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Abstract: This study investigates the performance and power generation capabilities of a 

small-scale hydrokinetic turbine by comparing numerical simulations with experimental 

measurements. The key difference between the two models comes from the initial numerical 

analysis which focused only on the permanent magnet DC motor (PMDC) motor’s parameters 

and did not account for the gear-head reduction that leads to discrepancies in current and torque 

predictions, especially at lower input voltages. In practice, friction losses within the gear-head 

increased the required current and torque, highlighting inefficiencies in the motor gear-head 

system. A modified experimental setup incorporated a magnetic coupling to address leakage 

issues and enhance system reliability. While the magnetic coupling resulted in a slight 

reduction in speed, current, and torque, it improved the overall integrity of the system which is 

essential for marine applications. The comparison between experimental results and Blade 

Element Momentum (BEM) simulations showed good agreement at lower speeds, but the 

simulations under-predicted power at higher speeds, likely due to the model’s limitations in 

capturing complex hydrodynamic phenomena. This shows the need for comprehensive analysis, 

integrating both numerical and experimental approaches to optimize turbine performance. 

Future research will focus on refining experimental methodologies and further improving 

turbine design and efficiency for hydrokinetic energy systems. 

Keywords: ocean current turbine (OCT); hydrokinetic turbine performance; blade element 

momentum (BEM) theory; magnetic coupling optimization; dynamometer testing 

1. Introduction 

In the rapidly advancing field of renewable energy technologies, research into 
ocean current turbines (OCTs) provides as a promising approach to harness the 
substantial energy potential of ocean currents. Ocean currents promise a reliable and 
consistent source of renewable energy, in contrast to the intermittent nature of wind 
and solar power, making OCTs a critical area of focus in sustainable energy research 
[1–3]. In addition to this field is the application of Blade Element Momentum (BEM) 
theory, which plays a crucial role in accurately simulating turbine performance by 
predicting hydrokinetic forces and optimizing designs for maximum efficiency [4–6]. 
By using BEM, we can evaluate how OCTs respond to various flow conditions, 
helping to fine-tune designs for better performance [7–12]. 

This paper presents a comprehensive study focused on the development and 
evaluation of a small-scale horizontal axis OCT. It combines advanced BEM 
simulations with innovative experimental techniques to enhance understanding of 
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turbine behavior and performance. Specifically, BEM is integrated with traditional 
mathematical models used for propeller blade design, which facilitates more accurate 
calculations of the forces acting on the turbine blades. This integration allows for a 
deeper analysis of turbine dynamics under varying operational conditions, providing 
crucial insights into both turbine efficiency and load distribution [13–17]. The focus 
of this research is to improve the design of turbine blades by adapting advanced BEM-
based simulations into a refined mathematical framework tailored to OCT blade design 
[18–22]. Through this combination of BEM and mathematical modeling, the study 
manages highly accurate predictions of hydrokinetic forces, offering a more detail 
view of turbine behavior in real-world marine environments [23–26]. 

The methodology of this study is derived from the principles of marine 
engineering where the combination of simulation and experimentation is critical for 
validating these models. This combination is essential for fine-tuning the design and 
ensuring the reliability of OCTs under different operational scenarios [27–30]. A key 
part of the experimental setup is dynamometer testing which allows precise 
measurements of the turbine’s performance. By closely monitoring the relationship 
between voltage, power, and rotational speed generated by the Permanent Magnet 
Direct Current (PMDC) motor, we can obtain detailed performance data during testing 
[31–35]. This process involves using a 3D-printed turbine model equipped with 
sensors, enabling accurate monitoring of critical performance parameters in a 
controlled environment [36–39]. By coupling these dynamometer tests with advanced 
BEM simulations, the study provides comprehensive insights into the hydrokinetic 
forces acting on the turbine that shows the complex interactions between blade 
geometry, fluid dynamics, and turbine efficiency [40–47]. 

The reliability of BEM simulations is further validated through careful 
comparisons with other experimental and theoretical models. In this context, the study 
emphasizes the importance of precise measurements and a comprehensive 
understanding of hydrodynamic effects to improve the accuracy of BEM predictions. 
This approach emphasizes the necessity of integrating both simulation and 
experimentation to achieve a better understanding of OCT behavior under various 
conditions [48–54]. A significant result in the study was the successful resolution of 
an issue encountered during earlier OCT tests—minor leakage during prolonged 
operation. The problem was addressed by redesigning the nacelle and incorporating a 
magnetic coupling system, which completely eliminated water leakage and extended 
the testing duration. This innovation is crucial for improving the reliability of OCTs, 
particularly when operating at different rotational speeds [55]. This achievement not 
only advances our understanding of small-scale OCT performance but also contributes 
to the design of more robust and efficient turbines for future applications [56–58]. 

A defining characteristic of this research is its interdisciplinary approach, which 
combines mathematical modeling, experimental validation, and innovative 
engineering design. This multifaceted methodology enhances the study of 
hydrokinetic energy conversion by providing a deeper understanding of the challenges 
and opportunities in OCT development. By incorporating state-of-the-art 
computational techniques, such as those employed in hydrodynamic modeling [59], 
this research shows a robust framework for optimizing turbine performance and 
scaling the technology for future energy needs. 
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In this study, we aim to evaluate and enhance the performance of a small-scale 
horizontal axis OCT through a combination of numerical simulations and 
experimental testing. Using BEM theory, this research seeks to accurately model the 
hydrodynamic forces acting on the turbine and validate these findings with 
experimental data from a redesigned turbine setup. The study also addresses 
mechanical inefficiencies caused by gear-head friction and explores the potential of 
magnetic coupling to prevent water leakage during operation. By improving turbine 
efficiency, reliability, and design; this research contributes to the optimization of 
hydrokinetic energy conversion, making the foundation for future advancements in 
OCT technology. 

2. Methods 

Numerical method 

Before introducing BEM theory for the numerical analysis of OCT performance, 
it is essential to first establish a foundation with the actuator disc concept which forms 
a crucial part of turbine analysis. The actuator disc model simplifies a turbine to an 
idealized, actuator disc that extracts energy from the flow. This concept was first 
introduced by Froude through classical momentum theory which is built on several 
key assumptions: the flow is inviscid, incompressible, irrotational and both velocity 
and pressure are uniform inflow. The actuator disc concept allows for the 
approximation of the forces exerted by the turbine on the fluid, simplifying the 
analysis of how energy is extracted from the flow. By applying momentum 
conservation and energy principles, this model provides insight into how the turbine 
influences the surrounding flow, both upstream and downstream. This theoretical 
foundation is instrumental in understanding how OCTs convert kinetic energy from 
ocean currents into usable mechanical energy. By first examining this simplified 
model, we can better appreciate the more complex analysis provided by BEM theory, 
which takes into account the detailed geometry of the blades and other factors that 
influence the turbine’s real-world performance. 

To simplify the analysis, we will begin by replacing the OCT with an actuator 
disc inflow to capture kinetic energy while disregarding any specific turbine design 
characteristics for now. As shown in Figure 1, the downstream section has a larger 
cross-sectional area than the upstream section, which is smaller than the area of the 
actuator disc. The flow rate of water through the channel at any given cross-section is 
represented by AU. Applying the principle of mass conservation, we get: 

ρA∞U∞ = ρAdUd = ρAwUw (1) 
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Figure 1. Actuator disc model and stream-tube concept. 

The conditions of the upstream (current speed), actuator disc, and downstream 
are indicated by the subscripts, d and w. Due to the actuator disc’s axial induction 
factor, a, which causes some variation in the current velocity, 

Ud = U∞(1 − a) (2) 

We must also take the tangential flow induction factor a′ into account by 
considering tangential velocity in addition to axial velocity. There is zero tangential 
velocity upstream, 2Ωra′ tangential velocity is present near the actuator disc 
downstream, and Ωra′ tangential velocity is present in the wake. 

Now let’s introduce the BEM numerical analysis. BEM theory is a widely used 
method for predicting the performance of wind and OCTs. Blade element theory 
divides each rotor blade into small segments, or blade elements, treating each as a 
separate hydrofoil to calculate hydrodynamic forces like lift and drag based on factors 
such as angle of attack, pitch angle, and rotational speed. Momentum theory simplifies 
the overall rotor analysis by modeling the rotor as a single actuator disc that extracts 
kinetic energy from the flow, resulting in changes to the fluid’s velocity and direction 
downstream, providing estimates for thrust and power generation. BEM theory 
integrates these approaches by calculating the forces on each blade element and using 
momentum theory to determine the total thrust, power, and efficiency, while also 
accounting for wake effects like induced velocity. Replacing the actuator disc with a 
3-blade OCT, as shown in Figure 2, the net tangential velocity from blade element 
theory is Ωr (1 + a′), defining the resulting velocity accordingly. 

Axial and tangential induction factors are determined by understanding how the 
aerodynamic lift (Cl) and drag (Cd) coefficients vary with respect to the angle of attack 
for each cross-section of the blades. Figure 3 illustrates the application of the laws of 
conservation of momentum and energy with a single OCT featuring with N blades and 
varying chord lengths and pitch angles, across 25 distinct cross-sections. 

sin𝜑 =
𝑈ஶ(1 − 𝑎)

𝑊
 (3) 
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Figure 2. Velocities across the foil cross-section. 

cos𝜑 =
Ω௥(1 + 𝑎′)

𝑊
 (4) 

where φ = α + β, based on the descriptions of the hydrodynamic forces for each cross-
section. Figure 3 shows the definitions of the cross-sectional lift and drag forces. 

𝛿𝐿 =
1

2
𝜌𝑊ଶ𝑐𝐶௟𝛿𝑟 (5) 

𝛿𝐷 =
1

2
𝜌𝑊ଶ𝑐𝐶ௗ𝛿𝑟 (6) 

𝛿𝐿 cos𝜑 + 𝛿𝐷 sin𝜑 =
1

2
𝑁𝐶𝜌𝑊ଶ(𝐶௟ cos𝜑 + 𝐶ௗ sin𝜑)𝛿𝑟 (7) 

 
Figure 3. Lift and drag forces on the foil cross-section. 

It is practical to use: 

𝜇 =
𝑟

𝑅
 (8)

Cx = Cl cos φ + Cd sin φ (9)

Cy = Cl sin φ −Cd cos φ (10)

𝑎

𝑎 − 1
=

𝜎௥𝐶௫
4 sin𝜑ଶ

 (11)

Because the system is nonlinear, the following equations are used in an iterative 
process to derive the axial and tangential induction factors based on the two-
dimensional hydrofoil characteristics. 



Mechanical Engineering Advances 2024, 2(2), 1561.  

6 

𝑎

1 + 𝑎′
=

𝜎௥𝐶௩
4 sin𝜑 cos𝜑

 (12)

where σr is the chord solidity, calculated by dividing the circumferential length at a 
particular radius by the entire length of the total chord length of the blade. Note that 
the BEM hypothesis is valid only under the condition of uniform blade rotations. 

𝜎௥ =
𝑁𝑐

2π𝑟
=

𝑁𝑐

2π𝜇𝑅
 (13)

When the effect primarily influences the blade tips by reducing the lift force and 
generating additional torque, it is referred to as tip loss. This phenomenon results in 
decreased torque that corresponds to a reduction in power. According to Ludwig 
Prandtl’s tip loss factor, we have the following: 

𝐹 =
2

π
cosିଵ൫𝑒ି௙൯ (14)

𝑓 =
𝑁(𝑅 − 𝑅)

2𝑟 sin𝜑
 (15)

𝑟

𝑅
= 0.6: 𝐹 ≈ 1&

𝑟

𝑅
> 0.6: 𝐹 < 1 (16)

In addition, new equations can be derived to determine the induction factors by 
incorporating the tip-loss factor into the iterative solutions. 

𝑎 =
1

4𝐹sin𝜙ଶ

𝜎௫𝐶௫
+ 1

 (17)

𝑎ᇱ =
1

4𝐹sin𝜙cos𝜙
𝜎௬𝐶௬

− 1
 

(18)

𝛿𝑄 = 4𝜋𝜌𝑈ஶ𝑎
ᇱ(1 − 𝑎)Ω𝑟ଷ𝛿𝑟 (19)

𝛿𝑃 = Ω𝛿𝑄 = 4𝜋𝜌𝑈ஶ𝑎
ᇱ(1 − 𝑎)Ωଶ𝑟ଷ𝛿𝑟 (20)

Table 1 specifies the machine used to run all codes and obtain the numerical 
results. 

Table 1. Specifications of the machine used to execute the codes and obtain the 
numerical results. 

Component Specification 

Processor 12th Gen Intel(R) Core (TM) i5-12400F 2.50 GHz 

RAM 32.0 GB (31.9 GB usable) 

System Type 64-bit operating system, x64-based processor 

Matlab Software R2013b version 

The projected shaft power and torque can be calculated using the designed rotor 
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at its design rotational velocity of 500 RPM with momentum theory. A detailed 
explanation of the BEM theory is provided in [39] and [60]. These references present 
a detailed background on the theoretical foundations of BEM simulations. The 
simulations conducted in this study were carefully aligned with the experimental 
configurations outlined in these sources, ensuring a high degree of accuracy and 
consistency between theoretical predictions and experimental results. Also, the in-
house developed BEM code iteratively calculates the axial and tangential induction 
factors and determines the sectional forces for the small-scale OCT. This procedure is 
given in the algorithmic steps shown in Figure 4.  

Figure 4. Algorithmic steps for BEM simulation. 

3. Experimental methods

3.1. Initial experimental setup 

Let’s begin with the sizing of the motor/generator, sensors, and circuit 
components. To achieve this, the BEM theory is a well-established technique for 
analyzing turbine performance. In this study, an in-house BEM algorithm developed 
in MATLAB was employed to account for specific fluid conditions and rotor 
characteristics. The BEM code facilitated the estimation of various parameters, such 
as differential torque, thrust, and power, for the turbines under investigation. To 
validate the predictions obtained from the BEM code and conduct proof-of-concept 
testing, a small-scale, three-bladed horizontal underwater turbine was developed. 
Using a small-scale turbine is a cost-effective alternative to full-scale testing. This 
small-scale turbine served as a prototype for both testing and numerical model 
verification. 

For the experimental setup, an electrical system was needed to meet the necessary 
requirements and measure the generated power. The OCT generates power based on 
local forces, primarily the lift force acting on the rotor blades. In addition, to prevent 
any structural damage to a full-scale prototype, the undesirable forces acting on the 
carriage were taken into account. To estimate the nominal generated power at different 
carriage speeds and rotor blade rotational speeds, a method was employed. The 
carriage speed was used to mimic the motion of the water current, which contains 
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kinetic energy. The tip speed ratio was adjusted to achieve optimal power production 
at a constant carriage speed. This adjustment was accomplished by varying the 
rotational speed of the rotor blades. 

The design of the apparatus system was divided into two subsystems: the motor 
power supply and the generator power production. The motor drive power supply was 
responsible for converting the AC line voltage into a DC bus voltage using a switch-
mode power supply. By regulating the duty cycle, the output voltage could be 
controlled, allowing the rotational speed of the DC motor to be varied. Prior to the 
design process, several considerations needed to be addressed. It was crucial to define 
the expectations for the entire system and determine the best approach for assembling 
the system with the required components. Due to the limited carriage speed in 
University of New Orleans towing tank facility, the DC machine needed to reach 
steady-state reference rotational speeds before functioning as a generator. Therefore, 
electricity was supplied to the motor to achieve the desired speed. Additionally, each 
circuit element within the system had to be carefully selected and sized to ensure 
proper operation. 

By incorporating these considerations and implementing the described 
methodology, the study aimed to develop an appropriate design and gather the 
necessary data for further analysis and evaluation of the ocean current turbine’s 
performance. In order to fully understand and analyze the behavior of a 
motor/generator, it is important to develop a comprehensive electromechanical model 
that precisely captures its characteristics in both motor mode and generator mode. This 
model serves as a fundamental requirement for studying the machine’s performance 
and conduct. One approach to determining the characteristics of the motor/generator 
is through numerical analysis using computer simulation. By creating a numerical 
model of the machine and simulating its operation under various conditions, we can 
obtain valuable insights into its electromechanical behavior. Computer simulations 
enable us to study the machine’s performance, efficiency, torque-speed characteristics, 
and other significant parameters. Additionally, to validate the accuracy of the 
numerical analysis and simulations, it is crucial to compare the simulation results with 
experimental data collected from the same motor/generator operating in both modes. 
This comparison helps in confirming the model’s predictive capabilities and ensures 
that it accurately represents the present behavior of the machine. 

By combining numerical investigations, computer simulations, and experimental 
data, we can develop an extensive comprehension of the machine’s electromechanical 
characteristics. This knowledge is vital for optimizing the machine’s performance, 
designing control strategies, and making informed decisions regarding its practical 
applications. 

The fundamental principle of induction allows DC motors to work as generators. 
When a DC motor operates as a generator, the movement of a conductor in a magnetic 
field induces a voltage across the conductor. In this case, the induced voltage is directly 
proportional to the speed of the motor’s shaft. The induced voltage generated by a DC 
motor used as a generator can be harnessed and utilized. This principle finds practical 
applications in the regenerative braking of electric vehicles and renewable energy 
systems, where energy regeneration or recovery is desired. This relationship holds true 
when the generator is not connected to an external load. 
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𝑉௜௡ௗ =
𝜔

𝐾௦
(21)

where Vind is the generated voltage (V), ω is the motor shaft speed (rpm), Ks is the 
speed constant of the motor, aka, speed equation constant (rpm/V). The speed constant 
is the inverse of the motor voltage constant (Ke). 

Ks = 1/Ke (22)

When a DC generator is loaded with current, the induced DC voltage at its 
terminals is reduced due to the presence of motor resistance. The motor resistance 
causes a voltage drop across the internal components of the generator, which reduces 
the voltage available at the terminals. Hence, we can rewrite Equation (21) as follows: 

𝑉௧ =
𝜔

𝐾௦
− 𝑅௠𝐼௟ (23)

where Vt is the generated voltage (V), ω is the motor shaft speed (rpm), Ks is the speed 
constant of the motor (rpm/V), Rm is the motor resistance (Ω), Il is the current that goes 
through the wire (A). 

To analyze the characteristics of a generator, we can plot a voltage-current curve 
using an equation that describes the relationship between the generated voltage and 
the load current. The maximum possible generated voltage is achieved when there is 
no load current flowing through the generator, which is also known as an open circuit 
condition. At this point, the generator is not connected to any external load, allowing 
the maximum voltage to be generated. Conversely, the maximum load current 
corresponds to the no-voltage induction condition, also known as a short circuit. In 
this situation, the generator is connected directly to a load with minimal impedance, 
causing the induced voltage to drop to zero. At this point, the maximum current flows 
through the generator. By plotting the voltage-current line, we can visualize the 
generator’s behavior and determine its operational limits. The line can help identify 
the generator’s voltage regulation capabilities, efficiency, and optimal operating points 
for different load conditions. Therefore, the maximum load current is: 

𝐼௟೘ೌೣ
=
𝜔

𝐾௦
𝑅௠ (24)

The torque required to drive the generator in order to overcome the generator 
internal losses and produce the load current is given by Equation (25). 

τ = Kt (Il + Io) (25)

where τ is the required driving torque (Nm), Il is the current through the wire (A), I0 is 
the motor no-load current (A) corresponding to the internal torque losses, Kt is the 
motor torque constant or motor constant (Nm/A). The torque constant is equal to the 
motor voltage constant (Ke). 

Kt = Ke (26)

The generator power consists of two components, electrical output power and 
mechanical input power. 

The electrical output power can be calculated using Equation (27). 
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Pe = VtIl (27)

where Pe is the electrical power (W), Vt is the generated voltage (V), Il is the load 
current (A). The maximum electrical output power at a given speed can be found 
from Equation (28). 

𝑃௘ಾೌೣ
=

𝜋

30000

𝜔ଶ

4

Δ𝜏

Δ𝜔
(28)

where PeMax is the maximum electrical output power (W), ω is the motor shaft speed 
(rpm), (∆τ) is the motor speed-torque gradient (rpm/Nm). Similarly, the mechanical 
input power can be calculated using Equation (29). 

𝑃௠ =
𝜋

30
𝜔𝜏 (29)

where Pm is the mechanical power (W), ω is the motor shaft speed (rpm), and τ is the 
driving torque (Nm). In general, efficiency is described as the ratio of useful output to 
total input. Hence, the generator efficiency is measured as the ratio of electrical output 
power to mechanical input power. 

𝜂௚ =
𝑃௘
𝑃௠

(30)

where ηg is the generator efficiency, Pe is the electrical power (W), and Pm is the 
mechanical power (W). 

When a machine operates as a generator, its efficiency corresponds to that of its 
motor efficiency. Typically, a generator tends to achieve higher efficiency at higher 
rotational speeds. This implies that when the machine works at a faster rotational 
speed, it is more proficient in converting mechanical power into electrical power. 
Higher speeds often result in reduced losses and improved efficiency. Nonetheless, 
it’s critical to note that the maximum efficiency of the generator occurs at a lower load 
current, while maintaining a given rotational speed. In other words, the generator 
operates most efficiently when the load associated to it draws a lower current. At lower 
load currents, the losses within the generator are minimized, allowing for a higher 
overall efficiency. Designing systems that operate the generator at higher rotational 
speeds while considering the appropriate load conditions can assist maximize overall 
efficiency and energy conversion. 

In a PMDC motor, the speed of the motor can be constrained by adjusting the 
input voltage provided to the motor. By varying the motor voltage, we can control its 
rotational speed. The relationship between the angular speed (rotational speed) of the 
PMDC motor and the input voltage can be determined by examining the equivalent 
circuit of the motor. The equivalent circuit provides a simplified representation of the 
motor’s electrical characteristics. The equivalent circuit of a PMDC motor typically 
consists of a voltage source, an internal resistance, and an inductor. The system 
equation of a PMDC motor is given by applying Kirchhoff’s voltage law: 

Ea = Raia(t) + La ia(t) + Eb (31)

where Ea is the applied voltage (V), Ra is the terminal resistance (Ω), ia is the armature 
current (A), La is the terminal inductance (H), and Eb is the back electromotive force 
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(V). Further system equations are: 

Eb = Keω(t) (32)

where Ke is the back-emf constant (V/rad/s), and ω is the angular speed (rad/s). 

𝑇 = 𝐾்𝑖௔(𝑡) = 𝑏𝜔(𝑡) + 𝐽
𝑑𝜔(𝑡)

𝑑𝑡
 (33)

where T is the generated torque (Nm), KT is the torque constant (Nm/A), b is the motor 
friction coefficient (e.g., brushes) (Nm s), and J is the load and armature inertia (kg 
m2). 

𝑑𝜃(𝑡)

𝑑𝑡
= 𝜔(𝑡) (34)

where θ is the rotor angular position (rad). In the case of a constant operating point, 
this equation can be simplified as follows: 

Ea = Raia + Eb (35)

Thus, the electrical input power can be calculated by multiplying voltage by 
current: 

Eaia = Rai2 + Keωia (36)

Mechanical output power is equal to torque times rotational speed: 

Tω = KT iaω (37)

Electrical losses are caused by the resistance in the circuit: 

𝐿𝑜𝑠𝑠𝑒𝑠 = 𝑅௔𝑖௔
ଶ (38)

To develop a model based on these equations, the values of the motor parameters 
must be defined. Simulations were performed for the PMDC motor using the motor 
parameters shown in Table 2. The models were implemented in a MATLAB 
environment. 

The primary objective of this investigation is to determine the characteristic 
parameters of a PMDC motor operating in both motor and generator modes. This 
PMDC motor was selected to be used as a small-scale experimental hydrokinetic 
turbine. To achieve this objective, an experimental setup was designed. The PMDC 
motor, chosen as the prime mover, was mechanically connected shaft to shaft to an 
identical PMDC motor configured as a generator. This mechanical connection allowed 
for the transfer of mechanical power between the two motors. 

Table 2. Key data of PMDC motor. 

Motor Data Units Values 

Nominal Voltage V 12 

No Load Speed rpm 8130 

No Load Current A 0.32 

Speed Constant rpm/V 699 

Torque Constant Nm/A 0.0137 
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Table 2. (Continued). 

Motor Data Units Values 

Motor Resistance Ω 0.079 

Rotor Inertia gcm2 99.5 

Braking Load Resistance Ω 1 

Load Torque Nm 0.12 

In the experiment, a time-varying input voltage was applied to the prime mover 
motor, which effectively altered its rotational speed. The speed of the prime mover 
motor, in turn, forced the generator motor to generate a voltage. This voltage generated 
by the generator motor varied in amplitude corresponding to the input voltage applied 
to the prime mover motor. 

On the generator side of the circuit, a variable resistor, denoted as “R”, was 
manually adjusted. This variable resistor acted as a changeable load within the system. 
By altering the value of this resistor, the load on the generator motor could be 
modified, impacting the electrical characteristics of the system. 

By manipulating the input voltage applied to the prime mover motor and 
adjusting the variable resistor on the generator side, the experiment allowed for the 
collection of data on the generator’s performance under different load conditions. This 
data would enable the determination of important characteristic parameters of the 
PMDC motor, such as voltage-current relationships, power output, efficiency, and 
other relevant performance metrics. The equivalent circuit of this setup is illustrated 
in Figure 5. 

 
Figure 5. Equivalent circuit of the experimental setup. 

The system behavior of the dynamometer is given by applying Kirchhoff’s 
voltage law on both circuits knowing that the armature resistor, armature inductance, 
angular speed, and the amount of the torque are the same. 

Power circuit: 

𝐸௔ = 𝑅௔𝑖௔(𝑡) + 𝐿௔
𝑑𝑖௔(𝑡)

𝑑𝑡
+ 𝐾௘𝜔(𝑡) (39)

Load circuit: 

𝐸௕ = 𝑅௔𝑖௕(𝑡) + 𝐿௕
𝑑𝑖௕(𝑡)

𝑑𝑡
+ 𝐾௘𝑖௕(𝑡) (40)

where R is the variable resistor (Ω) and ib is the generated current (A). In the case of a 
constant operating point, these above equations can be simplified as follows: 
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Power circuit: 

Ea = Raia + Keω (41)

Load circuit: 

Keω = (Ra + R)ib (42)

To evaluate the performance and efficiency of the PMDC motor operating in both 
motor mode and generator mode, certain parameters need to be measured. These 
parameters include the input voltage, motor parameters, and the shaft angular speed. 
By utilizing these equations, it becomes possible to estimate the current flowing in 
both the power circuit and the load circuit. Once the currents in both circuits are 
estimated using the equations, it becomes possible to calculate the input power and the 
generated power. By considering the currents and voltages, along with the input power 
and generated power, it becomes feasible to assess and analyze the performance and 
efficiency of the PMDC motor. These calculations give valuable insights into how 
effectively the motor converts electrical power into mechanical power when operating 
in motor mode and how efficiently it converts mechanical power into electrical power 
while working as a generator. 

To enhance the accuracy of the estimations regarding generated power and input 
power from numerical analysis, a specific experimental setup was employed including 
two identical PMDC motors. 
• Connection of PMDC Motors: The two PMDC motors were mechanically 

connected shaft to shaft. This setup allowed us to not just assess the performance 
of the PMDC motor as a prime mover (when it drives the turbine) yet additionally 
as a generator (when it produces electrical power). 

• Variable DC Voltage Source: A variable DC voltage source was connected to 
one of the PMDC motors, known as the prime mover motor (type DCX 35 L with 
a power rating of 80/120 Watts). By changing the input voltage provided to this 
motor, its rotational speed is adjusted. 

• Gearhead for Speed Adjustment: The PMDC motor has a characteristic speed 
rate of 8130 RPM. However, due to the fact that the turbine was scaled down in 
size for experimentation, a planetary gearhead (type GPX 37) with a reduction 
ratio of 16:1 was utilized. This gearhead reduced the motor’s speed to a more 
suitable level for the scaled-down turbine 

•  Rotary Torque Sensor: A TRS605 non-contact shaft-to-shaft rotary torque 
sensor with an encoder was placed between the prime mover and generator shafts. 
This allowed us to measure the driving torque applied and the rotational speed of 
the system. 

• Servo Motor Driver: To control the speed of the prime mover PMDC motor, an 
ESCON 50/5 servo controller was utilized as a regulator. This controller allowed 
us to fix a setpoint value for the motor’s speed, providing precise command over 
the motor’s rotational speed during testing. 
The experimental setup, as described above, is visually depicted in Figure 6. 
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Figure 6. Initial experimental setup. 

This setup was carefully intended to provide accurate and reliable data for 
assessing the performance of the hydrokinetic turbine PMDC motor under various 
conditions. By measuring torque, speed, and controlling the motor’s speed with 
precision, we can obtain valuable insights into the turbine’s PMDC motor behavior 
and efficiency during experimentation. The data acquisition system incorporates 
sensors that monitor the electrical current and voltage on both sides of the system, 
namely the power circuit (supplying electrical power to the prime mover PMDC 
motor) and the load circuit (where the generated power is utilized). These sensors 
allow us to measure and analyze the electrical characteristics of the turbine during 
testing. 

To alter the speed of the prime mover, the input voltage is manually adjusted to 
the motor driver. The generator, mechanically connected to the prime mover, was 
forced to produce a voltage as a result of this connection. Varied load resistor utilized 
to assess the system’s performance under different conditions. However, there is a 
restriction on the size of the load resistor. At the point when a smaller load resistor is 
used, the current flowing through the system increased, resulting in higher power 
output. This relationship between load resistor size, current, and power is a significant 
consideration for testing the turbine’s efficiency and power generation capabilities. 
The PMDC motor used in the experiment had the power rating modes: 80 Watts in 
continuous operation mode and 120 Watts in intermittent operation mode. The 
decision of the specific motor and its power rating modes were likely based on the 
requirements and characteristics of the hydrokinetic turbine model. 

The reason for using a PMDC motor with a planetary gearhead combination was 
because of the slow-moving nature of the driving mechanism in ocean current turbines. 
The turbine model expected a slower rotational speed to match the characteristics of 
ocean currents. However, this gearing combination presented difficulties when using 
the motor as a generator. Reversing the motor to function as a generator caused 
inefficiencies because the two-stage gearhead is not originally intended for such 
utilization. As a result, the generator mode may not achieve the same level of 
efficiency as the prime mover mode, impacting the overall performance and power 
generation capability of the hydrokinetic turbine. 

Figure 7 compares two models: one derived from numerical analysis and the 
other based on actual experimental measurements. The difference between the two 
models can be attributed to a key factor: the calculations in the numerical analysis 
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were initially based solely on the PMDC motor’s parameters, without accounting for 
the effect of the gearhead reduction. In other words, the numerical analysis focused on 
the PMDC motor itself, neglecting the influence of the attached gearhead. 

In practical experiments, however, the gearhead’s reduction effect becomes 
significant and needs to be accounted for. The figure illustrates that at lower voltage 
levels, the measured current from experiments is higher than what was initially 
predicted by the numerical analysis. The reason for this discrepancy is that, at lower 
voltages, more current is required to compensate for the losses caused by friction 
within the gearhead. Friction within the gear-head can result in energy losses, making 
the actual motor-gearhead system less efficient than predicted by the numerical 
analysis. As a consequence, a higher current is needed to achieve the expected 
performance level during the experimental measurements. 

This observation highlights the importance of considering all components and 
their interactions in the system when conducting numerical analysis or simulations. 

Figure 8 presents a correlation between the rotational speed of the PMDC motor, 
which was operated as a prime mover, under different input voltage conditions. In the 
figure, the black solid line represents the rotational speed calculated from numerical 
analysis, while the square points represent the measured rotational speed obtained 
from actual experimental testing. The comparison in Figure 7 reveals that the 
measured angular speed of the experimental PMDC motor is lower compared to the 
angular speed predicted by the numerical analysis. The reason for this inconsistency 
is attributed to the presence of the planetary reduction gearhead. 

Figure 9 gives a comparison of the torque delivered by the PMDC motor at 
different input voltages, alongside the measured torque obtained during experimental 
testing. In the figure, the black line represents the torque values determined from 
numerical analysis, while the red line represents the torque values measured during 
the actual experiment. The comparison in Figure 6 reveals that the measured torque 
(squre points) during the experimental testing is different from the torque values 
estimated by the numerical analysis (black solid line). The reason for this difference 
is attributed to the presence of the gearhead attached to the PMDC motor. When 
operating at lower input voltages, the measured torque is higher than the torque values 
estimated by the numerical analysis. This is because at lower voltages, the motor 
requires more current to compensate for the friction losses within the gearhead. As 
mentioned previously, the gearhead introduces mechanical inefficiencies and losses. 
These losses impact the actual torque output of the motor during experiments, resulting 
in a higher measured torque compared to what was initially anticipated in the 
numerical analysis. 
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Figure 7. Current comparison at different input voltages between numerical and 
experimental models. 

 
Figure 8. Rotational speed of the PMDC motor under varying input voltages. 



Mechanical Engineering Advances 2024, 2(2), 1561.  

17 

 
Figure 9. Torque comparison at different input voltages between numerical 
estimation and experimental measurements. 

In summary, as it is represented the influence of the gearhead on the performance 
of the PMDC motor. The presence of the gearhead leads to discrepancies between the 
estimated values from numerical analysis and the measurements during experimental 
testing, especially at lower input voltages. Understanding the impact of the gearhead 
on PMDC motor output is important for accurately assessing the performance of the 
hydrokinetic turbine model and optimizing its design and efficiency. 

3.2. Modified experimental setup 

In this section, we revise the dynamometer characterization testing with a focus 
on magnetic coupling as shown in Figure 10. The primary objective of this revised 
testing is to determine the characteristic parameters of a PMDC motor configured for 
use as a small-scale experimental hydrokinetic turbine. Unlike the initial design, the 
dynamometer now features a redesigned magnetic coupling to address previous issues 
related to leakage. The fundamental principle remains unchanged, with the PMDC 
motor serving as a prime mover connected shaft-to-shaft to an identical PMDC motor 
configured as a generator. 

The dynamometer’s behavior is governed by Kirchhoff’s voltage law, 
considering identical armature resistors, armature inductances, angular speeds, and 
torques in both the power and load circuits. The power circuit equation is given by: 

Power circuit: 

𝐸௔ = 𝑅௔𝑖௔(𝑡) + 𝐿௔
𝑑𝑖௔(𝑡)

𝑑𝑡
+ 𝐾௘𝜔(𝑡) (43)

Load circuit: 

𝐸௕ = 𝑅௔𝑖௕(𝑡) + 𝐿௕
𝑑𝑖௕(𝑡)

𝑑𝑡
+ 𝐾௘𝑖௕(𝑡) (44)

where R is the variable resistor (Ω) and ib is the generated current (A). In the case of a 
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constant operating point, these equations can be simplified as follows: 
Power circuit: 

Ea = Raia + Keω (45)

Load circuit: 

Keω = (Ra + R)ib (46)

To enhance accuracy, a specific experimental setup is employed, incorporating 
two identical PMDC motors. The connection of PMDC motors, a variable DC voltage 
source, gearhead for speed adjustment, rotary torque sensor, and a servo motor driver 
is maintained from the initial design. The key modification is the introduction of a 
redesigned magnetic coupling to address leakage issues and enhance system 
reliability. 

This setup ensures precise control over the prime mover’s speed and allows for 
comprehensive data collection on torque, speed, and electrical characteristics. 

Let’s talk about impact of magnetic coupling. The introduction of the magnetic 
coupling into the system has a subtle impact on the overall performance. One notable 
effect is a slight reduction in the rotational speed when compared to both the initial 
dry test and the numerical results as shown in Figure 11. 

 
Figure 10. Revised experimental setup. 
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Figure 11. Detailed comparative analysis of revised prime mover voltage-motor 
speed. 

The incorporation of the magnetic coupling into the system has led to a marginal 
decrease in both the generated current (Figure 12) and generated torque (Figure 13) 
in comparison to the initial dry test. This outcome aligns with expectations, 
considering the observed reduction in rotational speed. 

The introduction of a magnetic coupling in the system, while resulting in a minor 
reduction in overall performance, is deemed essential due to its pivotal role in 
preventing shaft leakage—a critical issue faced in the initial design. The compromise 
in performance, evidenced by a slight decrease in rotational speed, generated current, 
and torque, serves as a trade-off for the enhanced system integrity achieved through 
the magnetic coupling’s ability to seal the shaft. In marine applications, where 
exposure to corrosive elements is a significant concern, the magnetic coupling proves 
invaluable by providing a hermetic seal without the need for traditional seals 
susceptible to wear and corrosion. The technology’s benefits include reduced 
maintenance, enhanced reliability, and resistance to corrosion, positioning magnetic 
couplings as crucial components in marine systems, aligning with the imperative for 
robust and durable solutions in challenging environments. 

We addressed the nacelle redesign and reconstruction following the initial 
experiment, as detailed in [37]. During this experiment, a leakage issue was identified 
around the propeller pipe, indicating that water was escaping from the area 
surrounding the propeller. This leakage posed a risk to the experiment’s integrity and 
the turbine’s functionality for further research. To resolve this issue, a magnetic 
coupling was implemented through the shaft. A magnetic coupling is a mechanism 
that transfers torque between two rotating shafts without direct physical contact, 
making it ideal for applications requiring a water-tight seal. It effectively prevents 
fluid leakage such that it enhances the system’s reliability. 
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Figure 12. Detailed comparative analysis of revised generated current 

measurements. 

 
Figure 13. Detailed comparative analysis of revised torque measurements. 

The next step involved redesigning the nacelle, specifically the torpedo 
component, to accommodate this solution and ensure water-tightness. This redesign 
included dividing the torpedo nacelle into two distinct segments: 
• Wet Department: This segment houses the components that are exposed to water, 

including the propeller and the magnetic coupling mechanism. 
• Dry Department: This segment is designed to remain dry and houses components 

that should not be exposed to water, such as electrical components or sensors. 
• Wall Installation: A key feature of this redesign is the installation of a wall 

between the wet and dry departments of the torpedo nacelle. The magnetic 
coupling is placed within this wall, between the wet and dry departments. This 
positioning allows the magnetic coupling to function effectively while preventing 
any water from entering the dry department. 
The wall acts as a barrier, effectively sealing off the wet department from the dry 
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department. Figure 14 (a) shows the sketch of the wet part of the torpedo and Figure 
14 (b) shows the sketch of front wall barrier of the nacelle. It ensures that any leakage 
from the propeller pipe is contained within the wet department and does not affect the 
dry components. The redesign was specifically implemented in the front piece of the 
torpedo nacelle. This piece was split into two parts, and the wall was inserted between 
them to create the separation between the wet and dry departments. 

 
Figure 14. (a) Solidworks sketch of the wet part of the torpedo and; (b) solidworks 
sketch of the wall barrier of the front piece of nacelle. 

The modification involved the use of a magnetic coupling and the redesign of the 
torpedo nacelle to prevent water leakage from the propeller pipe. The installation of a 
wall between the wet and dry departments, particularly in the front piece of the 
torpedo, ensures that the magnetic coupling can function as intended while 
maintaining a water-tight seal, enhancing the overall integrity of the experiment and 
data collection process. In continuity with our prior work, we implemented identical 
steps to augment water-tightness and mitigate the risk of leakage in the redesigned 
model. Employing the same procedural framework as in the previous test, the entire 
model underwent a thorough coating with epoxy, a robust adhesive and sealant known 
for its exceptional waterproofing properties as shown in Figure 15. This epoxy 
application, constituting an additional protective layer, substantially reinforces the 
system against water ingress. The approach mirrors the effective strategy employed 
during the initial test. The application of epoxy continues to serve as a resilient shield, 
contributing to the model’s durability and reliability. 
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Figure 15. Revised design of nacelle coated with epoxy and its parts. 

4. Results and discussion 

For this round of testing, we continued using the same instrumentation as in our 
previous trials with a key modification in the coupling mechanism. The hydrokinetic 
turbine model integrates an electric motor capable of functioning as a generator, 
accompanied by an array of sensors, all housed within the insert. Specifically, we 
employed a PMDC motor of the DCX 35 L type, boasting a power rating ranging from 
80 to 120 Watts, as the motor/generator. 

To exert precise control over its operation, the PMDC motor was linked to a 
driver, facilitating regulation of the motor’s speed. A variable DC voltage source, 
connected to the driver, was employed to adjust the motor speed by varying the input 
voltage. The motor, with a speed rating of 8130 RPM, was paired with a planetary 
gearhead (GPX 37) featuring a reduction ratio of 16:1 to accommodate the scaled-
down size of the turbine model. This gearhead choice was imperative due to the 
model’s constraint on rotational speed. 

In the experimental setup, consistent with our prior work, a range of sensors and 
equipment was integrated to measure and control various parameters of the 
hydrokinetic turbine system. Notable instruments included the TRS605 Rotational 
Force Sensor, serving to precisely gauge driving torque and turbine rotational speed. 
The ESCON 50/5 Servo Controller, a motor driver, maintained a setpoint rotational 
speed and adjusted it as required during testing. Current sensors (ACS712) and voltage 
sensors (DC0-25V) were employed to measure electrical power generation, crucial for 
computing the generated power. Additionally, temperature and humidity sensors, 
consisting of SHT30 and DHT22 types, were strategically placed for safety and 
performance monitoring within the turbine nacelle. 

Despite maintaining the consistency of the overall instrumentation from our 
previous testing, the magnetic coupling replaced the Spyder coupling in the current 
setup. The integrated sensors and equipment are visually represented in Figure 16. 

The evaluation of hydrodynamic characteristics for the hydrokinetic turbine 
involved a systematic process closely mirroring our prior testing methodology. Before 
initiating experiments, precise positioning of the turbine model within the towing tank 
ensured optimal alignment and a watertight seal. Subsequently, the turbine underwent 
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towing at a predetermined speed, capturing vital data through installed sensors 
measuring torque and speed. This approach provided valuable insights into the 
turbine’s performance under varying flow conditions. 

Notably, the methodology employed in this testing phase, featuring a magnetic 
coupling, replicated the exact procedure utilized in previous tests. Emphasizing 
continuity, we maintained identical numerical values to ensure a meticulous repetition 
of our prior experiments. Figure 17 visually illustrates the prototype turbine 
submerged in the towing tank, showcasing the consistent application of our established 
testing protocol. 

In our nacelle redesign experiments using magnetic coupling, we apply the same 
protocol as in previous tests. Figure 18 (a) compares torque results and Figure 18 (b) 
compares power results by plotting data from three different methods: The solid line 
represents the numerical method using BEM theory, the black squares denote results 
from prior testing without magnetic coupling, and the red stars indicate measurements 
with magnetic coupling. The data reveal a consistent trend where, as carriage speed 
increases, the generated power also rises, aligning with the expectation that higher 
fluid speed delivers more energy to the turbine blades. Up to a carriage speed of 1.8 
m/s, BEM simulations predicted slightly lower power generation compared to 
experiments, suggesting a possible underestimation of OCT performance by the 
simulations. However, beyond 2 m/s, BEM-calculated power exceeded experimental 
results. Discrepancies between experimental data and BEM simulations can come 
from several factors. One major issue may be measurement inaccuracies related to the 
experimental setup or the equipment used, which might not have been sufficiently 
precise. For instance, errors in sensor calibration or limitations in measurement 
resolution could contribute to these discrepancies. Also, BEM simulations might not 
fully capture the complex hydrodynamic effects observed in real OCTs, such as 
turbulence and three-dimensional flow effects, which are challenging to model 
accurately. These complex dynamics, particularly at varying flow speeds, might be 
inadequately represented by the BEM method. To sum up, the simulations may not 
fully reflect the actual hydrodynamic environment, leading to differences between 
simulated and experimental results as discussed in [60]. As noted in [60], future work 
might explore alternative turbine designs, materials, and sensor technologies to 
enhance hydrokinetic energy systems. Furthermore, measurements with the magnetic 
coupling exhibited slightly lower values compared to prior experimental 
measurements that can be attributed to the impact of the coupling on the system. 
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Figure 16. Electric instruments setup. 

 
Figure 17. Photograph of the prototype turbine during the towing tank experiment. 

 
Figure 18. (a) Comparison of generated torque results and; (b) comparison of generated power results. 

The proposed numerical method based on BEM theory shows the robustness 
through a strong match with experimental results and adaptability to real-world 
challenges as shown in [36]. Despite some discrepancies, primarily due to unmodeled 
hydrodynamic effects and measurement inaccuracies, the method accurately predicts 
power generation and hydrodynamic forces. It accounts for practical issues, such as 
the impact of a gear-head on motor speed and torque, and successfully incorporates 
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magnetic couplings to address leakage issues, enhancing system reliability. The 
method’s comprehensive approach that combines advanced simulations with detailed 
experimental testing, highlights its flexibility and precision. Furthermore, the study 
identifies areas for future optimization, such as refining simulations to better capture 
complex flow dynamics, ensuring the model remains robust and capable of continuous 
improvement in hydrokinetic turbine design. 

The study could further explore how its results influence the design and 
deployment of full-scale OCTs in real-world marine environments. By addressing 
challenges like hydrodynamic inefficiencies and leakage, the study’s insights into 
torque, speed, and magnetic couplings can optimize larger systems. The use of 
magnetic couplings enhances OCT durability and reliability in corrosive marine 
settings. Future research could focus on scaling up turbine designs and refining 
simulations to improve efficiency in different ocean conditions, advancing sustainable 
marine energy solutions. Also, we will include additional validation of the results such 
as comparisons with other established models or larger-scale testing. 

5. Conclusions 

This study represents a significant advancement in the development and 
evaluation of a small-scale horizontal OCT through the use of BEM simulations. By 
integrating a sophisticated mathematical model with practical experimental testing, we 
achieved precise calculations of hydrokinetic forces and gained a deeper 
understanding of small-scale turbine performance. The innovative approach of 
combining detailed simulations with marine-inspired dynamometer testing and a 3D-
printed turbine model equipped with sensors enabled comprehensive monitoring of 
power, force, and rotational speed during towing tank tests. The good agreement 
between experimental results and BEM simulations highlights the robustness of the 
model, although some discrepancies were observed due to factors such as 
measurement accuracy and hydrodynamic effects. The successful redesign, which 
addressed previous leakage issues by incorporating magnetic coupling, has improved 
the reliability and longevity of testing, providing valuable insights into turbine 
performance across different speeds. In the future, we plan to refine our experimental 
methods, especially with the new nacelle design, and conduct broader studies to 
further optimize efficiency, applicability, and repeatability. This interdisciplinary 
research, combining advanced modeling, experimental techniques, and innovative 
design solutions, fosters future developments in hydrokinetic energy conversion. Also, 
this study could further explore how its results influence the design and deployment 
of full-scale OCTs in real-world marine environments. By addressing challenges like 
hydrodynamic inefficiencies and leakage, the study’s insights into torque, speed, and 
magnetic couplings can optimize larger systems. The use of magnetic couplings 
enhances OCT durability and reliability in corrosive marine settings. Future research 
could focus on scaling up turbine designs and refining simulations to improve 
efficiency in different ocean conditions, advancing sustainable marine energy 
solutions. 
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