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Unmanned or Autonomous Surface Vehicles (USV/ASV), Remotely Operated and 

Autonomous Underwater Vehicles (ROV/AUV) are becoming widely used in industry, 

environmental monitoring and scientific research. In practice, it is often not feasible, 

or it is too dangerous to test and tune USVs equipped with expensive instruments and 

sensors particularly in high current environments. Realistic simulations are 

increasingly important, especially in hazardous operating conditions such as flooding 

river, catastrophe, bad weather conditions, heavy traffic, etc. The aim of this work was 

to create the digital twin of a 3D printed underwater thruster that is easily available and 

simple to manufacture. Transient Computational Fluid Dynamics (CFD) simulations 

were used to model the hydrodynamic forces acting on the thruster. This aims to enable 

the modelling of similar but different thruster geometries in the future, without the 

need for real experiments. In order to validate the CFD simulations and the final digital 

twin, open water propeller tests of the thruster were performed in a small towing tank. 

Underwater brake test bench measurements of the permanent magnet synchronous 

motor (PMSM) driving the thruster was also required to properly model the propeller-

motor interaction. The validated thruster digital twin created in this paper can be used 

for realistic and safe simulations of USVs or can be run on an on-board computer for 

diagnostic and prediction tasks. 

1. Introduction 

Unmanned surface or underwater vehicles (USV/AUV) are getting more and more widely used in 

industry, scientific research and environmental monitoring. There are several examples of the application of 

these vehicles in seabed and riverbed mapping [1-3], water velocity measurement [4, 5] and water quality 

measurement [6, 7] both in sea and inland water environments. The main advantage of these applications is 

that it is not necessary to operate a complete vessel or boat with the appropriate crew, but only a small USV 

or AUV is needed to autonomously perform the monotonous, time-consuming and sometimes dangerous task, 

even without supervision. Such small vehicles are almost always electrically powered, and propulsion is often 

achieved with ducted, podded plastic thrusters as in [8, 9]. In several cases, rapid prototyping has been 

implemented, for example using 3D printed propellers [10] or fully 3D printed AUVs [11]. A unique 
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development was made in [12] by developing a small diameter plastic contra-rotating thruster for marine 

robots. 

The objective of this study is to create the digital twin of a simple and inexpensive to manufacture Fused 

Filament Fabrication (FFF) 3D printed underwater thruster with easily variable Computational Fluid 

Dynamics (CFD) simulations validated by towing tank experiments. The digital twin, implemented in a 

realistic simulation environment, will allow to tune and improve the control system of USVs or AUVs and to 

estimate the required battery capacity to perform specific tasks. Diagnostic and predictive functions can also 

be implemented by using the digital twin on the on-board computer of the vehicle. Similar task has been 

implemented in [13] where high-precision digital twin of a ship cooling pump has been created for monitoring 

and fault diagnosis tasks. In USV applications multihull configurations are very popular, where the use of 

differential thrust steering is obvious due to simplicity. This has been investigated in several studies, for 

example [14] studied the effect of thruster arrangement on the manoeuvrability of USVs, or [15] performed 

dynamic modelling of a USV equipped with rudderless twin thrusters. In order to ensure reliable and robust 

operation of differential steering (and other under-actuated) USVs, simulation in a safe environment is 

essential. The hydrodynamic and energetic models describing the thruster are crucial components of realistic 

simulations in terms of manoeuvrability, energy consumption and range estimation. 

For the hydrodynamic modelling of the thruster, CFD simulations have been performed. Several 

examples on this topic can be found in the literature. In [16], CFD study of an azimuth, ducted thruster was 

performed, where the aim was to create a new virtual disk model that considers the lateral forces and the effect 

of the nozzle. Unsteady Reynolds-Averaged Navier Stokes (URANS) solver with k-ω SST turbulence model 

was applied and the propeller rotation was modelled using the Sliding Mesh (SM) method. Similar methods 

(RANS, SST, SM) were used in [17] to study Podded propulsors in manoeuvring conditions. Steady Moving 

Reference Frame (MRF) and unsteady SM methods were compared in [18] for the investigation of ducted 

propellers. The study showed that the static MRF method gives reasonable accuracy in the trawling, medium 

advance ratio and free sailing conditions (j=0.2-0.6), but in bollard condition (j = 0) it may be necessary to 

use the SM method. A Rim-driven Thruster (RDT), which is quite similar to the thruster studied in this paper, 

was investigated in [19], where CFD was used to optimize the geometry of the duct. Static RANS equations 

and MRF method were used for the CFD simulations, and the optimization resulted in an efficiency increase 

of 3-10 % depending on the advance coefficient. Open water CFD simulations of a conventional ducted 

propeller were carried out and the self-propulsion characteristics of an underwater vehicle with RDT were 

determined in [20] using static MRF and non-static SM methods. Hub-type and hubless RDTs were compared 

in [21] using MRF method and the results indicate clearly that hubless thrusters have higher efficiency. In this 

study, the reason for using CFD in addition to towing tank measurements is to allow the hydrodynamic 

modelling of thrusters with other geometries in the future without experiments.  

Extensive energetic modelling of USVs has been carried out in [22] and the resulting energy 

consumption model has been integrated into the Gazebo simulation environment. For underwater robots 

minimal energy consumption is particularly important, thus [23] investigated the hydrodynamic shape 

optimization of a small Remotely Operated Vehicles (ROV), while [24] worked on the optimal control of a 

positive buoyancy diving autonomous vehicle to achieve a longer range. To improve ship motion prediction, 

a four-quadrant hydrodynamic propeller model of a submarine was created in [25] using CFD studies. Using 

also four-quadrant propeller curves [26] created a propeller torque observer and validated it with towing tank 

tests. In the present study to describe the operation of the brushless Permanent Magnet Synchronous Motor 

(PMSM) and its interaction with the propeller, underwater brake test bench measurements were performed, 

since water can enter between the stator and the rotor as in [27]. A similar design of submersible pump has 

been extensively studied in [28] highlighting that corrosion protection and adequate insulation are key issues 

for similar applications. 

The main purpose of the newly developed digital twin is to enable safe and efficient simulation and 

tuning of small differential thrust steered catamaran USVs designed for hydrographic measurements and tasks 

(river current speed measurement, towing underwater sensors and pumps, sediment collecting etc.). Realistic 

simulation of marine vehicles is covered by several research projects, but there are a growing number of 
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examples where the open-source Gazebo simulation environment was used. Gazebo has been used to simulate 

the downstream mooring manoeuvres of river passenger vessels in [29]. A Gazebo based simulation 

environment has been developed in [30] for testing different types of USVs mainly in coastal and inland 

environments. Extensive simulation of catamaran USVs has been investigated in [31], while the performance 

of different control methods of USVs has been studied in [32], [33] and [34] in Gazebo environment. Based 

on these, the digital twin developed in this paper has been designed to be easily integrable into the Gazebo 

environment. To facilitate further utilisation of the digital twin, such as diagnostics, fault prediction, etc., the 

system is designed to be easily embeddable into the USV on-board computer. 

2. Thruster geometry and components 

The fundamental objective in designing the geometry of the thruster under study was to achieve a simple, 

reliable design with low maintenance requirements and which is easy to manufacture. FFF 3D printing was 

used for rapid prototyping. A low-cost, easily available brushless PMSM (D2836 750KV) was installed in the 

thruster, with stainless bearings and with waterproof coating on the windings. The concept is that the motor is 

completely submerged, allowing water to enter between the stator and the rotor. This circumstance increases 

the rotational resistance of the motor, but in this way the structure is extremely simple, no sealing or gearbox 

is required, and efficient cooling is ensured. The geometry of the propeller has been generated by an in-house 

fully parameterized MATLAB program, which is described in detail in a previous work [35]. The nozzle has 

a NACA6518 profile and can be mounted separately on the thruster to ensure easy modification. The 

specifications of the thruster are shown in Table 1, the design is shown in Figure 1, while the thruster used 

during measurements is shown in Figure 2. 

   

 Fig. 1  Concept of underwater thruster  Fig. 2  FFF 3D printed thruster  

Table 1  Thruster specifications 

Propeller diameter (D) 64 mm 

Blade area ratio (AD/Ao) 0.3 

Design pitch ratio (P/D) 0.8 

Rake 4° 

Skew 0° 

Number of blades (z) 3 

Nozzle length 40 mm 

Nozzle inner diameter 66 mm 

Nozzle inner diameter 86 mm 

Motor velocity constant (KV) 750 rpm/V 

Motor max. amperage (Imax) 25 A 
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3. Towing Tank experiments 

The Budapest University of Technology and Economics (BME), Department of Aeronautics and Naval 

Architecture (RHT) has a towing tank facility for small size measurements. The dimensions of the tank are 

limited (width: 1 m, water depth: 1 m, length: 16 m), but with sufficient care full scale measurements of the 

thruster can be carried out. The towing speed can be varied between 0.1 m/s and 3 m/s with an arbitrary speed 

profile. During the measurements, the water temperature was 15°C, the density (ρ) was 997 kg/m3, no wave 

damping was applied, and there was a minimum 8-minute break between the towing tests. 

3.1 Experimental setup 

During the measurements, the thruster was operated completely as it will be installed except for the 

presence of the hull. The PMSM was controlled by a 40 A bidirectional Electronic Speed Controller (ESC) 

which was powered by a 12 V LiPo battery. The thruster mounting was provided by an aluminium rod  

and a 3D printed mounting bracket. The angle of the thruster was adjusted with a servo but remained 

unchanged (0°) during the measurements. The measurement setup is shown in Figure 3. The propeller shaft 

of the thruster was 300 mm below the water surface. A custom designed ESP32 microprocessor based control, 

measurement and data acquisition system were used to perform the following tasks. 

 Control of the ESC throttle [%] by generating a PWM signal (Pulse Width Modulation: 50 Hz square 

wave with a pulse width between 1000 µs and 2000 µs, which can be equivalent to -100 % to 100 % 

throttle). 

 Control of the servo with PWM signal that adjusts the angle of the thruster (α [°]: from -90° to 90°). 

 Measurement of the towing carriage speed (u [m/s]) using a 600 pulse per revolution optical encoder 

mounted on a trailing wheel. Measurement resolution is 0.01 m/s after appropriate filtering. 

 The longitudinal and transverse forces (X [N], Y [N]) were measured with strain gauges and two 24-

bit Analog Digital Converter (ADC) and amplifier modules (HX711 IC). Measurement resolution is 

0.01 N; sampling rate is 80 Hz. 

 The measurement of the propeller rotational speed (n [Hz]) was carried out with an electronic rpm 

sensor which converted the voltage changes of the PMSM phase wires into pulses (18 pulses per 

revolution) and thus functioned as an encoder. The measurement resolution is 1.0 rpm after 

appropriate filtering. 

 The current (I [A]) drawn by the ESC was measured using a HALL effect current sensor (ACS712 - 

max. 30 A) and a 16-bit ADC (ADS1115). The measurement resolution is 0.01 A; sampling rate is 

80 Hz after appropriate filtering. 

 To measure the power, the battery voltage (U [V]) was measured using a simple voltage divider 

circuit and a 16-bit ADC (ADS1115). The measurement resolution is 0.01 V, sampling rate 80 Hz 

after appropriate filtering. 

The measuring system has been calibrated with certified measuring equipment. The resistance of the rod 

holding the thruster was measured individually without the thruster and the results were used to correct the 

open water propeller tests. In reality, our possibilities to study these interactions are rather limited. Due to the 

many different operating conditions tested, the only option to support the thruster is to fix it from above, axial 

support and measurement was not possible. Since the measuring load cells could not be placed in the 

immediate vicinity of the thruster, it was not possible to test it without the rod being present. Verification was 

carried out in the Bollard pull case with zero advance speed and the data showed good agreement with the 

CFD, so it was assumed that in this condition there is no noticeable effect of the rod on the thruster. Hence 

the rod effect was corrected by subtraction only, neglecting the non-linear effects, due to the lack of other 

options. The ratio between the measured resistance of the free-standing rod and the forces measured during 

open water experiments is not significant at low towing speeds, but at higher speeds (u > 1 m/s) the results 

should be treated with caution. Further studies are needed to investigate this in more profound detail. This 

procedure was considered appropriate for the purposes of this paper. It was not possible to measure the torque 

of the propeller shaft directly, but the torque can be estimated from the measured current using the motor 
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torque characteristics. For this purpose, underwater brake test bench measurements were performed on the 

propellerless thruster using the same measuring and data acquisition system, but in this case the strain gauge 

was mounted on a Prony brake. The characteristics of the towing tank and the control and measurement system 

imposed certain limitations on the measurements. The ESC could only stably drive the thruster underwater at 

a minimum of 1000 rpm. This is further complicated by the fact that the ESC does not break the propeller 

rotation, so at higher speeds, when the throttle is low, the resulting reverse thrust can increase the propeller 

rotational speed. If the towing carriage is moving with a speed higher than 2 m/s there is not enough time to 

take a sufficient number of measurements due to the limited length of the tank and the maximum sampling 

rate of the HX711 ADC. Due to the width of the tank, oblique open water propeller tests are not recommended 

because the thruster pushes the water against the tank wall. The combined effect of these limitations is that 

the advance angle β (1), which combines the control parameters (u, n), can only be achieved within a limited 

range. The consequences of this are mainly noticeable during the CFD validation, but since there are similar 

β limitations on the real USV (max speed 3 m/s, same ESC and motor), it does not affect the quality of the 

modelling overall. 

 

Fig. 3  Podded thruster measurement setup 

3.2 Open water propeller experiments 

The evaluation of measurements and results has two basic objectives. Firstly, the experimental results 

will be used to validate the CFD simulations, and secondly, they will provide data for the creation of the digital 

twin. For the analysis of the measurements, the four-quadrant open water propeller characteristics variables 

and expressions (1) -(4) have been used. The thrust coefficient CT and the torque coefficient CQ could be 

expressed as a function of the advance angle β [°]. Note that for the post-processing calculations of β, the 

atan2 function was used as in [26]. Vr [m/s] is the relative advance velocity, Q [Nm] is the propeller torque, 

which was calculated indirectly from the measured current. A0 is the area of the propeller disk, the other 

notations are given in the previous chapter: 

𝛽 = tan−1(
𝑢

 0.7 ∙ 𝐷 ∙ 𝑛 ∙ 𝜋
) (1) 
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𝑉𝑟
2 = 𝑢2 + (0.7 ∙ 𝐷 ∙ 𝑛 ∙ 𝜋)2 (2) 

𝐶𝑄 =
𝑄

0.5 ∙ 𝛿 ∙ 𝑉𝑟
2 ∙ 𝐴0 ∙ 𝐷

 (3) 

𝐶𝑇 =
𝑋

0.5 ∙ 𝛿 ∙ 𝑉𝑟
2 ∙ 𝐴0

 (4) 

The open water ducted propeller tests were carried out at positive and negative towing speeds with the 

propeller rotating forwards and backwards, distinguishing four different operating conditions. The throttle was 

+/-50 % except for high-speed tows, where it was +/-20 % and 0 % to achieve higher β. The speed increased 

from -2 to 2 m/s with 0.2 m/s steps. For further use of the created digital twin (e.g. manoeuvre simulations, 

control system tests, on-board diagnostics) it is important to know the interaction characteristics between the 

ESC, motor and propeller, as this will determine the resulting working point (e.g. torque, rotational speed, 

thrust, current consumption). To describe the ESC and motor behaviour, the underwater brake measurements 

described earlier were performed. Note that the relationship derived from the measured data is only true for 

12 V supply voltage (e.g. 3S LiPo battery) otherwise the speed-PWM correlation will change. In order to 

validate the motor-propeller interaction modelling extensively, dynamically varying towing experiments were 

also performed with linear variation of throttle and speed. Thus, with relatively few measurements, a 

comprehensive understanding of the characteristics of the thruster can be obtained. 12 measurements were 

carried out with the following parameters. 

 At speed of 0 m/s varying throttle from 0 % to 100 % and from 0 % to -100 % 

 Fixed speeds of 1 m/s and -1 m/s with varying throttle from 0 % to 70 % and from 0 % to -70 % 

 At 50 % and -50 % throttle, varying speed from 0 m/s to 1.5 m/s and from 0 m/s to -1.5m/s 

 At 0 % throttle, varying speed from 0 m/s to 1.5 m/s and from 0 m/s to -1.5 m/s. 

For non-zero speed measurements, the boundary values were limited (max. throttle 70 %, max.  

speed 1.5 m/s) in order to avoid changing the input parameters too rapidly, which could potentially corrupt 

the measurements. Note that for more accurate results, static measurements are needed. The filtered and 

processed measurement results are compared with the output of the developed digital twin in section 6.3. 

4. CFD simulations 

The main motivation for CFD based calculations is to provide a validated simulation method for accurate 

and relatively fast hydrodynamic modelling of pod thrusters. Since the main advantage of using CFD is that 

the geometrical variation is inexpensive, many different variants can be investigated and optimisation for a 

given task can be possible before production. 

4.1 Computational setup 

For the CFD simulations, a URANS solver was used with the Ansys Fluent software. The flow around 

the propeller was modelled as a single-phase incompressible fluid with the material properties of water 

corresponding to the conditions of the towing tank (ρ, temperature, viscosity). The MRF method was used to 

model the propeller rotation. As recommended by [18], the SM method was also tested to increase the accuracy 

but was discarded due to the excessive computational demand (1° revolution per time step). For the purposes 

of this paper, shorter computation time is more important than accuracy. The SST k-ω model was used to 

model the turbulence around the thruster and for this y+ was kept to a maximum of 1 during the simulations. 

There were two types of CFD simulation in this paper, one with fixed input (u, n) and the other with 

time-varying speed input (u(t), n(t)). During the fixed input numerical open water propeller simulations, the 

rotational speed of the propeller was 2600 rpm or -2600 rpm, while the u speed was 0, +/-0.563, +/-1.126, +/-

1.690 and +/-2.253 m/s, resulting in a total of 18 measurement points. During the transient simulations, the 

time step was 0.005 s and, depending on the propeller operating mode, min. 5 s max. 12 s were simulated at 

one speed. Due to the extremely high computational time demand, it was not possible to use the 1° 
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revolution/time step condition, so the chosen time step is a compromise between stability of the simulations 

and computational speed that is made for taking the aim of this paper into consideration. 

In addition, to further increase the efficiency of the simulations in the future (measurement points per 

day), a slowly varying transient simulation was performed in each of the four possible operating modes  

(+/-u, +/-n). These time-varying speed input (‘dynamic’) simulations have been tuned based on the 

experimental data, resulting in the following input parameters: 

 initial speed -1.5 m/s, rotational speed increases from 0 to 2600 rpm in 10 s, then speed increases to 

0 m/s in 10 s (β = [-90°, 0°]) 

 initial speed 1.5 m/s, rotational speed increases from 0 to 2600 rpm in 10 s, speed decreases to 0 m/s 

in 10 s (β = [0°, 90°]) 

 initial speed -1.5 m/s, rotational speed decreases from 0 to -2600 rpm in 10 s, then speed increases 

to 0 m/s in 10 s (β = [-180°, -90°]) 

 initial speed 1.5 m/s, rotational speed decreases from 0 to -2600 rpm in 10 s, then speed decreases to 

0 m/s in 10 s (β = [90°, 180°]) 

In all the dynamic cases, simulations start with a 5 s initialization with fixed input parameters to ensure 

a stable flow in the entire flow domain, giving a total of 25 s per simulation.  

Cylindrical computational domain was used for the simulations with two separate regions. The outer 

flow region contains the fixed elements of the thruster, while the propeller is placed in a separate MRF region. 

The lateral surface of the outer flow region is a slip wall boundary, the front and back faces are velocity-inlet 

or pressure-outlet boundary conditions according to the direction of the velocity u. For the dynamically 

varying simulations, the Fluent frame motion method was used to vary the velocity, with the velocity defined 

as 0 m/s at the velocity-inlet boundary. The background domain and propeller region translational velocity, as 

well as the propeller rotational speed, were controlled by Fluent UDFs - User Defined Function (C code). The 

dimensions of the computational domain and the propeller surroundings are shown in Figure 4. 

 

Fig. 4  Computational domain and MRF region 

4.2 Mesh 

Unstructured hexahedral mesh was generated using the OpenFoam open-source software, with the 

SnappyHexMesh utility. Several refinement zones have been applied around the thruster to capture the 

complex flow for all four propeller modes. Prismatic boundary layer cells have been applied to the entire 

surface of the thruster for accurate simulation of the boundary layer. Great care has been taken to create nearly 

equal cell sizes on the surface of the two flow regions (background, MRF region). To verify the mesh 

independence, 4 systematically refined meshes were investigated. The refinement ratio was √2 in all 

directions. In these simulations, the speed was 0 m/s, and the rotation speed was +/-2600 rpm. The reason for 

the negative speed is that in the case of an improper mesh, significant errors have occurred in this operating 

condition. The total thrust calculated for the 4 meshes is shown in Table 2 comparing the experimental and 

CFD results. To ensure accuracy, the fine mesh with 11∙million cells was used for further simulations. Errors 
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in the torque coefficient were not considered during the verification study because it was only possible to 

measure the torque indirectly. The final numerical mesh is illustrated in Figures 5 and 6. 

   

 Fig. 5  Numerical grid used for the CFD calculations Fig. 6  Mesh around the propeller 

Table 2  Mesh verification 

Mesh 
Cells 

[106] 

Experimental results 

CT [-] 

CFD results 

CT [-] 

Relative error 

CFD − Exp.

Exp.
∙ 100 % 

β = 0° 

coarse 2.43 0.1487 0.1627 9.41 

medium 5.13 0.1487 0.1589 6.86 

fine 11.2 0.1487 0.1529 2.82 

finest 22.7 0.1487 0.1527 2.67 

β = 180° 

coarse 2.43 -0.0729 -0.0648 -11.11 

medium 5.13 -0.0729 -0.0686 -5.90 

fine 11.2 -0.0729 -0.0704 -3.43 

finest 22.7 -0.0729 -0.0718 -1.51 

5. Experimental and numerical results 

The results of the fixed input CFD simulations ('CFD') are presented and compared with the results of 

the towing tank experiments ('Exp.'), and the results of the time-varying speed input CFD simulations ('CFD 

dyn.'). In Figures 7 and 8, the CT thrust coefficient and the CQ moment coefficient are plotted as a function of 

the advance angle β. 
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Fig. 7  CT and CQ in range β = [-25, 25] Fig. 8  CT and CQ in range β = [155, 205] 

From the results, it can be concluded that when the sign of the advance speed and the propeller rotational 

speed are the same, the relative deviation of the CT thrust coefficient from the experimental results is less  

than 5 % for both the systematic and dynamic CFD simulations. For different speed and rpm sign, this error 

is more significant, reaching up to 9 % for systematic CFD simulations. During the towing tank experiments, 

the range of β = [-20°, 0°] and [160°, 180°] showed the highest deviation in the measurement series, indicating 

that it is hard to reach a steady state flow in these operating conditions. Therefore, it is reasonable to conclude 

that CFD simulations require more time and a sufficiently fine mesh in this β range. 

To enable a more profound analysis of the CFD results, the simulation at critical β = -10° and the 

simulation at β = 10° are compared below, where the latter shows an acceptable agreement with the measured 

data. Figure 9 compares the absolute pressure distribution on the pressure and suction sides of the propeller in 

these cases. Note that the propeller is rotating in the positive x direction with 2600 rpm in both cases. On the 

suction side of the propeller there is a difference in the pressure distribution at the leading edge of the propeller 

blades, especially at smaller radius, mainly due to the different velocity triangle and advance speed. Similarly, 

at the leading edge on the pressure side, it can be observed that the pressure variation at the blade tip is smaller 

in the case of β = -10°, and the average pressure on the blade surface is clearly larger in this case. This is 

because the water accumulates on the pressure side of the propeller due to the negative advance speed of the 

thruster. Flow field in the XZ and XY planes for the two investigated cases is shown in Figure 10. The slight 

asymmetry of the resulting flow field is an indication of non-static flow conditions, which can be confirmed 

by the animation of the transient simulation results. The summed thrust, and within it the ratio of pressure and 

viscous forces generated on the duct and on the thruster bulb (motor casing, struts) are almost identical in both 

cases, due to the remarkable similarity of the velocity field ahead of the thruster. The only significant 

difference is in the value of the pressure component of the propeller thrust, due to the difference of the flow 

field behind the thruster. Because of the different advance speed, the pressure on the propeller pressure side 

cannot increase as much at beta=10° as in the other case. The ratio of viscosity and pressure components of 

the propeller torque are quite similar, with about 17 % viscous fraction at β = 10°and 11 % at β = -10°. Still, 

it is possible that the different propeller surface roughness between measurements and simulations may 

produce different flow and separation conditions in the critical beta range, which may increase the torque 

demand of the propeller, thus reducing the resulting thrust. Even after proper surface treatment (grinding, 

painting), the FFF 3D printed propeller blades will not be as smooth as the geometry used in the CFD 

simulations, as investigated in [36]. Further measurements should be taken to investigate this in more depth. 

The deformation of the propeller blades does not have a significant effect on the results, as demonstrated  

in [35]. 
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Fig. 9  Comparison of absolute pressure distribution on the suction side (a, b) and the pressure side (c, d) of the propeller. 

 

Fig. 10  Comparison of axial velocity distribution in XZ plane (a, b) and XY plane (c, d).  
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It should be emphasized that the MRF method is mainly used for steady-state flow studies, which is not 

the case in the critical beta ranges. The use of the SM method could further improve the accuracy of the results 

in the critical conditions, but, as the results in the usual ranges β = [0°, 20°] and [180°, 200°] are already 

satisfactory accurate, and as the relatively low computation time is more important for the purposes of this 

paper, the results with MRF method is used for now. For more accurate simulations of the critical β ranges, 

the use of SM or overset methods with correspondingly small time-step is recommended and will be 

considered in future studies. 

The results of the dynamic CFD simulations also show the largest deviation in the β = [-20°, 0°] and 

[160°, 180°] operating conditions, which can be up to 40 % in extreme cases. Of course, by reducing the 

variation of the input parameters for a given time, the accuracy could be increased, but this would increase the 

time required for the calculations excessively. Despite the less accurate results, it is very important to 

emphasise that by applying dynamic simulations, much more information can be obtained about the thruster 

hydrodynamic characteristics over the full β range. This is illustrated in Figure 11 where the results are plotted 

over the full β range. It is also important to highlight that, due to the dead zone of the electric motor and the 

fact that the maximum speed of the designed USV does not reach 3 m/s even in extreme cases, hardly any 

operating point is established in the range of β = [-150°, -50°] and [50°, 150°] under normal operation. Since 

the same motor and ESC were used in the experiments, it was not possible to perform measurements in this β 

range due to the ESC limitations mentioned in section 3.1. 

The β = -90° and 90° points are important operating points for n = 0 rpm, which will be considered in 

the simulations, since these points represent the resistance of the thruster. As it was not possible to measure 

the propeller shaft torque directly, the deviations of the CQ torque coefficient are only informative and further 

measurements would be needed for a more accurate validation. In summary, the dynamic CFD simulations 

show that for appropriate input parameters, when the sign of the advance speed and the propeller rotational 

speed are the same, the results are almost identical to those obtained with fixed input CFD simulations. In the 

range of β = [-20°, 0°] and [160°, 180°] the results are not accurate enough, for higher accuracy the input 

parameters must be changed more slowly, or the SM or overset method should be used with a smaller time-

step. For a fast but reasonably accurate modelling, which provides data over the whole β range, a hybrid 

method will be used during development of the digital twin, where static measurement points in the critical β 

range are added to the dynamic simulation results. 

 

Fig. 11  Dynamic CFD results: CT and CQ in full β range 

6. Digital twin of the thruster 

In the future, the digital twin of the thruster will have two basic functions that will determine its structural 

design. Its primary purpose will be to enable the modelling of any USV, both dynamically and energetically, 

by integrating it into the open-source Gazebo simulation software. Thanks to the realistic manoeuvre 
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simulations, the control system and operation of USVs will be tested and developed in a safe environment 

before production. The efficiency of different control strategies and the energy consumption of the operational 

tasks will be tested. Another function could be if the digital twin of the thruster is used for diagnostics and 

troubleshooting. In this case the digital twin runs on the on-board computer of the USV and continuously 

compares the values measured by the sensors with the calculated values. By comparing the digital twin output 

data and the actual measured values (e.g. throttle, speed, current, etc.), the system performance can be checked, 

and in case of deviation, the fault can be indicated or even an intervention can be done (e.g. stop the thrusters). 

A deviation can be caused by e.g. seaweed, underwater vegetation, ropes, damaged propeller, or motor 

overheating, ESC failure, etc. Focusing on these tasks, the schematic of the digital twin presented in this work 

is shown in Figure 12. For ease of system integration, the inputs are directly the PWM [µs] signal of the 

controller and the water velocity (advance speed: ua [m/s]) at the propeller. The output can be thrust, speed 

and current, depending on the application. The first step in the execution of the digital twin is to calculate the 

operating point for the torque balance of the motor and propeller. This is computed by the root_scalar function 

of the python SciPy module [37]. In the two torque equations (5) and arranged (3), only the rotational speed 

is variable, the parameters PWM and ua are constant for each root finding. Knowing the resulting rotational 

speed, the total thrust is first calculated (arranged (4)). Then, the current draw is calculated based on the 

required torque, which is provided by the model generated from the underwater motor brake  

measurements (6). The ESC and PMSM model and the hydrodynamic model of the thruster are presented in 

the following sections. 

 

Fig. 12  Thruster digital twin system structure 

6.1 ESC and PMSM model 

The purpose of this subsystem is to determine the torque of the motor from the PWM control signal and 

the rotational speed resulting from the motor-propeller interaction. The current draw of the motor is calculated 

from the determined torque and the control PWM signal. Both relationships have been modelled using two-

dimensional polynomial regression, with equations (5) and (6): 

𝑄(𝑛, PWM) = 𝑚0 +  𝑚1 ∙ 𝑛 + 𝑚2 ∙ PWM +  𝑚3 ∙ 𝑛 ∙ 𝑃𝑊𝑀 +  𝑚4 ∙ PWM2  (5) 

𝐼(𝑄, PWM) = 𝑎0 +  𝑎1 ∙ 𝑄 + 𝑎2 ∙ PWM +  𝑎3 ∙ 𝑄 ∙ PWM +  𝑎4 ∙ 𝑄2 + 𝑎5 ∙ PWM2 (6) 

The dead zone and saturation of the motor rpm are handled by the program code using multi-layer 

comparisons. The final model is shown in Figure 13, where the motor torque is plotted as a function of 

rotational speed and PWM signal width. The energy consumption model is shown in Figure 14, where the 
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current draw is plotted as a function of torque and PWM signal width. It is worth highlighting that these 

models are only true if a 12 V power source is used (e.g. 3S LiPo battery). The parameters of the equations 

describing the models are given in Table 3. 

  

 Fig. 13  Torque model of ESC and PMSM Fig. 14  Current model of ESC and PMSM 

Table 3  ESC and PMSM model parameters 

𝑚0 1.701 𝑎0 8.398 

𝑚1 0.0001694 𝑎1 -249 

𝑚2 -0.002991 𝑎2 -0.01617 

𝑚3 -1.102e-07 𝑎3 103.6 

𝑚4 1.232e-06 𝑎4 0.1577 

  𝑎5 7.127e-06 

6.2 Propeller model 

The hydrodynamic model of the thruster was created by Fourier regression and interpolation of the 

validated CFD data. To ensure accuracy, the fixed input CFD results were used in the critical  

ranges β = [-20°, 0°] and [160°, 180°], while dynamic CFD results were used otherwise. To perform high 

quality regression, it was necessary to use a Fourier series with at least 20 terms, which may require too much 

computation on computers with limited processing power. In these cases, much faster computation is possible 

by using interpolation on suitably filtered data (e.g. python Scipy PchipInterpolator [37]). A comparison of 

the two methods is shown in Figure 15. In python environment the time required for a given number of 

calculations using interpolation (with 200 data points) is 40 % less than using a 20 term Fourier series. Note 

that interpolation requires more memory to store the data, which is in the example below 600  

floating-point (32 bit) numbers. 
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Fig. 15  Hydrodynamic model of the thruster 

6.3 Operation and validation of the digital twin 

When the created digital twin is used, the control PWM signal between 1000 and 2000 μs is always 

required as input. The other required (but not necessarily essential) input is the water velocity arriving to the 

thruster in the direction of the propeller shaft. When using Gazebo simulation environment, this is typically 

equal to the longitudinal velocity of the vessel relative to water. For on-board observer configurations, an 

ultrasonic or mechanical water velocity sensor may be required, especially if the thruster is operating on rivers 

or in strong currents. For such applications, the resulting propeller rotational speed and current consumption 

are the most important outputs, because these values can be compared with sensor data. For manoeuvring 

simulations, the most important output of the digital twin is the thrust and the energy consumption. This allows 

a wide range of USV functionalities to be tested in a safe environment at low cost. The results of the variable 

input towing tank measurements were used to validate the developed digital twin and the ESC, motor, 

propeller interaction. The results of the measurements are shown in Figure 16, where the resulting propeller 

rotational speed is plotted as a function of advance speed and control PWM signal (blue thick lines). The 

rotational speed calculated with the digital twin, represented by the colormap surface with red grid lines, are 

also plotted in this figure. 

 

Fig. 16  Validation of the thruster digital twin 
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The absolute relative rpm error compared to the experimental data is 2.4 % in average outside the motor 

dead zone (rpm = 0). The larger error peaks typically occur in the large throttle zones, when PWM < 1200 µs 

or PWM > 1300µs, when the maximum relative error does not exceed 18.1 % or 7.8 % respectively. The 

reason for this can depend on several factors, including different propeller surface quality, inaccuracies in 

CFD simulations and underwater motor bench tests, and simplifications introduced during the modelling 

process. It should be noted that the model does not consider that in the motor dead zone (0 % throttle around 

1500 µs) the propeller can spin up at high (absolute) advance speeds. Overall, it can be stated that the accuracy 

of the created digital twin is suitable for the objectives set in this study. 

7. Conclusions 

The created thruster digital twin is primarily intended to support the development of USVs for inland 

waterway and coastal environments. In practice, it is often not feasible or risky to test and perform control 

tuning of a USV equipped with expensive instruments and sensors. Thus, realistic simulations are becoming 

more and more important, especially in hazardous operating conditions e.g. flooding river, catastrophe, bad 

weather conditions, heavy traffic, etc. To allow the modelling presented in this paper to be easily performed 

on other geometries of thrusters, the results of CFD studies have been used for the hydrodynamic model. 

Towing tank experiments for the validation of CFD results are presented. Slowly varying input dynamic CFD 

simulations have shown that in the case where the sign of propeller rotational speed and advance speed are 

the same, the results are as accurate as if the simulations were performed at discrete input points. In the range 

β = [-20°, 0°] and [160°, 180°], more time and more computational power is needed to stabilize the flow and 

converge the simulations. Different modelling method of propeller rotation is also suggested in these critical 

operating conditions using for example SM or overset methods. To achieve a faster but still reasonably 

accurate modelling, a hybrid method was used where static input measurement results are added to the 

dynamic simulation results in the critical β range. To accurately model the ESC, motor, propeller interaction, 

underwater brake tests of the thruster were performed. The input of the final digital twin is the PWM signal 

from the USV control computer and the water velocity at the propeller. Output is the resulting propeller 

rotational speed, thrust and current drawn by the ESC. The operation of the system was validated by towing 

tank tests, which showed that the accuracy of the digital twin meets the objectives. In summary, the created 

thruster digital twin is based on the results of CFD simulations validated by towing tank experiments and can 

be used for realistic and safe simulations of USVs or can be run on an on-board computer for diagnostic and 

prediction tasks. Future research goals include the investigation of digital positioning of under-actuated 

differential steering USVs, in strong current river environment, towing water quality sensors, pumps, sediment 

collector equipment or underwater cameras at different depths. 
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