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Experimental Setup Design

A lab-scale computer vision-based data acquisition system was
developed to observe the response of a tethered system to
prescribed end motion and operating conditions.

In a detailed analytical model validation study, a broad range of experiments scenarios with parameter
variations is expected. Therefore, TSOP is designed as a modular platform to account for variations in tether
sizing and materials. It also allows cases with attached end bodies like spheroids or passive impeller devices.

Project Motivation

The tether model is a particularly important module in the composite tethered
turbine system model. Even though there exists a wide variety of tether models
in the literature, formal investigations of their domains of applicability and other
fidelity metrics are lacking. Therefore, the motivation of this research is to
conduct a comprehensive experimental investigation on performance validation
of a classical lumped mass tether modeling framework.

Tethered System Model Framework
A modular tethered systems framework has been developed
to simulate the behavior of a constant length tether under
various flow conditions. The tether module is mainly
comprised of the hydrodynamic and structural submodules to
model the effects of external fluid forces and induced internal
forces to predict the motion of tether.

Ocean currents are a vast and untapped potential source of renewable energy. It
has been estimated that as much as one gigawatt of kinetic energy may be
extracted from the Gulf Stream without significant disruption of climatic
conditions1. However, extracting this energy is a challenge.

The Gulf Stream – meandering off the coast of North Carolina near Cape
Hatteras – flows fastest at the surface and, due to the continental shelf, can be
more than 3000m above the sea floor. The conventional cantilever-tower
method of placing turbines for current energy extraction is impractical.
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A tethered system is a promising alternative to the rigid-tower approach.
Systems that include one or more pairs of contra-rotating turbines may produce
zero-net angular momentum and torque. An accurate analytical framework
development for such a composite system provides a cost-effective method to
understand its behavior in the operating conditions before deployment.

Structural Model Formulation (Lumped Mass Model)
• A homogenous isotropic circular cross-section tether is modeled as a 

series of discrete finite viscoelastic elements (Kelvin-Voigt Model).

• These elements can resist forces only in the axial direction ( Ԧ𝐹𝑖𝑛𝑡) and 
has no bending or torsional stiffness.

• Net weight force ( Ԧ𝐹𝑊,𝑛𝑒𝑡 = Ԧ𝐹𝑊 - Ԧ𝐹𝐵) is estimated for each element.

• The Hydrodynamic forces ( Ԧ𝐹𝐻) is estimated using a quasi-steady model 
(Hoerner's Method).

• All the forces acting on each element are lumped equally on its nodes.

Hydrodynamic Model Formulation ( Ԧ𝐹𝐻 = Ԧ𝐹𝐻,𝐷𝑟𝑎𝑔 + Ԧ𝐹𝐻,𝐿𝑖𝑓𝑡)

• Ԧ𝐹𝐻,𝐷𝑟𝑎𝑔 is the mean effective pressure drag acting on cylindrical 

elements which are obliquely placed in a flow. The drag coefficients 
are derived from Hoerner’s2 experimental study on cylindrical 
bodies in a smooth flow.

• Ԧ𝐹𝐻,𝐿𝑖𝑓𝑡 captures the transient transverse oscillatory response 

induced due to vortex shedding.

𝐶𝐷𝑟𝑎𝑔 ,∥ = 𝐶𝐷𝑟𝑎𝑔 ,𝑁𝑜𝑟𝑚𝑎𝑙  sin(𝛼))3 

𝐶𝐷𝑟𝑎𝑔 ,⊥ = 𝐶𝐷𝑟𝑎𝑔 ,𝑁𝑜𝑟𝑚𝑎𝑙  sin(𝛼))2cos(𝛼) 

[1]     X. Yang, “Ocean Current Energy Resource Assessment for the United States,” Georgia Institute of Technology, 2013.
[2] S. F. Hoerner. Fluid-Dynamic Drag: Practical Information on Aerodynamic Drag and Hydrodynamic Resistance. Hoerner Fluid Dynamics, 1965.
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Tether Model States

The computer vision system comprises of two USB 3.0 CMOS sensor
color cameras which is directly connected to a computer for
controlling frame trigger and storing experimental data as image
sequences. The system can capture frames simultaneously at up to
250 FPS at maximum of 1.3-megapixel resolution.

TSOP mainly consists of two subsystems – (a) Computer Vision
System, and (b) Motion Control System.

The motion control system essentially has an integrated servo system
which is connected to the tethered system through the actuation
mechanism. The servo system has a 1.4 Nm stepper motor at up to
500 rpm which can be precisely controlled through a C++ routine
using its high resolution (1/6400th of a revolution) optical encoder.

TSOP Computer Vision System

Computer Vision System Workflow

Stereo Camera Calibration

Pinhole Camera model is used
to estimate intrinsic camera
parameters to correct radial
lens distortion and image skew.

Image Preprocessing (Demosiacing)

Image Sensor 
Bayer Pattern

Color balancing 
and gamma 
correction

Processed Color 
Image Frame

Object Detection And 3D Reconstruction

Experimental Campaign

Experimental Test Case – 0.25’’ Neoprene Tether at 30 rpm steady 

Tether Positions Results – Model Predictions vs Experimental Data

Conclusion and Future Work

A through experimental validation study of the tether model needs a simplified experimental campaign
involving the tether without any end bodies attached to it to eliminate any effects due to coupled
dynamics. Therefore, the experiments were designed to investigate tether model performance for varying
tether properties and flow speeds for low aspect ratio tethers (max. L/D = 150) under slack conditions.
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A through experimental validation study of the tether model needs a simplified experimental campaign
involving the tether without any end bodies attached to it to eliminate any effects due to coupled
dynamics. Therefore, the experiments were designed to investigate tether model performance for varying
tether properties and flow speeds for low aspect ratio tethers (max. L/D = 150) under slack conditions.

• The computationally efficient classical lumped mass tether model predicts the tether position with max.
10 % relative error ( Τ𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 − 𝐴𝑐𝑡𝑢𝑎𝑙 𝑃𝑜𝑠𝑖𝑡𝑖𝑜𝑛 𝑢𝑛𝑠𝑡𝑟𝑒𝑡𝑐ℎ𝑒𝑑 𝑙𝑒𝑛𝑔𝑡ℎ) averaged for all markers.
This suggests the inclusion of bending effects in the model to better predict tethers under low-tension.

• The slight offset (~ 0.1") in the mean prediction vs actual position (z-coordinate) could be attributed to
measurement errors in setting up the experiment.

• Improved hydrodynamic and added mass model could accurately produce the transient flow effects.
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