameter of propeller 180 mm 180 mm 147mm 

Maximum speed 6.1 knots 6.5 knots 6.3 knots 
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2.3 Motor Drive Scheme Selection 

In order to meet the requirements of deep-sea work, there are three main types of motor drive schemes 

that can be adopted for the thruster according to the sealing mode. 

1) Magnetic coupling transmission mode: the motor-driven magnetic coupling thruster realizes power 

transmission due to the rotational torque transmitted by the inner and outer magnets through the 

spacer, the transmission efficiency is lost. But at the same time, the water tightness of the motor is 

realized, and the reliability is greatly enhanced compared with the mechanical seal [7]. This type of 

mode is widely used in underwater thruster, which transmits the motor power from the sealed cabin 

to the thruster through magnetic coupling. The static sealing mode is adopted, and the reducer and 

driver can be built in. It has the advantages of small size, good sealing and high reliability. By filling 

oil in the sealed cabin, the requirements of deep-sea work can be met. However, in the common 

magnetic coupling transmission, the front side of the thruster hub generally adopts sliding bearings 

to achieve axial and radial support. When the thrust increases, the friction between the hub and the 

sliding bearing increases, resulting in reduced efficiency. 

2) Mechanical sealing mode: this type of mode is also widely used in underwater thrusters. It mainly 

uses a mechanical seal to seal the power output shaft, with high transmission efficiency and effective 

noise control. However, this type of method adopts the dynamic sealing method, and the seals must 

be replaced in time, otherwise there are hidden dangers such as leakage and water seepage in a deep-

sea environment. The reliability is lower than that of magnetic coupling transmission. 

3) Motor stator and rotor potting mode: this type of mode is widely used in low-power underwater 

thrusters. It is relatively compact in structure by potting and sealing the motor stator and rotor 

respectively. The thruster can be directly connected with the motor shaft to realize power output, so 

the efficiency is higher. However, if this mode is adopted, the motor diameter will be close to the 

thruster diameter, which will affect the thruster speed and power index. 

Through comparative analysis, the motor drive mode of magnetic coupling transmission is adopted. 

Compared with the traditional magnetic coupling transmission, by improving the structural design, 

all sliding bearings are transformed into rolling bearings, so as to reduce the friction coefficient and 

improve the transmission efficiency. Firstly, the front sliding bearing of the thruster is changed into 

a ceramic thrust ball bearing, and the modified PTFE sliding bearing is used for radial support. 

Secondly, the sliding bearing at the rear end of the thruster is change into a ceramic angular contact 

ball bearing. 

3. Key Technologies and Solutions 

3.1 Magnetic Coupling Design 

According to the thruster efficiency indicators and the space size of the mechanism, the propeller 

diameter of the proposed thruster is 140 mm ~ 160 mm, the outer diameter of the shroud is not more 

than 180 mm, and the shaft spacing of the two thrusters is 240 mm. The rated speed of the thruster is 

n=3000 rpm, the power of the blade is P=1.3 kW, and the diameter of the propeller hub is D=40mm. 

According to the power and the rated speed, the magnetic coupling transmission torque is calculated 

as: 

 

    9550 4.14
P

M Nm
n

=   .                           (1) 

 

According to the diameter of the propeller hub and the transmission torque, the magnetic transmission 

torque is calculated as: 
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Where g is the gravitational acceleration, t is the empirical system of magnetic pole thickness, usually 

0.7 ~ 0.95, k is the magnetic circuit type coefficient, usually 4.0 ~ 6.4, N is the magnetization, n is 

the number of magnetic pole, s is the area of magnetic pole, h is the thickness of magnet, R is the 

action radius of force, Lg is the magnetic gap, b is the width of magnetic pole, c is the magnetic pole 

shape coefficient, usually 1.05, and a is the displacement angle. 

The magnetic coupling is designed with 8 magnetic poles, and the magnet material is NdFeB. The 

end face and sizes of magnetic coupling are shown, see Fig. 1. 

 

Inner rotor：external diameter 26 mm, internal diameter20 mm

Outer rotor：external diameter 37 mm, internal diameter31 mm

Magnetic gap：2.5 mm

Magnetic length：30 mm
 

Fig. 1 The end face and sizes of magnetic coupling 

 

According to the empirical formula, assuming the maximum phase angle of the inner and outer rotors, 

the transmission torque of the magnetic coupling is about 8.5 Nm. Because the empirical formula has 

a certain errors, the specific transmission torque needs to be measured according to the actual situation. 

If the measured value is much higher than the theoretical value, the transmission torque of the 

magnetic coupling can be reduced by shortening the length of the magnetic shoe. 

3.2 Transmission System Design 

In terms of propeller efficiency, the selected propeller index can theoretically meet the requirement 

of no less than 55%. In terms of motor efficiency, brushless DC motor can usually meet the 

requirement of no less than 85%. Therefore, according to the three indicators of propulsion efficiency, 

the transmission efficiency from motor output shaft to propeller shall not be less than   

0.4/0.55/0.85=85.56%. 

The power transmission process in the thruster sealed cabin is shown, see Fig. 2. 

 

Motor 

shaft
Planetary 

reducer

Inner rotor

Inner rotor
 

Fig. 2 The power transmission process in the thruster sealed cabin 

 

In the process of the power transmission from the motor shaft to the magnetic coupling inner rotor, 

the power loss mainly includes planetary reducer and rolling bearing. Therefore, the power 

transmission efficiency in the sealed cabin is high. In order to improve the power transmission 
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efficiency, the propeller transmission part outside the sealed cabin is studied. The propeller power 

transmission scheme is proposed, see Fig. 3. 

 

Thrust ball bearing Propeller hub

Outer rotorSliding ring Angular contact 

ball bearing

Forward direction of 

underwater vehicle
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Fig. 3 The propeller power transmission scheme 

 

Different from the sliding bearing adopted in the common propeller power transmission scheme, the 

ceramic thrust ball bearing is adopted in the front side of the propeller hub in this scheme to support 

the axial thrust generated when the propeller rotates. At the same time, a modified 

polytetrafluoroethylene sliding ring is arranged inside the front side of the hub to support the hub 

radially. An angular contact ball bearing is installed on the rear side of the hub to support the reverse 

thrust when the propeller reverses. 

3.3 Structural Design 

The three-dimensional model of the deep-sea thruster is established, see Fig. 4. 
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Fig. 4 The three-dimensional model of the deep-sea thruster 

 

The deep-sea thruster is divided into four parts from left to right: propeller hub (built-in magnetic 

coupling), planetary reducer, brushless motor and driver. The watertight thruster uses brushless DC 

motor as the power source. The motor output shaft drives the magnetic coupling inner rotor to rotate 

through the planetary reducer. The magnetic coupling outer rotor and inner rotor are isolated by a 

conductive magnetic spacer to realize the water tightness of the motor. The outer rotor is fixedly 

connected inside the propeller, and the propeller rotates together through the magnetic coupling of 

the inner rotor and the outer rotor to generate forward and reverse thrust. The motor driver is 

connected with the submersible body through a watertight connector. In order to meet the 
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requirements of deep-sea operation of thruster, the inner rotor of the magnetic coupling, the planetary 

reducer and the brushless motor are filled with hydraulic oil, and the balance of internal and external 

pressure of thruster is realized through the piston on the shell. The brushless motor and the driver 

compartment are isolated by aluminum alloy plate, and the connection between the brushless motor 

and the driver is realized by three cabin penetrating parts. The power components of the driver are 

pasted on the aluminum alloy plate for heat dissipation, which provides better heat dissipation 

conditions for the driver. Because the thruster is driven by magnetic coupling, the power transmission 

can be realized without dynamic sealing mechanism, which has good reliability in deep-sea operation. 

4. Experimental Test 

The special experimental test of thruster includes pressure resistance test, motor efficiency test and 

propeller efficiency test. 

See Fig. 5, in the pressure resistance test, the thruster is placed in the pressure tank, and the test 

pressure is 22 MPa. The thruster works with electricity, and the pressure holding time is not less than 

30 min. After 30 min pressure maintaining, the thruster works normally, and the pressure resistance 

depth meets the indicator requirements of 2000m. 

 

 

Fig. 5 Pressure resistance test 

 

See Fig. 6, in the motor efficiency test, the input power and output power of the motor under various 

working conditions are measured by simulating various load conditions through the load table to 

obtain the efficiency of the motor. When the motor speed is set at 20000 rpm and torque is set at 0.7 

Nm, the working efficiency is 88.3%, which meets the indicator requirement of no less than 85%. 

 

 
Fig. 6 Motor efficiency test 
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See Fig. 7, in the propeller efficiency test, the efficiency values of propeller at different speeds were 

obtained through numerical simulation and pool test. The actual efficiency of the propeller measured 

in the test is 55.2%, which meets the indicator requirements of no less than 55%. 

 

 

Fig. 7 Propeller efficiency test 

5. Conclusion 

The magnetic coupling thruster developed in this paper has higher efficiency and greater thrust under 

the same power, size and weight. By changing the type and arrangement of bearings, the transmission 

efficiency of magnetic coupling thruster is improved. Finally, the effectiveness of the proposed 

scheme is verified through pressure resistance test, motor efficiency test and propeller efficiency test. 

The successful development of the thruster can meet the power driving requirements of most 

autonomous underwater vehicles and remote-controlled underwater vehicles, and has great social and 

economic benefits. 
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