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The report D3.1 details the theory, for the mechanical and electrical part, used for the development of the tide-to-wire
model in Python code. Some application cases are also presented for the validation of the tool.

Objectives:

The objective of the task T3.1 is to develop a time dependant tide-to-wire model using blade element momentum
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also able to predict the power output in terms of electrical parameters and accounts for realistic tidal conditions such
as turbulent and unsteady flow.
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1. INTRODUCTION

The objective of the task T3.1 is to develop a time dependant tide-to-wire model using blade element
momentum theory (BEMT) to calculate the torque and thrust on a tidal turbine. From an input of the
tidal conditions, the tool is also able to predict the power output in terms of electrical parameters and
accounts for realistic tidal conditions such as turbulent and unsteady flow.

This document presents development performed by Bureau Veritas (BV) and University of Edinburgh
(UEDIN) to achieve this objective. The report starts by an explanation of the BEMT, the possible
improvements of the theory that have been implemented in the code and a review of existing tools
using BEMT. Then, the program architecture using Python code and equations used are fully detailed
in next sections. Pre and post processing strategy are also described. Some validation cases have been
used in order to confirm results of the tool, based on previous experiments or simulations. The
methodology for the electrical is fully explained as well as the condition monitoring based on model
based. Finally, the coupling between the BEMT model, developed by BV in python, and the electrical
Tidal Current Conversion System model developed by UEDIN is presented. The tide-to-wire model
integration in a Computational Fluid Dynamics solver will be performed in task T3.3.

In appendix, the user guide of the tool and an abstract submitted to EWTEC conference in 2019 are
presented.

: W2 System control
Eg. alo o BELI:’I_:::O':el ‘
] @f_ﬂ, Power Electronics & E
§ or S Z Thmst .Spced ~ 1= s £
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-
CFD Simulation----------:
Figure 1: Tide-to-wire model for a generalised tidal turbine
1.1  Abbreviations & Definitions
BV Bureau Veritas
BV M&O Bureau Veritas Marine & Offshore
HO HydrOcean
UEDIN The University of Edinburgh
EO EnerOcean
SAB Sabella
1-T 1-Tech
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IFR Ifremer (Institut Francais pour la Recherche et I'Exploitation de la Mer
ISSA Ingeteam Power Technology
GA Grant Agreement
PMP Project Management Plan
BEMT Blade Element Momentum Theory
CFD Computational Fluid Dynamics
TCCS Tidal Current Conversion System
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2 BLADE ELEMENT MOMENTUM THEORY

The major part of this literature review is spent in understanding the various assumptions which
are inherent in the blade element momentum theory and look for means to account for these
corrections.

2.1 Blade Element Momentum Theory

A preliminary understanding of the development of the Blade Element Momentum theory is
obtained from Grant Ingram’s work on “Wind Turbine Blade Analysis using the Blade Element
Momentum method” [1]. This document explains the derivation of the BEMT from momentum
conservation equations. The Blade Element Momentum Theory (BEMT) is essentially a combination of
two theories — the actuator disk momentum theory and the blade element theory.

The actuator disk momentum theory explains the power extracted by an actuator disk within a
flow field. It is based on the Newton’s second law, which equates the force experienced by the actuator
disk as the rate of change of momentum of the fluid while passing through the disk. Based on the
conservation of linear momentum and angular momentum, the induced velocities in the axial and
tangential directions of the disk can be determined. However, the simplification of the bladed rotor to
a disk seems too general.

In the blade element theory, the blades are divided into different segments, known as blade
elements. Each blade element is assumed to act independent of the other, so that the total force on
the blade can be obtained by an integration of the forces on each individual blade element. The
dynamic force on each blade element can be computed based on the local flow conditions at each
blade element. The two key assumptions of the blade element theory are that there are no
aerodynamic interactions between the blade elements and that the forces on the blade elements are
solely determined by the lift and drag components.

BEMT combines both these theories to provide a theoretical formulation for the working of
rotating blades within a fluid flow environment. The blade is divided into different blade elements, and
each of these elements trace out annular regions as shown in Figure 2. These annular regions are
considered as individual annular disks and the axial momentum theory is applied on them to obtain
the individual forces acting on them. Thereafter, the blade element forces are integrated to compute
the total force acting on the blade and the power generated by the rotor.

Figure 2: Annular region traced out by a blade element [3]
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Figure 3: Axial stream around a wind turbine [2]

A detailed and well-explained derivation of the BEMT equations can be found in the work by Grant
Ingram [2]. Two variables known as axial induction factor (a) and tangential induction factor (a’) are
defined within this derivation. These represent the change in these velocity components while passing
through the blade. Referring to Figure 3, if V; and V, represent the velocities at locations 1 and 2
respectively, then the axial induction factor, a is defined as a = Wy

1

Similarly, referring to Figure 2, if the blades rotate with an angular velocity of Q and the blade
element wake rotates at an angular velocity w, then the tangential induction factor, a’ is defined as
a ==

20

The application of conservation of linear momentum and angular momentum theories provides
equations for the elementary thrust (dT) and the elementary torque (dQ) produced by the blade

element in terms of these induction factors. These equations for dT and dQ are as follows:
dT = %pr [4a(1 — &)2mr.dr .. (Eqn. 1)
dQ =4d'(1 — a)pV Qr3m.dr ... (Eqn. 2)

These can be then integrated for all the different blade elements to compute the total thrust and
torque generated by the blade.

2.2 Solution to the BEMT equations

The elementary thrust and torque for a blade element can only be obtained by knowing the
induction factors a and a’. Each of these blade element is an airfoil section, and hence the forces on
them can be expressed in terms of their lift and drag coefficients. This is one of the main assumptions
of the Blade Element theory, and by applying this, the elementary thrust and torque equations above
(Egn. 1 & 2) can be equated in terms of the lift (L) and drag (D) of the airfoil section (See Figure 4).
Solving these equations algebraically, we get the induction factors in terms of the lift and drag
coefficients (C, and Cp), as shown in equations 3 & 4.

a d[Cy, cos ¢+Cp sin @]
o= pre e (Eqn. 3)
& G Sil,”p_CD cosel . (Eqn. 4)
1+ar 4sin @ cos ¢
. ) - . B .
where o is defined as the local solidity ratio (o0 = chr, B = no: of blades, ¢ = chord length, r = radial

location of blade element)
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Figure 5: Blade section diagram showing velocity

Figure 4: Blade section diagram showing force components [3]

components

The equations represented as equations 3 & 4 are known as the BEMT equations. The
parameter g, C; and Cp are related to the position of the blade element, and its geometry. The local
inflow angle ¢ is related geometrically to the inflow velocities and the induction factors, as can be seen
in Figure 5. Therefore, the BEMT equations can be solved for a given inflow condition and given blade
geometry by obtaining suitable values for the induction factors a and a’. The conventional method to
obtain this solution is by following an iterative approach to converge on the solution for the induction
factors at each blade element.

2.3 BEMT: SWOT analysis

The usefulness of a tool or calculation methodology depends on its ability to simplify tasks when
compared to other available methods. One way to analyze such utility of the tool is to perform a SWOT
analysis, i.e. identify its Strengths, Weaknesses, Opportunities and Threats. Such an analysis is
performed for the method of using Blade Element Momentum Theory for the design of tidal turbines.
The comparison is made with other popular choices for the same activity, vis-a-vis Computational Fluid
Dynamics (CFD) and model testing.

The most important strength of BEMT is its faster set-up and execution speed when compared
to its alternatives such as CFD and model testing. Once a BEMT numerical code is developed, the set-
up of the model would only involve numerical inputs regarding the operational data from the user. For
a CFD analysis, the set-up involves the meshing of the geometry and fluid domain, and deciding on
computational scenarios. This needs the service of an expert. For a scaled-model testing, the set-up
time is much higher, with the need to actually build a physical model of the turbine.

The execution time for BEMT analysis is also low, since the computations are based on
simplified theories. CFD requires solution to the Reynolds-Averaged Navier-Stokes equations, which is
computationally more complex to solve. The execution time for model testing is relatively low
compared to its set-up time; nevertheless, it would require a few hours to generate quantifiable test
results.

BEMT is based on simplified theories, which have relatively less computational complexity than
most engineering problems. The computational procedure is repetitive and no interaction between
blade elements is considered, making it a simple task that needs to be repeated multiple times —an
ideal problem to implement within iterative programming. This makes it easy to implement within a
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computer code, without having the need for advanced computational techniques such as geometry
discretization or differential equation solutions.

Similar to the other available tools, BEMT also has the advantage of being reusable. Once
developed, the same tool can be used for different turbine geometries or for different operating
scenarios. This is the same case with a CFD software package or a scaled-model. However, the
advantage of BEMT is the relatively lower set-up time for a new project.

The basis of BEMT is on simplified theories such as conservation of momentum and
segmentation of a blade to different blade elements. These theories work perfectly only in idealized
conditions and have a lot of theoretical assumptions as well. They do not necessarily reflect a realistic
scenario. BEMT ignores many such realistic intricacies to make the computations simpler and faster.

Along with the assumptions on the physics of the problem, BEMT also makes simplifications of
the inflow conditions. A dynamic variation of the particle velocities are not considered in simple BEMT.
The simple BEMT works based on static lift and drag data of aerofoil sections, and the dynamic effects
such as dynamic stall are not inherently included in it. Such effects are case-dependent and also
depend on the time hysteresis of the flow, and thus are difficult to incorporate in a simplified theory
such as BEMT.

Based on the strengths and weaknesses of BEMT, its best possible use would be in the
preliminary design stage. At this stage, the time required for set-up and execution is a crucial factor;
and BEMT has an edge over the other tools in this factor. It is also inexpensive in terms of cost and
computations, making it an ideal choice. This would be beneficial for the designer to finalize the basic
design and structural parameters, as a BEMT tool would allow him to simulate multiple scenarios in
less time.

Another possible application of BEMT would be to implement it within design optimization
algorithms. Such algorithms work on repeating the same calculation for different input parameters and
then converging to an optimum solution. Considering the fact that a large number of calculations with
varying input parameters needs to be performed, the use of BEMT instead of CFD would be ideal for
this scenario.

To address the major weakness of BEMT, i.e. the theoretical simplifications, empirical models
can be used as corrections to simulate these effects. Analytical and statistical models, which predict
such behaviour are available in existing literature, and in many cases have been validated with
experimental results as well. Implementing such empirical models on top of BEMT would give an ideal
opportunity to improve the accuracy and reliability of this method.

The most serious threat for BEMT is to determine how accurate it simulates a real-world
scenario. Since it does not capture the entire physics of the problem, its accuracy depends on the
validity of the assumptions and the empirical models. For these reasons, the accuracy of the tool needs
to be validated with available test results or with experimental data.

Being relatively faster than CFD and model testing is the major advantage of BEMT. When
implementing additional empirical models, it should be taken note that the computational speed of
the BEMT tool is not severely compromised. Efficient and simple correction modules are to be
implemented so that its ‘Unique Selling Proposition’ (USP) of fast execution remains intact.
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As mentioned earlier, BEMT simplifies a complex problem into a simple problem that needs to
be solved a multiple number of times. While this allows the problem to be implemented within
iterative loops, the number of computations can play a significant role here. The code should be able
to decide on this quantity keeping a balance between computational speed and accuracy of results.

The use of semi-empirical models to simulate dynamic events is complicated. Dynamic events
such as turbulent inflow, dynamic stall, and vortex formation are difficult to explain and quantify. This
would mean that the numerical models that simulate such events would definitely involve complex
mathematical equations and solutions. This subdues the strength of BEMT in the matter of
computational complexity.

2.3.5 Summary

The SWOT analysis provides valuable insight into the applicability of BEMT into real-world
design problems. A summary of these points is represented in Figure 6. Although these points are non-
exhaustive, they give an overall idea about where and how BEMT can be applied in design of tidal
turbines.

Figure 6: SWOT analysis of BEMT
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3 IMPROVEMENTS TO BEMT

Although the Blade Element Momentum theory provides a fundamental framework for analyzing
the performance of a tidal turbine, it is very simplistic in its formulation. There are different factors of
the fluid inflow and dynamic effects due to the rotation of the rotor that are not considered within this
theory. For this reason, the results from an analytical estimation using BEMT would give considerably
large discrepancies when trying to simulate real-world flow conditions. The main aim of WP3 of
RealTide project is to identify the improvements that could enhance the original BEMT. Also, analytical
methods to implement these improvements onto the BEMT equations are explored in the form of loss
factors, semi-empirical methods and alternate algorithms.

From the review of existing literature, the improvements that could be implemented in BEMT are
as listed below:

a) Losses at blade tip and root
b) High induction factor

c) Wake models

d) Dynamic Stall

e) Single variable optimization
f) Turbulence

g) Loads on tidal turbine

h) Optimization algorithms

In his project report on “Development of a precise BEMT numerical model” [4], Samuel
Hermant has listed many of these corrections and possible methodologies on their implementation.
Further, the user manual for AeroDyn [5] (a series of routines that are widely used for aerodynamic
simulations), explains the various improvements to the BEMT that needs to be considered, as well as
the analytical models used to implement them. These two sources are taken as the major reference
points in identification of the possible improvements and corrections. Further work is done to analyze
each of these improvements from cross-referenced documents and related journals.

3.1 Losses at blade tip and root

The blade element momentum theory does not consider the effects of vortex shedding from the
tip of the blades and its root. Tip vortex shedding is a typical characteristic of fast-moving field rotors
such as ship propellers and turbine blades. Since only the transfer of momentum from the flow field
to the blade rotation is considered within the limits of the theory, the losses due to tip vortex shedding
is not included in the theory. However, these losses are significant and need to be accounted for.

Most of the improved BEMT numerical models account for the tip losses by means of Prandtl
correction factor. This is the same that is implemented in AeroDyn, wherein it is explained that “the
Prandtl model simplifies the wake of a turbine by modeling the helical vortex wake pattern as vortex
sheets that are convected by the mean flow and have no direct effect on the wake itself” [5]. The
theory is characterized by introducing an additional correction factor for the induced velocity field, F
which is given as:

F = %cos‘le‘f where f=2-""  (Egn. 5)
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B = Number of blades
R = Blade radius
r =Radial location of the blade element

¢@ =Inflow angle

The same correction factor has been reported in Grant Ingram’s work [2] as well, but in a different
form. Samuel Hermant's research [4] also suggests including the Prandtl correction factor in the design
of turbine blades in order to account for the circulation at blade tips and root due to the pressure
difference between both sides. The losses at hub are also taken into account using a similar correction
factor, but with R being the hub radius instead of the blade radius.

3.2 High Induction Factor

The induction factor is defined as a ratio of change in velocity of flow between the free stream
velocity and the velocity at the blade. The theoretical limit of the axial induction factor, a in BEMT is in
the range of 0 to 0.5. Since V, =V, (1 — a) and V, = V;(1 — 2a), at induction factors above 0.5, the
BEMT would predict a negative wake velocity at the turbine blades. This represents the theoretical
limit of the BEMT, whereas in reality this would mean that the wake has become turbulent.

Various methods have been suggested in the literature to account for this effect of the turbulent
wake state and these are discussed subsequently. In the 3™ International Conference on Ocean Energy,
2010 in Bilbao, I. Masters et al had presented a research paper on the implementation of corrections
for high axial induction flow [6]. The various methods that have been suggested are the Glauert
corrections, Spera method and Buhl correction. Another possible correction method that was found
during the literature review was the DNV GL empirical correction formula [7].

”

The Glauert correction formula was first proposed by Glauert in his book “Airplane Propellers
[8]. This is an empirical correction to the axial thrust coefficient based on experimental results of
helicopter rotors subjected to flow with large induction factors. Later on, methods such as Spera
method and Buhl correction factor were introduced as alternatives and improvements to this method.
The detailed methodology of the Spera correction is discussed in the work by Shen et al [9].

The Glauert correction was developed considering the entire helicopter rotor, but was then
applied to individual blade elements. In his technical report for National Renewable Energy Laboratory,
Buhl [10] suggested that near the tip of the blade, the tip loss correction would affect the axial
induction factor. Thus, he suggested an improvement to the Glauert’s empirical formulation for the
high induction factor. The validity of Buhl’s correction factor has been restated by I.Masters et al [6]
and also by the AeroDyn Theory Manual [5] which has implemented the Buhl correction factor in their
routines. The correction factors considered in the Glauert method and Buhl’s method are written
below. It is to be noted that the correction is to be applied to the thrust coefficient (Cr) based on the
value of the induction factor, a.

a= %[0.143 +4/0.0203 — 0.6427(0.889 — Cr)]| - Glauert Correction
Cr = S+ (4F - ﬂ) a+ (2 - 4F) a? -—-- Buhl’s Correction Factor
9 9 9

In the “Tidal Bladed Theory Manual” developed by DNV GL [7], a simpler approximation for the
thrust coefficient in case of high induction flows has been proposed. In this method, the thrust
coefficient is represented as a quadratic function of the induction factor, a. The thrust coefficient in
these high induction flows is represented as:

Cr = 0.6 + 0.61a + 0.79a? —- Quadratic Correction (DNV GL)
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There are other empirical relations to characterize the case of high induction factor, as has
been described in the Wind Energy Handbook by Burton et al [11]. Buhl’s correction factor is the one
that is predominantly used in accurate BEMT models. Within the python code, the Buhl’s correction
and the quadratic correction both will be implemented, in order to study the effects these corrections
have on simulating the realistic performance of the tidal turbine.

3.3 Root finding algorithms

The iterative approach followed to find the solution to the induction factors may be
computationally intensive when it comes to depthwise and time-varying input velocity fields that
simulate realistic flow conditions. Moreover, these computations need to be done for each blade
element, at each instant of time. Andrew Ning [12] suggests an alternative approach for optimization
by parameterization of the BEM equations by one variable, i.e. the local inflow angle. This avoids the
need for a two-variable optimization, and one-variable root finding algorithms can be used to
determine an optimum solution. This method has been implemented in the Matlab code developed
by University of Edinburgh, which is referred in the report by Scarlett et a/ [1].

The advantage of having single-variable equations is that faster optimization algorithms can be
employed. One such optimization algorithm mentioned in the work by Ning [12] is the Brent’s root-
finding algorithm. The possibility of employing such an algorithm to speed up the computation process
needs to be explored during the development of the python code. The solution provided in Ning’s work
includes tip & hub losses as per Prandtl’s method and high inductance correction as per Buhl. The
implementation of alternate correction models and the inclusion of wake models would require a
totally different derivation of the parameterized equations.

3.4 Wake models

The steady inflow assumption of the BEMT is not a realistic assumption for industrial flows. In
reality, the inflow is time variant and the dynamic wake of the inflow needs to be incorporated in the
BEMT model. BEMT is developed based on the assumption that the wake reacts instantaneously to the
changes in blade loading. This means that the solution for a and a’ using the BEMT equations needs to
be obtained for each time step of the dynamic simulation. This is referred to as an equilibrium wake
model, and is computationally intensive. [7]

In reality, the equilibrium wake model does not take into account the time lag for the dynamic
effects to take place. The changes in blade loading change the vorticity that is trailed into the rotor
wake and these effects take a finite time to change the induced flow field. Consideration of this time
lag effect is called as a dynamic wake approach.

An experimental study of this effect has been done in the paper by Whelan et al [13] for the 8t
European Wave and Tidal Energy Conference. The theory manual for Tidal Bladed software [7] also
speaks about this dynamic inflow effect. All the existing literatures agree that the work by Pitt and
Peters [14] is the basis for the development of dynamic inflow effects. In this work, they have used an
added mass effect to model the dynamic inflow effect. The rotor is given an additional added mass
equivalent to 2/3™ of the volume of the fluid in a sphere with the same diameter as the rotor.
Effectively, this modifies both the BEMT equations into first order differential equations of a and a’
respectively. In the work by Celine Faudota et al [15], an implementation of an added mass model is
done for wind turbines, by considering the cylinder approximation for each blade element.

AeroDyn software uses a different method to model the dynamic wake. This method is called the
Generalized Dynamic Wake (GDW) model or acceleration potential method [5]. As mentioned in the
AeroDyn manual, the GDW method is based on potential flow and is a solution to the Laplace’s
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equation in the fluid domain. This provides for a more general pressure distribution across the rotor
plane. The induced velocities are represented as a set of first order differential equations in an
ellipsoidal coordinate system. These can be solved using non-iterative techniques and the method
used in AeroDyn is the fourth-order Adams-Bashford-Moulton method. The journal article by Maniaci
and Li [16] describes how they have implemented the added mass model in AeroDyn for a marine
hydrokinetic turbine.

TU Delft has undertaken an experimental and numerical validation study of the various
engineering models of dynamic inflow [17]. The paper compares 3 models of dynamic inflow, namely
the Pitt-Peters model, the Oye dynamic inflow model and the ECN’s dynamic inflow model. The Oye
dynamic inflow model is also used by Nevaleinen et al for a sensitivity analysis in predicting the non-
uniform loads that a turbine would experience when there is a sudden change in its operating
conditions. [18].

3.5 Dynamic Stall model

The variation of fluid velocity over the rotor disk creates unsteady angles of attack at the blade
sections. These cause dynamic stall events and need to be accounted for by a dynamic stall model. In
AeroDyn [5], the dynamic stall model proposed by Beddoes and Leishman is used. An example of the
implementation of this model is provided by Hansen et al [19]. While considering the unsteady
hydrodynamics of a full-scale tidal turbine, Scarlett et al [1] have also considered the implementation
of a dynamic stall model coupling it with the blade element momentum theory. The dynamic stall
implemented in TidalBladed also follows the Beddoes-Leishman model. The code developed at
University of Edinburgh features the Sheng model, which is based on the 3™ generation dynamic stall
model of Beddoes [3].

An understanding of the dynamic stall phenomena is necessary to ensure accurate
implementation of the same within the code. In their technical report on a comparison between
various dynamic stall modules [20], Reddy and Kaza classifies the various methods used to represent
semi-empirical models of dynamic stall into the following categories:

(i) Corrected angle of attack
(i)  Synthesization of experimental data to compact expressions
(iii) Describe lift and moment coefficients as ordinary differential equations

The Beddoes-Leishman model is a combination of all these 3 category of representation of
semi-empirical formulation and is used as the basis for development of many of the actively used
dynamic stall modules today. Therefore, this model will be used for understanding and explaining the
dynamic stall phenomenon, in the following paragraphs. A summary of the Beddoes aerodynamic
model is given by J Beedy [21]. The basic Beddoes-Leishman model is explained by Leishman in his
book, “The Principles of Helicopter Aerodynamics” [22]. A modified Beddoes-Leishman model, as
implemented in the University of Edinburgh BEMT code, has been proposed by Sheng et al [23]. These
documents have been used as the chief references for explaining the dynamic stall phenomenon.

Dynamic stall refers to the stalling of an aerofoil, or lifting surface, during unsteady flow
condition. During such conditions, there is a significant delay in the stall of the airfoil when compared
to the static case, and this may allow the airfoil to attain a much larger value of lift. The conventional
stages of dynamic stall are represented in Figure 7.
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Stage 1: Blade seclion exceeds siatic stall angle,
dynamic flow reversals take place in boundary layer.

D3.1 Generalised tide-to-wire model

Stage Z: Flow separalion at Ihe [eading-ecige,
formation of a leading-edge vortex. Moment stall,

o

Stage 2-3: Spilled vortex convects over chord,
inducas extra lift and afl-moving center of pressure

Stage 3—4: Lift stall. After vortex reaches trailing-
edge, complate flow separation prevails.

Stage 5: When angle of attack becomes low
enough, flow reatfaches from leading edge.

Figure 7: Conventional stages of Dynamic Stall [22] [24]

A correct representation of dynamic stall should consider the effects of all these changes in a
dynamic working environment. Of principal importance is the increased lift generated by the
convecting vortex, which can generate unexpectedly high forces and rotational speeds for the tidal
turbine. The dynamic stall model should account for time constants that trigger the onset of flow
separation at the leading-edge, complete convection of the vortex up to the trailing-edge and the
reattachment of the flow at lower angle of attacks.

3.6 Single-variable optimization

The iterative approach followed to find the solution to the induction factors may be
computationally intensive when it comes to depthwise and time-varying input velocity fields that
simulate realistic flow conditions. Moreover, these computations need to be done for each blade
element, at each instant of time. Andrew Ning [12] suggests an alternative approach for optimization
by parameterization of the BEM equations by one variable, i.e. the local inflow angle. This avoids the
need for a two-variable optimization, and one-variable root finding algorithms can be used to
determine an optimum solution. This method has been implemented in the Matlab code developed
by University of Edinburgh, which is referred in the report by Scarlett et al [1].

The advantage of having single-variable equations is that faster optimization algorithms can be
employed. One such optimization algorithm mentioned in the work by Ning [12] is the Brent’s root-
finding algorithm. The possibility of employing such an algorithm to speed up the computation process
needs to be explored during the development of the python code. The solution provided in Ning’s work
includes tip & hub losses as per Prandtl’s method and high inductance correction as per Buhl. The
implementation of alternate correction models and the inclusion of wake models would require a
totally different derivation of the parameterized equations.

3.7  Turbulence Model

Another possible improvement in the BEMT model that can be implemented is to introduce a
robust turbulence model that can account for the turbulent nature of the flow. One of the possibilities
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of such implementation is the TurbSim program developed by the National Renewable Energy
Laboratory, Colorado [25]. TurbSim is efficient in terms of CPU (Central Processing Unit) and memory
usage, and developed specifically considering the needs of the wind turbine environment. An
extension of this could be done to implement in a tidal turbine environment. A user guide for the use
of the TurbSim program is available [26] and the same can be used to include a turbulence model
within the Python program.

Other examples of turbulence models that have been implemented for analysis of tidal turbines
are found in Tidal Bladed [7]. The software uses a three-dimensional turbulence model, with separate
time history for every point within a rectangular grid on the rotor plane. The turbulence models
adopted are the von Karman model, improved von Karman model, Kaimal model and the Mann model.

3.8 Loads on Tidal Turbines

One of the major uncertainties in any structural engineering problem is the uncertainty in
determining the loads that act on the structure. In the case of a tidal turbine also, this is a major
uncertainty. Even though the tidal flow can be predicted, the presence of free surface waves, ocean
currents and the turbulence characteristics of the flow make the prediction of the incoming flow to
the tidal turbine a matter of uncertainty.

The evaluation of wave induced velocities has its own further uncertainties since these are
random and stochastic in nature. In deep sea, a regular wave field can be assumed thereby applying
linear wave theory to determine the wave loads to a decent accuracy. The same has been proposed in
the work by Celine Faudot et al [15]. Such an estimation of the loads is essential in the structural design
of the blades, which is one of the expected outcomes from the research and internship.

Apart from the use of regular wave theory, empirical expressions that are developed from
industrial experience can also be used for this purpose. One such example is the classification
guidelines by Bureau Veritas for Current and Tidal Turbines [27]. These guidelines are typically used
for the structural design of the blade, hub, nacelle and duct. Such guidelines and iterative processes
are very important while creating a design optimization loop within the program algorithm.

The work by Chul et al [28] from Inha University, Incheon, Korea highlights the use of the
deformed blade shape for accurate estimation of the power generated by a tidal turbine. Essentially
this is a case of fluid-structure interaction wherein the fluid domain solution is obtained by
Computational Fluid Dynamics (CFD) and then the deformation of the blade calculated using finite
elements. This deformed shape is then used to modify the flow field and the power output is predicted.

3.9 Optimization Algorithms

One of the main expected outcomes from the internship is to develop a tool that is robust enough
to aid the designer in the preliminary design stage. When trying to efficiently implement a design tool
at this stage, useful optimization routines that would reduce the iterative work done by the designer
are options that should be considered. Therefore, the literature review was also aimed at finding such
optimization algorithms which could be used while developing the code.

In the paper by |. Masters et al [29], a robust BEMT model using combined Monte Carlo and
sequential quadratic optimization. During the design of the tidal turbine, both the induction factors —
axial induction factor, a and the tangential induction factor, a’— are unknown. The usual procedure is
to assume one and iteratively solve for the other. This paper describes how a Monte Carlo simulation
can be used to figure out an optimized solution for these both induction factors.

Apart from that, once could also employ the genetic algorithm methods that are available within
the Python libraries. However, in order to develop an efficient methodology for optimization, it is
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imperative to first define a smooth and streamlined process for computation. Once this is achieved,
and the critical parameters identified, then only can a suitable optimization algorithm be employed.
Therefore, the focus at the preliminary stage is to develop a code that focuses on predicting the force
outputs and electrical parameters from the tidal turbine operating conditions. The implementation of
an optimization algorithm will be studied further in detail and attempted to implement at a later stage.
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4 EXISTING BEMT TOOLS

While developing a code that is based on Blade Element Momentum theory, it is vital to take a
look at the existing tools that use this framework. The two industries that have been identified as
suitable for implementation of this theory are the Tidal turbines and wind turbines. Accordingly, a
study on the existing software tools that have implemented the BEMT has been conducted

A brief overview of the manner in which the BEMT has been implemented and the extent to which
the BEMT improvements have been included in these software packages is analysed within the scope
of this section. A comprehensive summary of these improvements is provided in a tabular format at
the end of the section. The software packages thus identified are as follows:

4.1 Software Packages
a) Tidal Bladed:

Tidal Bladed is an integrated software package used in the design, performance and loading
calculations of tidal turbines. [7] The software was developed by Garrad Hassan Ltd., which was
later acquired by DNV GL. The software is a comprehensive tool, which implements BEMT with
many of its improvements. The effects of dynamic stall can also be analysed in an unsteady flow.
It can take into account various environmental effects such as waves and ocean currents. Also,
the influence of towers, turbulence model and cavitation inception criteria are also included
features of the software.

b) University of Edinburgh (UEDIN) Code:

The UEDIN code is a series of Matlab based routines that can be used to predict the force
output from a tidal turbine. The code has incorporated a dynamic stall model, which can give
accurate results for unsteady flow cases. The code is suited primarily to take an input from the
sea test results for tidal turbines, projects such as ReDAPT [30]. Flow characteristics such as effects
of waves, currents, and turbulence are inherently included within the input velocity profile.

c) HydrOcean Code:

Similar to the Matlab code of UEDIN, a sequence of Matlab routines were developed at
HydrOcean, Nantes, France to aid in the analysis of tidal turbines. Although not as robust as the
UEDIN code for unsteady flows, the code is inclusive of many of the BEMT improvements such as
tip loss, high induction factor and dynamic wake effects. The work done in the development of
the code could be used as a basis for study on the various improvements of BEMT and their
implementations within a coded language [4]. The code has also implemented a Matlab based
genetic algorithm to aid in an optimization process.

d) HARP_Opt:

The HARP_Opt (Horizontal Axis Rotor Performance Optimization) code utilizes a multiple
objective genetic algorithm and blade-element momentum (BEM) theory flow model to design
horizontal-axis wind and hydrokinetic turbine rotors [31]. The code is a development by the
National Renewable Energy Laboratory (NREL), Colorado aimed at the design procedures of tidal
turbines. It uses the WT_Perf BEM theory code, which is also the basis for their aerodynamic tools
such as FAST and AeroDyn. However, the tool focuses on design optimization and hence focuses
mainly on a static analysis, without considering the effects of dynamic stall.
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e) FAST/AeroDyn:

AeroDyn is a set of routines primarily meant for analysis of aerodynamic performance of
wind turbines [5]. It is also developed at the National Renewable Energy Laboratory, Colorado.
Even though designed specifically for wind turbines, the routines present in the software package
have relevant applications to the domain of tidal turbine design as well. Various improvements
that have been discussed in Section 3 have been incorporated within AeroDyn. The dynamic wake
effect is included in the form of an acceleration potential method, which is a potential flow
solution to the Laplace equation within the fluid domain. The dynamic stall module present in
AeroDyn is also well developed and uses the Beddoes and Leishman model.

f) AERFORCE:

AERFORCE is a Fortran-based package of subroutines for calculation of aerodynamic force
of wind turbine rotors, developed by the FFA, The Aeronautical Research Institute of Sweden [32].
The routine is adapted to work on time simulations. The output from the code is wind and blade
velocities and blade forces at a sequence of time steps. This is designed such that the output can
be taken into an aero-elastic code further simulations of blade response to aerodynamic loads.

The FFA has also developed a dynamic stall model in FORTRAN to work along with
AERFORCE. This is a 2D unsteady airfoil dynamics which is an implementation of the Beddoes-
Leishman dynamic stall model [33]. The literature gives a step-wise procedure of the
implementation of the Beddoes-Leishman model, the framework of which is similar to that which
could be used in the dynamic stall module for tidal turbines.

4.2 Input

The first criteria that is chosen for comparison is the manner in which these software packages
accept input data from the user. Based on the type and purpose of the software, this format might
vary.

Since we are dealing with a flow environment here, the primary input data required is the
manner in which the inflow velocity is provided to the code. In the real case scenario, if an Eulerian
frame of reference approach is used, the particles on a spatial grid just aft of the turbine would have
velocity components in the three-directions. Moreover, the turbulence characteristics of the flow is
not represented by these velocity components, and that would probably require a separate treatment.
The turbulence characteristics (such as turbulence intensity) may also need to be considered to give a
more accurate representation of the inflow conditions.

Itis not practical to represent all the physical characteristics of the inflow within the framework
of developing a computationally inexpensive numerical code. Therefore, the flow characteristics need
to be suitable simplified, but still sufficient to have a good representation of the real physical flow.
When considering the velocity profile, the following attributions to variations in the velocity profile
may be identified:

(i) Variation along z — depthwise varying velocity profile
(ii) Variation along y — changing velocity profile in the transverse direction
(iii) Variation with time — dynamic inflow condition
(iv) Turbulence characteristics of the inflow
(v) Effects of rotor rotation on the inflow
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Table 1 shows a descriptive comparison of the various software packages mentioned in Section
4.1 with respect to their input parameters. The five attributes mentioned above are analysed
specifically. Table 2 shows a summary of these capabilities in each of these software package. It is to
be noted that the comparison is based mainly on the literature available of these software packages.
Only limited or minimal user experience is involved; hence the comparison may only be taken as a
superficial approach and may not encompass the entire functionality of the software.

Table 1: Input velocity profile for various software packages

Tidal Bladed

In Tidal Bladed, the input velocity conditions are derived from the environmental
conditions. The user inputs the current, wave, wind and tidal conditions. The
velocity profile, with variations along depth and time, are computed based on this.
Also, the software implements 3-dimensional turbulence models such as von
Karman model, Kaimal model and Mann model. There is no explicit mention about
taking into account the effects of the rotation of the turbine affecting the flow
field.

UEDIN Code

The UEDIN code was designed to analyze results from the ReDAPT project
measurements. The input data for this code is the velocity profile measured by the
sensors in the real-sea conditions. As a result, this inherently includes the
variations within spatial and time co-ordinates. However, the spatial grid is
simplified to only account for variations along the depth; the transverse variations
are not taken into account. However, the velocity of the blades is adjusted for the
azimuthal position of the blade. The turbulence characteristics are measured
within the ReDAPT project; but these values are not incorporated within the input
velocity profile.

HydrOcean
Code

The HydrOcean code is designed for performing analysis of tidal turbines in a
constant stream velocities. However, the code can take into account the time
variation of the stream velocities, so that the same may be analyzed for the
dynamic wake effect.

HARP_Opt

As an optimization software, HARP_Opt prioritizes on operating conditions of the
turbine. Thus, the stream velocity is taken as constant along the entire diameter
of the blade, i.e. no variation of velocity within a spatial grid is considered.
However, variation in rotor speed and pitch of the blades are considered as an
input condition. The variation in rotor speed induces a dynamic effect into the
inflow, and hence a variation with time is effectively.

FAST/AeroDyn

AeroDyn is one of the most advanced tools available for the analysis of wind
turbines. The input can be manipulated to provide the velocity profile within a
rectangular spatial grid. The turbulence of the flow can also be include by applying
the TurbSim turbulence modeled by NREL.

AERFORCE

AERFORCE is also designed for a constant stream velocity condition; but the
dynamic effects are considered with a time variation in velocity modeled by a
quasi-steady value of the induction factor. The effects of turbulence and rotor
rotation are not considered in the code.
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Software Along depth =~ Transversely =~ With time Turbulence
Tidal Bladed
UEDIN Code

Table 2: Capabilities of software package w.r.t. input velocity profile

HydrOcean Code

HARP_Opt

FAST/AeroDyn
AERFORCE

The performance of the tidal turbine depends on its geometrical parameters such as the blade
shape, and thickness. The type of blade section (aerofoil profile) at each blade element would
determine its lift and drag coefficients and subsequently the force generated at the blade element.
This is a design parameter and needs to be provided by the user.

For greater accuracy of computations, larger number of blade elements may be considered.
However, the aerofoil profile at each of these sections might be different and hence would have
different lift and drag characteristics. These characteristics are not so straightforward to calculate from
the geometry of the section, and typically would require a tabular input from the user. All in all, this
would require a massive databank input from the user; and hence, the manner in which this is handled
is also of extreme importance while designing the architecture of the code.

Another factor to consider is the range of angle of attacks for which the lift and drag coefficients
are provided. Typically, the aerofoil lift and drag data are only provided for a range of angle of attacks,
say -30° to +30°, as the angle of attack in the static regime usually stays within this range. However,
when considering the performance in cases of dynamic events, the angle of attack can be well in excess
of the steady state stall angle. Moreover, when an iterative solution is considered, the range of angle
of attack should be large enough to allow convergence of the solution.

The attributes that are important while considering the lift and drag input data may be
summarized under the following headings:

(i) Range of angle of attacks
(ii) Extrapolation of lift and drag data

(iii) Multiple aerofoil profiles
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Table 3: Comparison of lift-drag coefficient input data

Tidal Bladed Tidal Bladed is provided with features such that multiple aerofoil profiles can be
defined at different blade element. The lift and drag coefficients of each of these
sections must be input by the user. However, the user can save already input blade
data to be included for a later calculation. The software also has a feature to
extrapolate the input data to an angle of attack range of -180° to +180° using the
Viterna Extrapolation method.

UEDIN Code The UEDIN code takes the blade profile data directly as provided for the ReDAPT
project. Since this blade data does not contain the lift and drag data for the entire
data range (-180° to +180° angle of attack range), the software uses the Viterna
extrapolation method to achieve this. The blade used in the ReDAPT project does
not have multiple aerofoil profiles; hence the UEDIN code does not have to
consider this complexity.

HydrOcean In this code, different aerofoil profiles are considered for each element. But the
Code user needs to provide the lift and drag data for each of them. Unlike the other
codes, the lift-drag coefficients are not provided as functions of Reynolds number,
butinstead for the particular thickness-chord ratio of the particular blade element.
This avoids the problem of having a huge C,, Cp database; but the issue is that the
variation with Reynolds number is not considered (since the code only considers a
fixed stream velocity).

HARP_Opt HARP_Opt has features to optimize the geometry of the blades. This means that
the user has to provide the lift and drag coefficient at each blade element for each
angle of attack. However, the software has inbuilt optimization algorithms that
can provide an optimum thickness-chord ratio at each blade element.

FAST/AeroDyn | AeroDyn also explains the Viterna extrapolation as a method to fill in the data for
the angle of attack range between -180° and +180°. But this is not a capability of
AeroDyn, but it can be done using another NREL program named FoilCheck. The
user needs to provide the extrapolated data for the entire range of angle of
attacks; but can obtain assistance from FoilCheck for each blade section.

AERFORCE The AERFORCE manual specifies that the lift and drag data needs to be provided
by the user for the entire range of expected angle of attacks. There is no presence
of any extrapolation algorithms within the software. Since nothing is explicitly
mentioned about considering multiple blade sections, it is assumed that the same
is incorporated within the code.

The environmental conditions that are relevant to the inflow of a tidal turbine are the tides,
waves and ocean currents. It might be of interest to the designer to obtain the performance of the
turbine for a particular environment condition. More importantly, these environmental conditions
would have a bearing on the time dependant velocity component at the inflow of the turbine. Table 4
shows the way in which these environmental conditions are considered within each of these software.
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Table 4: Environmental effects considered within the software packages
Software Tides Ocean Currents WYEWES
Tidal Bladed Yes Yes Yes
UEDIN Code Yes; included as part Yes; included as part of | Yes; included as part of the
of the input velocity the input velocity input velocity
measurements measurements measurements
HydrOcean Yes; as part of input No Yes; using linear wave
Code velocity theory
HARP_Opt Yes; as part of input No No
velocity
FAST/AeroDyn Not Applicable Not Applicable Not Applicable
AERFORCE Not Applicable Not Applicable Not Applicable

4.2.4 Range of TSR

When the performance of a tidal turbine needs to be analysed, it is typical to analyse it for a
range of operating conditions. Here the turbine operating conditions refer to the rotational speed of
the turbine, or the tip-speed ratio (TSR) of the turbine. Certain software, particularly those which focus
on optimization of the turbine operating conditions, has features such that they accept multiple TSRs
as input data.

The problem with considering multiple TSRs is the computational time required. In the practical
operation of the turbine, the rotational speed does not remain constant. The effect of the flow
environment modifies the rotational speed at very instant of time, as mentioned in Section 4.2.1. If
this effect is included in computation, then it is computationally intensive to obtain results for one
value of TSR. This makes an optimization of TSR only desirable when this is the main objective of the
code. Table 5 gives a description of whether each of these software packages consider multiple TSRs.

Table 5: Range of TSR as input in the code

Software Description

Tidal Bladed Single TSR only considered.

UEDIN Code Computation performed for only one TSR at a time.

HydrOcean Code | User can provide a range of TSR inputs.

HARP_Opt Being a code mainly meant for optimization of operating conditions, this has
options to analyze different TSR inputs within a single analysis.

FAST/AeroDyn Single TSR only considered.

AERFORCE Single TSR only considered.
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4.3 BEMT Improvements

Blade Element Momentum Theory is not entirely representative of the flow physics that occurs
during the flow of water around the rotating blades of a tidal turbine. The theory, developed in a near-
ideal framework, needs to be supported with various improvements, as discussed in Section 3, in order
to simulate realistic flow environments. Incorporating complex improvements would however
increase the computational complexity of the algorithm, and as such defeat the purpose of developing
the code; which is to function as a fast, viable and reasonably accurate alternative in the preliminary
design stage for viscous flow solvers in the domain of computational fluid dynamics.

To define the extent to which these improvements have to be implemented, the literature
review should also encompass the manner in which they are implemented within existing software
packages. Within this section, an overall summary of the BEMT improvements implemented in each
software is provided. For the sake of simplicity, the list of improvements are split into two tables, Table
6 and Table 7; the former showing a list of basic BEMT improvements and the latter describing about
the improvements related to dynamic flow effects.

Table 6: Comparison of basic BEMT improvements

Software Tip & Hub Losses  High Induction Factor Computation algorithm

Tidal Bladed Prandtl theory Quadratic Correction Iterative

UEDIN Code Prandtl theory Buhl correction Ning’s formulation

HydrOcean Code Prandtl theory Quadratic Correction Iterative

HARP_Opt Prandtl theory Buhl correction Iterative

FAST/AeroDyn Prandtl theory Buhl correction Iterative

AERFORCE Prandtl theory Empirical linear curve of | Dynamic values of induction
Anderson by Snel & Schepers solution

Table 7: Comparison of improvements based on dynamic effects
Software Wake Model Dynamic Stall

Tidal Bladed Dynamic wake model using Pitt and Peters | Beddoes-Leishman model with a
added mass approximations few modifications

UEDIN Code Equilibrium Wake model Sheng model

W eldelaETne [S Dynamic wake model using Pitt and Peters | None
added mass approximations

HARP_Opt Nothing specifically mentioned; but | Selig-Du and/or Eggers models
expected to have the same capability as
AeroDyn

FAST/AeroDyn Generalized Dynamic Wake model or | Beddoes-Leishman model
acceleration potential method

AERFORCE Oye model Beddoes-Leishman model
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4.4  Other features

Performance analysis of turbines is a generic category that encompasses all these software

packages. Their exact nature of utility might however vary. Some of them are meant to ease the
computations at preliminary design, some are meant as optimization tools, and some are meant as
tools that predict the forces which need to be input into a structural analysis software. Based on these
underlying requirements of each software, they would have certain additional features that cater to
their own domain of expertise. Some of these other features are discussed here, to give a brief insight
of the possibility of their implementations within the RealTide project.

a)

b)

c)

d)

e)

Rotational Augmentation:

The rotation of the blades produce an acceleration of the flow towards the trailing edge. This
reduces the adverse pressure gradient to promote flow reattachment and delay separation,
resulting in lift augmentation from the stationary value [34]. This augmentation of lift is considered
within the UEDIN code by making use of the Lindenburg’s model [35] and combined with the
implementation of the dynamic stall model.

Optimization:

Many of the tools available are used for a design optimization in the preliminary design stage.
HARP_Opt is one such examples and it employs the Matlab Genetic algorithm to achieve this. The
same is also employed in the HydrOcean code. While the HydrOcean code optimizes the optimum
TSR required for operation, HARP_Opt is a more versatile tool in terms of optimization. HARP_Opt
can perform single or multi-objective optimization, combining objectives of Annual Energy
Production and Maximum Power. It also has a structural optimization algorithm to provide an
optimal shape of the blade.

Cavitation prediction:

This feature is employed within Tidal Bladed. It is only a check for the possibility of cavitation,
and does not in any way affect the simulation output. Based on the vapour pressure of water, the
minimum static pressure on each blade element can be computed. This can be then expressed as a
cavitation inception velocity for each blade element. During the computation procedure, once the
magnitude of flow velocity at the blade element is determined, it can then be compared with this
cavitation inception velocity to predict the occurrence of cavitation.

Tower influence:

This kind of effects are most predominant in software that are designed for analysis of
wind turbines. AeroDyn includes the modifications of the flow caused by the presence of the wind
turbine tower in their computations. AERFORCE does not have any inherent model to account for
the tower influence, but it specifies that corrections for the tower blockage effects should be
included within the value of the free stream velocity. The software packages that are meant for
tidal turbines usually do not have the effect of this influence. However, Tidal Bladed employs a
detailed model considering the tower shadow effect and wake effects from upstream turbines.

Skewed wake correction:

Skewed wake correction is important while considering a non-axisymmetric flow to the
turbine. This is important particularly in the case of turbines that can adjust their angle to the
direction of the inflow. AeroDyn and AERFORCE have employed corrections for such cases of yawed
inflow. AeroDyn uses a method developed by Pitt and Peters; while AERFORCE follows the method
suggested by Stig Oye which in turn uses the Glauert formulation for yawed flows.
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5 PROGRAM ARCHITECTURE

Blade Element Momentum Theory predicts the performance for a single blade element rotating
as an annular disc. Extending this theory to a full tidal turbine working in a dynamic environment
involves numerical computations over multiple iterative parameters. Only considering the geometry
of the turbine, this would be in the form of integrating the results for a single blade, and then for
multiple blades. Further, multiple operating conditions present themselves as iterative parameters in
the form of time steps of computations and varying inflow velocities.

These iterative parameters interact with each other over the computational procedure. For
example, the inflow velocity at a blade element which is required for BEMT computations, requires the
knowledge of its instantaneous position. This instantaneous position depends on the rotational speed,
and the blade under consideration. Such interactions between the loop variables would mean that the
program architecture needs to be suitably designed to avoid for any undesirable computational
complexities. Accordingly, it was decided to develop a skeletal framework of the program in the form
of a flowchart, to provide a constructive methodology going forward.

5.1 lterative loops

The first step in the development of such a framework is to identify the various iterative loops
that would be required in the program. The methodology followed here is to start from the elementary
computation involved and then extent it to obtain a global result of the problem. The elementary
computation involved is the application of the BEMT. The global result is to obtain the prediction of
forces generated by the turbine in a dynamic environment.

The elementary BEMT computations need to be done on every blade element on a blade; hence
it calls for the need of a blade element loop. Then, these computations are to be done for every blade;
and hence a blade loop as well. In constant inflow problems, where there is no variation in velocity
along the radius of the turbine, the result of a single blade could be extended to all other blades.
However, a realistic velocity profile would have different inflow velocities at different locations. This
consideration requires to have an additional iteration over different blades. These are the iterative
loops that need to be included in relation to the geometry of the turbine.

Additionally, the variation in operating conditions also needs to be considered for other iterative
loops. A dynamic environment would mean that the inflow velocity is changing at a discrete time step.
This would require the presence of a Time loop to iterate and compute the calculations at each time
step. Further, it is normal for a designer to assess the performance of the turbine in different rotational
speeds. As a common tidal turbine industrial practice, this rotational speed is not mentioned in terms
of the rotational speed in revolutions per minute; but instead as a non-dimensional rotational speed
known as Tip-Speed Ratio (TSR). This is the ratio between the angular velocity at the tip of the turbine
(= radius of the turbine in m x rotational speed in rad/s) to the inflow velocity at the turbine centre (in
m/s). Hence, this ratio considers the effects of both the factors affecting the operating conditions —
the rotational speed and the inflow current velocity. If the performance of the turbine needs to be
assessed for such multiple TSRs, then a TSR loop also needs to be included.

Within Python, there is also an option for using dataframes instead of looping over variables that
have the same behaviour. A dataframe variable consists of rows of data containing entities with the
same behaviour. The columns of data are the parameters that need to be computed for each of these
rows. In appearance and behaviour, this is similar to an excel worksheet, where the same formula (or
function) can be applied to an entire column. The interesting fact here with regards to a programming
language is that, the columns can have different datatypes, and that makes it versatile for applications.
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Instead of looping over, say different blade elements, all the blade element geometrical parameters
can be stored inside a dataframe variable, and the computations applied to each row. This is a faster
computational method compared to looping; and also the results are already stored in a logical
sequence, within a single variable, which makes it easier to visualize and analyze.

Considering the utility of the dataframes, in order to reduce the computational time, it would be
beneficial to replace the loop with the maximum number of iterations with a dataframe, and place it
at the interior of the nested loop structure. Typically, this is the time loop for the problem at hand,
since a dynamic problem would require data input at small time steps to have a decent output.
However, the interactions of the time loop with other loop variables needs to be identified. The next
step is to identify such interactions between the loops, so that a logical nested sequence for these
loops could be obtained.

The computational complexity involved in the execution of the Dynamic Stall module is much
more than the actual BEMT computations. This would be evident from the explanation of the former
given in Section 6.3. The replacement of the time loop as a dataframe also speeds up the computations
for the dynamic stall module, as these complex computations can be applied row-wise over multiple
time steps in a single sequence.

Even though this is a feasible idea in a dynamic BEMT analysis wherein only the force outputs are
required, this approach fails when it is necessary to couple the code with an electrical module. In
particular, the problem pertains to the input of the rotational speed for BEMT calculations. If the
variation of rpm throughout the analysis regime is given by the user — it can be constant or varying at
each time step — then this approach can be implemented. However, if the code needs to be coupled
later on with an electrical module, which predicts the rpm at the next time step based on the torque
input at the current time step, then this approach fails. Hence it is not possible to place the time loop
as the inner loop, even though it makes the compuations faster. Consequently, the loop with the next
maximum number of iterations, vis-a-vis the Blade Element loop, is placed as the inner loop.

As all operating conditions are independent of each other, the TSR loop could be placed as the
outer loop. This is also logical, since it is not always that the user wants to analyze performance over
multiple TSRs. Inside the TSR loop, the Time loop is placed, so that it can interact with the electrical
module in future implementations. These are then followed by the Blade loop and finally, the Blade
Element loop, which may be replaced by a dataframe instead of a loop. The program architecture in
its entirety is represented as a flowchart in Figure 8.

The flowchart shows the possible coupling of the electrical module as well. Outside the Blade
loop, one can obtain the total torque produced by the turbine at the current time instant. This can be
fed into the electrical module, which then generates the rotational speed for the next time step. Using
this value of rpm, the computations can be performed for the next time step, and the feedback loop
can be established.

The flowchart also shows the various output characteristics that can be extracted from the program.
The forces produced by the turbine for multiple operating conditions can be extracted out of the
exterior TSR loop, and can be used to determine the optimum operating condition. For each operating
condition, the variation of the forces with time can be extracted outside the time loop. This could be
useful for balancing of the electrical grid, and to predict unsteady loads on the turbine blades. Outside
the blade element loop, one could also extract the elemental forces at each blade element, which can
be then used to compute the shear force and bending moment distributions along the blade, for a
given time step and given operating condition.

The program architecture can also be used to decide on the nature of the variables used in the
program. The BEMT computations would be performed on a dataframe which comprises of all blade
elements on a single blade of the turbine. The result of these computations would be the induction
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factors a and b, and subsequently the elementary axial and tangential forces, dF. and dFing
respectively. These are only the force components for a static BEMT. Such dataframe computations
are then done for each blade, and the result integrated to obtain the total thrust and total torque using
static BEMT.

The results from the static analysis are used in the Dynamic Stall module. The dynamic stall
module would use a similar architecture, and the result would be the elementary axial and tangential
forces in dynamic BEMT, dFax_dyn and dFiang_ayn respectively. The process for obtaining thrust and torque
is the same as that for static BEMT. Thus, the output would be the static and dynamic thrust and torque
for each time step. These computations can then be repeated for each TSR.

Now that the framework for computations are defined, it is necessary to define the manner in which
the user input variables — particularly, the blade geometry and the operating conditions - are
incorporated into this framework. This will be discussed in the subsequent sub-headings.
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5.2 Blade Geometry Data

Since the BEMT computations are performed on a dataframe variable that envelops all the blade
elements on a single blade, the corresponding geometrical parameters can be easily included within
this same variable. The geometrical parameters included here are the radial location (r), the chord
length of the blade element (c¢) and the twist angle at the section (8). A simplified framework is shown
in Table 8.

Table 8: Dataframe structure for different blade elements on a single blade

Blade Radial Location (m) | Chord Twist
Element No: (m) (deg)
o ..
e

Now, the other geometrical parameters that needs to be considered are the lift and drag
coefficients, C; and Cp respectively. However, these cannot be directly populated on the dataframe
structure from the user input, since their value depends on the angle of attack at the blade element
and the Reynolds Number of inflow. Both these parameters are dependent on the BEMT solution for
the induction factors. Therefore, the C;, and Cp values need to be computed during every iterative step
of the BEMT solution. The details of the computational procedure is provided in Section 6. The
dataframe variable only stores the final converged value of C;and Cp for each blade element.

5.3  Operating Conditions

As explained in Section 7.2, the inflow velocity data has variation with time and depth, i.e. V=f
(z,t). The user input for this parameter would be the fluctuation of the velocity at a reference point;
and the code computes a depthwise changing profile for each of this time instants. This data needs to
be then assimilated to obtain the axial velocity of inflow for each blade element. This depends on the
instantaneous position of the blade element.

Knowing the initial position of the blade element and its rotation speed, the instantaneous
position of the blade element for a time step t, can be obtained. The velocity at the reference point at
time t, is then obtained from the user input data. Applying the power law (user input, as specified in
Section 7.2), an interpolation function is generated for the velocity as a function of the depth, i.e. V =
f(z). Using the instantaneous position of the blade element as the input to this interpolation function,
the axial velocity of inflow at the blade element can be found.

The instantaneous rotation speed of the turbine is another input variable that needs to be
incorporated in the dataframe. Unlike the blade geometry parameters and inflow velocity, this
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parameter is the same for all the blade elements at a given instant of time. Hence, it needs not be
specified as a dataframe column. However, the instantaneous position of the blade element depends
on its rotation speed, and hence this needs to be determined before calculating the axial inflow velocity
at the blade element.

The rpm input can be accepted from the user in 4 different ways, as can be seen from Section
7.3. These possible rpm input types are: constant rpm, time-varying rpm measurements from
experimental data, multiple rpom for multiple operating conditions, and rpm as feedback from the
electrical module. But in all of these cases, for a given operating condition and given time step, i.e.
inside the TSR loop and time loop, the rpm value is a constant. The only difference is how this constant
rpm value is computed outside the blade loop.

For a constant rpm input, the rpm variable retains the constant value throughout the computation. In
the case of multiple TSRs, the rpm variable takes its value inside the TSR loop, corresponding to the
current TSR step. In case of experimental measurements, the rpm variable takes its value inside the
time loop, corresponding to the current time step. Implementation of rpm value as feedback is not
implemented within the code yet; but the idea is to calculate the torque at time step t,, use this as
input to the electrical module, and obtain the rpm at time step t,.1. The user would need to provide
an indicative rpm value for the first time step. Thus, the assignment of the rpm variable would take
place inside the Time loop in this case also.

5.4 Python Libraries

Python has a set of standard libraries which could be made use of while developing a code.
These libraries include functionalities and features that enable the user to take advantage of pre-
defined python scripts. The main benefit of such in-built functions are that these are tested and
validated by advanced python developers. Hence they have been thoroughly validated, and usually
give the computationally fastest means of achieving the output. This section gives a brief overview of
the major python libraries that have been used while developing the BEMT code.

a) Numpy: Numpy is the standard python library which includes the functionalities for multi-
dimensional arrays and associated functionalities. Since the BEMT code is expected to handle large
data variables, the use of array variables is mandatory to ensure good programming practices. The
computations need to be performed over multiple blade elements, multiple time steps etc. The
storage of data related to a single entity could be stored in an array variable for ease of access.
Therefore, Numpy is used.

b) Scipy: Scipy is the python toolkit that includes scientific formulae and mathematical algorithms.
The computations involved in BEMT, although simpler compared to computational methods such
as FEM or CFD, are not as simple as normal mathematical computations. It still involves slightly
advanced mathematical techniques such as interpolation, iterative root-finding etc. Even though
these functionalities could be developed with multiple lines of codes, the use of built-in functions
is implemented wherever possible. In particular, interpolation up to 3 dimensions, root-finding
algorithms, and numerical integration are some of the tasks undertaken with the Scipy module.

¢) Pandas: Pandas is based on the concept of a unique data structure called dataframes within
Python. A dataframe is a 2 dimensional matrix of rows and columns to store related data. Each
column corresponds to a data field and each row corresponds to a new data entry. Dataframes are
similar to 2-dimensional arrays, but they can store columns of data which are of different data-
types. This gives it the versatility similar to a Microsoft Excel table. Mathematical formulae can be
applied column-wise, without implementing a loop; and is much faster than an iterative loop.
There are also additional row-based and column-based utilities which makes it ideal for large data
analysis. Since all the related results are stored in a single variable, it makes it user-friendly to
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access the results from a single variable instead of accessing it from multiple arrays. Pandas is
invariably used for large data-analysis, and the implementation of the same is done for the BEMT
code as well to ensure a better quality and performance of the code.

d) Tkinter: Tkinter is the most commonly used library for developing Graphical User Interfaces (GUIs)
in Python. This works on a widget-based approach. That is to say, each element on the GUI window
is treated as a windget. Common widgets are buttons, labels, check-buttons, radio-buttons, drop-
down lists etc. Within the BEMT code, a grid-based system is used to implement Tkinter
functionalities. The entire GUI window is treated as a rectangular grid, with each box represented
by a row and column number. The widgets are placed according to the row and column index of
the positon where they are required. Additional functions and sub-functions are defined to handle
events such as button-click or user entry of input variables. Each GUI window corresponds to a
Frame in Tkinter; and multiple frames are used to manage various functionalities of the GUI.

e) Matplotlib: This library is intended to assist with the plotting functionalities of Python. Matplotlib
has plotting functionalities that are similar to Matlab, and hence convenient to be accustomed
with. This is mainly used in the post-processing, to manage the layouts, appearance and
functionalities of the output plots.

5.5  Python Scripts

When developing a code which is expected to have a large number of lines in its body, standard
programming practice is to segmantize the whole code into multiple scripts. This improves the
readability of the code and avoids storing of unwanted variables in the wokspace of the main program.
The various functions, sub-functions and class definitions could be encapsulated in many such scripts.
This also helps during troubleshooting, as it makes it easier to analyze segments of the code.

Accordingly, the programe has been split into 5 different scripts. This section provides a broad
overview of the basis for this split, and about the functionalities included in each of them. The 5
different scripts are as follows:

a) main.py: As the name indicates, this is the code that is executed as the main scripts. It calls all the
relevant functions within the other scripts as well. It accepts relevant return values from these
functions, and all the results are stored during the execution of this script.

b) Userinterface.py: The graphical user interface for accepting the user inputs involves considerably
lengthy lines of codes. The development of the GUI is based on the Python Tkinter library, and this
works based on placement of widgets in a grid-based window interface. Furthermore, there needs
to be functions that define the actions to be performed when the user clicks on any of the buttons.
The variables that are used in the computation need to be dynamically updated based on user
entry, and there needs to be sub-functions to attain this as well. Hence, all the fragments of code
related to the display and operation of the input user interface are included within this segment.

The graphical interface is called as a function, Files.inputUI( ) within main.py. This opens up the
main GUI, and all the other features are defined as sub-functions within this. In order to store the
user input variables, two classes are defined, so that there is seamless access between multiple
scripts. Class cls_inp and its instance inp stores all the user input values. These are then used in
main.py. Class var defines all the default values required by Tkinter to display on the GUI.

The generation of the velocity profile interpolation function and the interpolation of C; and Cp
values based on Viterna extrapolation are some of the computations done within this script. The
script does not return any values to the main.py script. Instead, all the relevant input parameters
are stored as object and class variables that can be read from main.py.
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c) algorithms.py: This script contains the basic BEMT computations that are part of the code. As
mentioned in Section 7.4, the root finding can proceed using an iterative algorithm or using Ning’s
single variable parametrization algorithm. Both these approaches are included as separate
functions within this script. Also included are the tip and hub loss functions, and various conditional
clauses to apply the corrections for high induction factor. As mentioned in Section 5.2, the root-
finding involves obtaining the C; and Cp values at each iteration step. Within this script, additional
functions are defined, that use the C; and Cp database provided by the user, and interpolate the
corresponding values for a given Reynold’s number and angle of attack.

d) DynamicStall.py: The dynamic stall computations use the Sheng’s approach for low Mach
numbers. These computations are independent of other computations, and are only required in
the case of a dynamically varying inflow. Moreover, these computations are lengthy and complex.
Therefore, all these are included within a separate script file called DynamicStall.py. Since this
module works with some dynamic stall parameters which depend specifically on the airfoil under
consideration, there is an additional function that initializes the values of these parameters based
on user input.

e) postprocess.py: Once the computations are completed, it is often required to visually assess the
results in the form of graphical plots. The code can be used for multiple scenarios, and hence the
nature of output analysis required would be also multi-faceted. Therefore, a separate GUI window,
based on Tkinter, is provided to facilate such plotting options. The details of these features are
further explained in Section 8. Similar to the input GUI, all the functionalities related to the post-
processing GUI are consolidated within a separate script, called postprocess.py.

5.6 File Formats

The program accepts a large amount of data from the user, as explained in the previous sections.
Many of these are not single data entries, and the entries would be in the form of input files. Therefore,
it is necessary to decide upon the file formats so that the Python code can be modified to accept these
formats.

Since most of these values are tabular inputs, the easiest option for the user would be to enter
these data into a pre-defined format in Microsoft Excel. However, the reading of a *.x/s or *.x/sx
requires a lot of computational time in Python. Accordingly, it was decided to accept the input in *.csv
format, which is an ASCII version of comma-separated values of a single Excel worksheet.

When working with experimental measurements, it would be useful to have additional
parameters in the user input value fields, such as the units of measurement or the frequency of
measurements. This could be useful to correlate the input data and the final results. Subsequent to a
discussion with University of Edinburgh, it was decided that the netCDF format (*.nc) is an appropriate,
convenient and open-source format which includes this capability. Therefore, the code has been tuned
to accept netCDF input files for experimental measurements of velocity-time data, rpm-time data and
also for measurements on the turbine blade for output validation.

The format in which output is made available is also important with regard to the program
architecture. More important than the exact format in which data is saved on the user directory, is the
manner in which output results are handled. More details about a structured handling of the output
data is explained in Section 8. The idea is to design the code such that output in convenient excel
format (*.csv) can be easily extracted from this structure.
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6 BEMT COMPUTATIONS

Within the Python code, the computations involving Blade Element Momentum theory are coded
in the form of various functions and scripts. This section provides a detailed explanation related to the
implementation of these computations and their integration with the various BEMT improvement
modules.

As explained in Section 2.2, BEMT computations are performed considering each blade element
as an annular disc, rotating around the hub, absorbing energy from the incoming flow. Now, the
elementary BEMT equations in Section 2.2 are developed considering a constant inflow velocity into
the turbine. This consideration enables one to compute the elementary forces on the blade elements
on one blade and extend it to all the other blades. However, while simulating a realistic environment,
the inflow has a depthwise varying profile, as described in Section 5.3.1. This would mean that each
blade needs to be analyzed separately.

A stepwise simplification of the BEMT computations is mentioned below. These computations are
performed at each blade element of each blade.

Step 1: Instantaneous rotation speed of the turbine (w in rad/s) :

This input is obtained from the user input of the operating condition. In case of a user input of

RPM
5 * 2m.

RPM in revs/min, w =

In case of a dynamic analysis, w needs to be computed at each step. This dynamic input could
be either from experimental measurements as user input or through the feedback loop, after coupling
with the electrical module.

Step 2: Instantaneous position of the blade element:

In a static analysis, only the initial position of the blades need to be considered to evaluate the
instantaneous position of the blade element. As a standard, the first blade (Blade 0) is kept at the 12-
o-clock position. If ng represents the number of blades, and r represents the radial location of the blade
element, then its instantaneous location for the Blade i is:

&
Z=rcos|—
np

When a dynamic analysis is performed, at a given instance of time, the blades would have a
phase shift from the initial position. This phase shift depends on the instantaneous rotation speed w
and is given by wt. Alternatively, it could also be determined from experimentally available position of
the blades. Therefore, for blade element located at r from the centre on the i-th blade, we have:

21
Z = T COS <—+ wt)
Np
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Step 3: Axial velocity at the blade element:

Knowing the instantaneous position of the blade element, the axial velocity (Uaxa) can be
interpolated from the depthwise velocity profile which has been generated based on user input.

Step 4: Angular velocity and local speed ratio:

The angular velocity of the blade element is given by rw. The local speed ratio (LSR) is obtained
as the ratio between the angular velocity and axial velocity. Therefore,

LSR =

axial
Step 5: Initial values of ¢, a and b:
To commence the iterative solution, an initial value of the local inflow angle (), the axial
induction factor (a) and the tangential induction factor (b) are computed. These are obtained as [2]:

ngc
: where ¢ =2
21T

1 1-3a
e and b=
4sin® ¢ 4a-1
aCy cos @

a =

Step 6: Iterative solution for a and b:

There are two different algorithms that could be employed to find the iterative solution for a and
b. Essentially, this is an iterative process and the solution could be obtained by obtaining the value of
b from equation 1 and use it to compute value of a from equation 2. The process is to be iteratively
continued until the solution for a and b are converged to the desired accuracy.

Alternatively, a reduced form of the BEMT equations with a single variable (¢), as mentioned in
Section 3.3, could be used. This allows for the implementation of faster root-finding algorithms. Within
the code, the BrentQ algorithm? is employed to find the solution for a and b.

6.1 Thrust and Torque of Turbine

BEMT computations obtain the induction factors a and b at each blade element on a given blade.
From these induction factors, the elementary forces at the blade element needs to be calculated.

Once the induction factors are known, the velocity vector diagram shown in Figure 9, can be
definitively concluded. This means that the local inflow angle, ¢ is known. Since B is the twist angle at
the blade section, which is known from the geometry input, the angle of attack at the blade element,
o is also known. The resultant velocity of inflow at the blade element, W is given by:

w = \/[Uaxial(l - a)]Z + [Utang(l + b)]z

1 Root-finding algorithm combining the bisection method, the secant method and inverse quadratic interpolation
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| rotor‘axis
rotor:axis !

Usns(1+b)

Figure 9: Velocity vector diagram for blade element Figure 10: Force vector diagram for blade
(top-view) element (top-view)

Next, knowing the chord of the blade element, ¢, and the kinematic viscosity of flow, v, the

Reynolds number of the flow at the blade element, Re, can be computed as:
Wc
Re = —

v

Since the user has provided C,, Cp tables as a function of a and Re, the corresponding values of
C.and Cp can be obtained. Now, referring to the force vector diagram on the blade, shown in Figure
10, and by knowing the local inflow angle, ¢, the lift and drag coefficients can be resolved into
components in the normal and tangential direction with respect to the turbine. These are termed Cporm
and Ciang respectively. Therefore,

Crorm = Ccos@ + Cp sing
Ctang = Csing — Cp cos @

These non-dimensional coefficients can be then used to determine the magnitude of the
elemental forces on the blade element, in the normal (or axial) direction (dF.) and in the tangential
direction (dFtang).

1
dF,, =Cn0rm*§*p*W2 * c.dr

1
dFtang =Ctang*z*p*W2*C.d‘r
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Bl. Element n

Bl. Element 4

-

* I

Bl. Element 3

Tangential Axial Force
Force Distribution
Distribution

Figure 11: Front view of blade showing elemental forces

Here, dr is the span of the blade element in the radial direction. As can be seen from Figure 11,
this would depend on how fine the blade is segmented and this is the distance over which the blade
section, and its inflow velocity are assumed to be constant. However, since python has inbuilt
capabilities for numerical integration, this factor is not multiplied to the elemental force, and is kept
as the variable of integration.

The computation of elemental axial and tangential forces are done for each blade element on
each blade. The results are then to be integrated to obtain the total thrust and torque produced by
the turbine. The thrust produced by a single blade is given by:

R
Thrustpgge-n = f AFyy

Rpub

This integration is done within the code using in-built functions for numerical integration such
as Simpson’s integration rule or trapezoidal integration, with dr as the variable of integration. The total
thrust developed by the turbine would be the sum of the thrusts due to each blade. That is, if the
number of blades is ns,

np R

Thrust = j dF,,
n=1"Rhub
Similarly, the torque generated by the turbine is the torque about the hub centre, due to the
tangential forces on the blade elements. Referring to Figure 11, this would be the moment due to all
elementary forces, dFing about the blade centre. Therefore,

np R
Torque = Z j 7. dFang
n=1"F

hub

The power generated by the turbine could be derived as the product of the torque and angular
velocity, w in radians/second.

Page | 43

This Document is the property of RealTide Consortium



‘ RealTide Project — Grant Agreement No 727689

.R EALTIDE D3.1 Generalised tide-to-wire model

'LO;\DS FLOWS  IMPACT

Power = Torque * w

It is usual to obtain these results in the form of non-dimensional coefficients in order to have
a better comparative figure. This is done by dividing the values with the force/torque/energy in the
incoming flow. For this purpose, a mean value of velocity is required, which here is the mean value of
the velocity profile across the blade diameter. Therefore, the Thrust Coefficient (Cr), Torque Coefficient
(Ca) and Power Coefficient (Cp) are defined as:

Thrust
CT = 1 5
fp * TR? * Vmean
Torque
jp * TR * Vifean
Power
CP =

%P *mr? * Vna;ean

These computations are performed inside the Time loop. That is to say, they have to be
performed for each time step and for each TSR step. Outside the time loop, data can be extracted
showing the time history variation of these parameters. To plot the variation of these parameters with
TSR, the mean value over the given period of time for a given TSR can be calculated.

6.2  Shear Force & Bending Moment Distribution

During the preliminary stage of design, it is important to analyze the strength of the blades and
the adequacy of the material reinforcement for the blades. Such kind of structural analysis is
performed by analyzing the shear force and bending moment distribution on the blades. The
elementary forces on each blade element, dFox and dFwng are obtained as per the procedure
mentioned in Section 6.1. The blade is considered as a cantilever beam, fixed at its root, and subjected
to this force distribution. Therefore, the shear force and bending moment at any point along the length
of the blade can be found. For the explanations herewith, the computation of shear forces and bending
moment due to the axial force is only provided. This is the more significant part of the structural forces;
but, the same procedure can be followed for the tangential force as well.
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Figure 12: Distribution of forces, shear force and bending moment along blade length

A typical case of distribution of the axial force (dFq), the axial shear force (SFax) and the axial
bending moment (BM,) is shown in Figure 12. The origin of the graph is the hub centre of the turbine,
and the x-axis indicates the radial location along the blade. As can be seen, the shear force and bending
moment for the cantilever beam are zero at the tip of the blade, increasing towards a maximum value
at the root. The shear force is the difference between the cumulative integral of the force and the
reaction force at the root. The bending moment the cumulative integral of the shear force. Therefore,
at any point r from the hub centre,

T

SFyx = RXNyoor — thub dFgy. dr & BMgy = BMyoor — fr

R SF,,.dr

The reaction and bending moment at the root are the total integration of the forces along the
length of the blade.

R

RxMrgor = [ ™ dFyy. dr & BM,ope = 5P SE,,.dr

h Rhup

From a computational point of view, it would be easier to shift the origin to the tip of the blade,
so that a direct cumulative numerical integration can be applied to obtain these parameters. This
would be essentially transferring the forces from the co-ordinates system XY to XiY; in Figure 12.
Mathematically, this equivalency can be established by changing the variable of integration from r to
X, such that x = Rip— r. The limits of integration also needs to be changed. When r = Rnu, X = Rtip— Rhub
and when r = Rijp, x = 0. Therefore,

SFyp = [JP T AR, dx & BMgy = [T SE dx
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It could be interesting to extend this result for computation of the thrust and torque of the
turbine as well. The thrust of the turbine is essentially the shear force calculated at its root. The torque
of the turbine needs a slight mathematical modification, since the moment needs to be calculated
about the hub centre.

Rtip Rtip—Rnub
Thrust = f dF,,.dr = f dF,.dx = SF o0t

Rpub 0

Rtip Rtip—Rnub
Torque = f dF,,.r.dr = f —dF,,. (Ra-p - x). dxRyip

Rpub 0
Rtip—Rnhub Rtip—Rhub

= Rtip f dFax dx - f dFaxX dx = Rtip'SFroot - BMTOOt
0 0

6.3  Dynamic Stall Module

As explained briefly in Section 3.5, the dynamic stall model employed in the python code is that
developed by Sheng for low Mach numbers [23]. This is a semi-empirical model, which means that the
equations within the model are not purely based on empirical or statistical relations; but they are
developed from an understanding of the physics of the phenomena. In line with this semi-empirical
approach, the entire solution for the dynamic stall problem is divided into different events
corresponding to those mentioned in Figure 7. The Sheng’s dynamic stall model is also implemented
with some modifications within the Matlab code developed by UEDIN, and details of this work is
available in [1]. The subsequent sections will explain the different phases of the dynamic stall, its semi-
empirical formulations and their applications in the Python code.

This refers to the initial phase, wherein there is no separation of the flow around the aerofoil.
In this stage, the total lift coefficient is considered to be comprised of two components — a circulatory
component (C.°) which accounts for the circulation around the airfoil and a non-circulatory component
(C.") which accounts for flow acceleration effects.

When the vorticity of the airfoil is time varying, it is shed in the wake. This shed vorticity
induces a flow over the airfoil, so that the airflow sensed by the airfoil is not the free stream velocity
[33]. The shed wake causes a variation in the lift component when compared to an airfoil in a constant
stream velocity subjected to the same angle of attack. If the lift has been increasing for a while, then
vortices cause a downwash over the airfoil trailing edge, resulting in reduced lift. In the semi-empirical
dynamic stall model, this variation in lift is modelled as an effective lag in the angle of attack. The
equivalent angle of attack (a¢) is determined by considering an indicial response function on the
incident angle of attack. Within the code, this is modelled in the form of two deficiency functions, X
and Y. For the time step n,

As
- —b B2
Xn=Xn_q€ bipds 4 Ay * (an - an—l) *e 18

s
Yo = Yp_1e702P45 4 Ay 5 (ay — ay_y) xe P2

where 4s = 2U,, At /c is the non-dimensional reduced time.
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A1, A, bi, by, 8 are parameters that depend on the geometry of the aerofoil and can be determined
from wind tunnel test data for example. The lagged angle of attack, (ag) is obtained from the solution
for the angle of attack using static BEMT (a):

ap=a—-X-Y

The circulatory component of lift (C,°) is then found as Cf = 2may. Alternatively, C,° can also
be found from the lift coefficient database for an angle of attack of a.

For calculating the non-circulatory lift coefficient, the Hansen approximation is used [36].

ca
22U,

Ccle = where @ = a,, — Qp_q

This refers to Stage 2 of dynamic stall in Figure 7. To characterize this phenomenon, the
Kirchoff Theory [37] is used. This theory provides an equation relating the non-dimensional location of
the trailing-edge separation point (f), the static normal force coefficient (Cnorm), and the incident angle
of attack (a). This is given as:

1+\/7>2

Crorm = Cﬁl{(a - ao) < 2

2

Cnorm

—_— -1
Cﬁ(a—ao)

= e -

=\ Viscous wake

Figure 13: Trailing edge separation point as per Kirchoff theory [1]

Within the python program, a dataframe ‘Kirch’ is made for the computation of this separation
point. For any incident a, Cnorm can be computed as Cy,p-m = Cp cos @ + Cp sin @. Here, ¢ is the local
inflow angle, which is the sum of a and the twist angle, 8 (Figure 10). ayis the angle of attack at which
the static lift coefficient is zero and Cy” is the slope of the Crorm VS & curve at this point of x-intercept.
These two parameters can be obtained from wind tunnel test data for the airfoil. Alternatively, they
can also be computed from the dataframe Kirch, since a tabular list of Crorm Vs o is available. With all
the other parameters known, f can be found from the equation above.

Applying the computations to the entire dataframe, one could obtain a lookup table
correlating a value of f for any a.
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The onset of the dynamic stall occurs when the lagged angle of attack in the separated flow,

o’ exceeds a critical onset angle, a.- for the airfoil section. This depends on the reduced pitch rate, 7 of
ac

the aerofoil section in the unsteady flow. 1 is defined as r = . Subsequently,
ax
Xgso, T = 7o
Ao = 4 .
r s + (ags0 — Ass) — r<rp

70
0450 = Critical dynamic stall onset angle in rad

ass = Angle of static stall in rad

ro = Critical reduced pitch rate in rad

These values are also obtained from the wind tunnel test data. However, [23] noted that ags
stays in the range of 17 to 18 degrees (0.297 to 0.314 rad) for many NACA aerofoils. In the same paper,
the value of ryis also indicatively suggested as 0.01. ass can be also determined from the user input lift
coefficient data.

Similar to the delay in angle of attack considered for attached flow (Section 6.3.1), there is a
delay in the case of separated flow also. This delay is modeled as a first order lag in the s domain, as
specified in [1]. Therefor, the delayed angle of attack, ’, is found using a deficiency function, D,. For
the time step n, Dy is defined as:

-4s -4s
Do, =Dg,_eTe +a'*e?Ta
a'y=an— Dan
Here, T, is an empirical time constant, which is also obtained from static wind tunnel test data.
Further, a delay shift from ass can be evaluated as:

Agso — Ass, T2 T
Aa1 = r .
(adso - ass)r_: r<Tg
0

This delay shift of Aa; from the static stall angle causes a delay in the separation point f. The
new effective angle of attack is given as a, = a’ — Aa;. Since a lookup table of fvs. a is available from
6.3.2, the delayed separation point (f) corresponding to a. could be obtained from this, i.e. f' =

f(az).

Once the dynamic stall has started, i.e.a’ > a,,, an additional lag occurs in the separation
point. This lag is modelled similar to the angle of attack lag in 6.3.1, using a deficiency function Dy
defined as follows:

—4s . —4s
Dr, = Dyp, e v + (fn — faoq) ¥ €T

f// — f/ _ fo

T, here is the vortex time constant, and is also one of the dynamic stall parameters determined
from tunnel tests. Within the python code, f’is labelled as ff and f” is labelled as fff.
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Referring to Figure 7, at Stage 3, once there is an onset of dynamic stall, a vortex is generated
at the leading edge and this is convected further downstream with the flow. This vortex produces an
additional lift. In the Sheng’s model, this is modelled by a vortex shedding function (Vy), which is
parameterized in terms of a non-dimensional vortex passage time, t. It is set to zero when there is
onset of dynamic stall (¢’ = a,,), and for the subsequent time steps it is incremented by the As value.
This increment continues until the foil starts pitching, i.e. when7 < 0. Subsequently, tis reset to zero,
and is re-initialized for the next instance of dynamic stall onset.

T
. 3/2
sin (ZT,,)' 0<t<T,

Ve

n(t—T,

cos? (u), T>T,
TvL

The final step of the dynamic stall module is to predict the force coefficients that would be
required to complete the thrust and torque calculations. Keeping in line with the same naming
conventions as for the static analysis in Section 6.1, the force coefficients parallel and perpendicular
to flow direction are referred as Cp and C, respectively, and the force coefficients parallel and
perpendicular to the rotor axis direction as Crorm and Crang respectively (Figure 10). In addition, the force
coefficients parallel and perpendicular to the chord axis are referred as Cc and Cy* respectively. The
definition of C¢“ and Cp*follows the same as used in [1].

14+/f"
Cy=Cf (—f) Type equation here. 2 + CJ* + Cf;

2
Cf = circulatory component of lift from attached flow solution in 6.3.1
a" = non-circulatory component of lift from attached flow solution in 6.3.1
(o4 = vortex lift component from 6.3.5 = B*(f"-f) *Vx
B = dynamic stall parameter
Also, C¥¢ =nC¥(ag — ao)z(\/? — Eo)
oo = angle of attack at which static C; equals zero
or = equivalent angle of attack from attached flow solution in 6.3.1
G\* = slope of the Crorm Vs a curve at ap as defined in 6.3.2
Eo = dynamic stall parameter

Thereafter, the lift and drag coefficients can be computed by resolution of the forces.
C, =Clcosa+ C¥sina
Cp = C¥sina — C¢ cosa + Cpy
Coo = static drag coefficient at ap
The equation for Cp can also be replaced by the one given by [38]. Therfore,

Cp =C3t+ C* + Ch*
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Co™ = static drag coefficient determined from static BEMT

CDind = CL (oz - aE)
2 2
. 1 " 1+
CE¥ = (C5F = Cpo) ( 2 : ) _< Zf(aE))

Subsequently, the normal and tangential components can be evaluated the same way as was
done for static BEMT. The computation of the elementary forces and the subsequent calculations
follow the same procedure as well.

Crorm = Ccos + Cpsing

Ctang = Csing — Cp cos @
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7 PRE PROCESSOR — USER INTERFACE

Although the software developed is not comprehensively designed for commercial use, the
presence of a user interface enhances the usability of the code. The prime focus of the work is the
development of a functional tool; but a considerable sight has also been given into the development
of a user-friendly interface. Managing and modifying input variables within the Python code is not only
cumbersome, but also can lead to undesirable outputs and malfunctioning of the program. Moreover,
the code is expected to be used in the future by users who are not familiar with the development.
Hence it is always advisable to disseminate only the relevant information to the user.

Giving due consideration to all these factors, a simple user-interface was developed using the
Python Tkinter library. A snapshot of this is shown in Figure 14. This library generates a graphical user
interface based on predefined widgets, such as buttons, labels, checkbuttons, radiobuttons etc., and
by placing them on a grid oriented framework.

& RealTide BEMT Tool _ [ESREEE
@REALTIDE
1.Blade Data
No: of Blade Element Sections [n] 1
Nos of Blade Segments [m] 5 m
Input Blade Geometry Input Lift and Drag Coefficients |

2.Inflow Velocity

© Experimental Measurements *) Envirenmental Conditions (as per NIG03)
[¥] Variation with depth

[¥] Variation with time

[nput velocity Profile|

Plot Velocity Profile

3.0perating Profile of the Turbine
Constant RPM @ Varying RPM (Experimental Measurements)  (©) Multiple RPM =) RPM as feedback
4.BEMT Modules
[¥] Tip Losses
[¥] Hub Losses

Iterative Algorithm to be used

*) Rerative Algorithm ® Ning Single-Variable Parametrization
[¥] High Induction
© Buhl Correction ) Quadratic correction
Dynamic Wake
7] Dynamic Stall | Bynamic Stall Parameters|

Rotational Augmentation

Figure 14: Graphical User Interface for the Python code

During the design of the user interface, various user input variables and possible scenarios of
usage of the tool were analyzed. Subsequently, the following parameters were identified as critical
user input values:

1) Geometry of the tidal turbine
2) Input velocity profile
3) Operating conditions of the tidal turbine
4) Various BEMT improvements that need to be considered in the analysis
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7.1 Geometry of the tidal turbine

The requirement for reusability of the code for different tidal turbines would mean that the code
should be able to accept and use different blade geometry data. Typically this would include the key
geometrical parameters, the shape of the blades and the lift and drag coefficients of the aerofoil
sections used in the blade. The term aerofoil sounds like a misnomer for a tidal environment; however,
the same is used throughout the code, without any loss in generality.

§ Blade Geometry Data = = P

Mo: of Blades 3

Turbine Radius 0.4 m

Hub Radius 0.05 m

Pitch 5 deg
Density 1000 kg/m™"3
Kinematic Viscosity 1196 m~2fs

r c twist
0.05 0.03000 0.0
0.08 0.05000 15.0
010 004812 121
012 0.04624 95
014 0.04436 76
016 0.04252 61
018 0.04064 49
0.20 0.03876 39
0.22 0.03688 31
9 0.24 003500 24
10 0.26 003312 19
11 0.28 003124 15
12 030 002936 1.2
13 032 0.02752 09
14 034 0.02564 06
15 036 0.02376 04
16 038 0.02188 0.2
17 040 0.02000 0.0

Load Geornetry Data
OK

b r

0 =] Oh L &= b pa = O

Figure 15: Window for entry of geometrical data

The key geometrical parameters that define the tidal turbine are the number of blades, its
diameter (or radius), radius of the hub and its pitch. These parameters are accepted through the ‘Input
Blade Geometry’ button in the ‘Blade Data’ section. A screenshot of the pop-up window which accepts
these geometric inputs is shown in Figure 15. This section also accepts the input of various
environmental factors such as the density and viscosity of the fluid. Default values and units are loaded
into the code, so that the user is aided with a reference.

The shape of the blades is defined by the radius, chord and thickness at different locations along
its length. To accurately define the geometry multiple sections are used usually. This would make it
cumbersome for the user to enter it all within the user interface. Hence, these values are accepted in
a tabular format (.csv) using the ‘Load Geometry Data’ button shown in Figure 15. When loaded, the
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table displaying the geometrical shape of the blades is updated to give the user an indication of the
values entered and to verify it. An image or plot showing the blade geometry could also be added later
on as a feature, so that the user has a visual representation of the blade geometry, and can be aware
of any possible mistakes in the entry.

For simplicity, the geometrical sections entered by the user are used for BEMT computations. That
is to say, the calculations are performed at each of these radial locations, and the results integrated to
find the total force on the blade. For this reason, the user needs to be aware that even though more
number of sections accurately define the geometry, this would also require the program to compute
the solution at each of these sections, and consequently increase the overall computation time. The
user needs to input the number of blade sections accordingly. The number of blade element sections
(n) are updated in the main window, as can be seen in Figure 14.

The performance of the blades depend on the type of aerofoil sections that are used in the blades.
The blade shape parameters only define the maximum thickness at the particular radial location; but
its lift and drag performance depends on the particular aerofoil section that is used at this location.
Typically these are standard NACA profiles, with their performance specified by tables of lift and drag
coefficients (C. and Cp respectively).

Calculation of C and Cp from the geometry of the blade is not an advisable method due to the
possibility of having inaccurate data. These being standard NACA profiles, the static C. and Cp values
are usually available as experimental results or from CFD analysis. By clicking the ‘Input Lift and Drag
Coefficients’ button in the ‘Blade Data’ section, the user can input such tables of C; and Cp.

For complex turbine geometries, it is possible to have multiple NACA profiles along the length of
the blade. However, these may not coincide with the blade element sections as previously entered by
the user. Also, the number of NACA segments within the blade geometry are usually much lesser than
the number of blade element sections required for computation. For these reasons, the number of
NACA segments is taken as a different variable input from the user, under the heading ‘Number of
blade segments [m]’, as can be seen in Figure 14. Based on this number, the popup window for Input
Lift and Drag Coefficients’ will have the corresponding number of columns for user input of C and Cp.
A representation of this window for number of blade segments equal to 2 is shown in Figure 16. In
order to educate the user about the difference between the ‘Number of blade element sections [n]’
and ‘Number of blade segments [m]’, an info button is provided, which produces a diagram explaining
the difference between the two. A snapshot of this diagram is provided in Figure 17.

The input file for C,and Cp is entered as a csv table of values. The first column contains the list of
angle of attacks («). The first row contains the list of Reynolds Numbers (Re). C,and Cp are each entered
then as functions of @ and Re. The user also needs to associate each lift and drag coefficient database
to the corresponding geometrical location on the blade. This is done by entering the ‘Start of Section’
value in the window shown in Figure 16. The start of the initial segment is taken as the radius of the
hub, by default.
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Blade Elements [n] are the
sections where the BEMT
computations are done. This
data is directly read from the
geometry data input by the
user ('Load Geemetry Data’)

Blade Segments [m] refer to the
different shapes of NACA profiles
within the blade. For each segment,
the user needs to provide the
corresponding tables of Lift and Drag
coefficients, For any blade element
that falls within this segment, the
corresponding values of CL and CD
will be used.

Figure 17 : Information about blade elements and
blade segments

Figure 16: Window for entry of Lift and Drag
coefficients

In normal operation, the lift and drag data available for aerofoil sections do not cover their
possible 360 degree. However, for the dynamic stall calculations, in some cases the angles can be very
high, and the program needs the corresponding C; and Cp values to perform computations at these
cases. Also, since the BEMT solution is an iterative approach, it could be possible that during the
iterative process, the angle of attack during an iteration goes to a very high value, and then converges
to the actual angle of attack. To ensure that such convergence occurs, the database for C;and Cp has
to have a range from -180° to +180°. An inbuilt feature has been developed in the code, that
extrapolates the lift and drag to this complete range, in case it is not available. This extrapolation is
based on Viterna extrapolation method, which is mentioned in [5]. A graphical indication of this
extrapolation process is indicated in Figure 18, where the blue * indicates the data originally entered
by the user and the red dotted lines represent the extrapolated data.

Page | 54

This Document is the property of RealTide Consortium



@REALTIDE

'LOADS FLOWS  IMPACT

RealTide Project — Grant Agreement No 727689

D3.1 Generalised tide-to-wire model

CL extrapolation
1A 3 === 0.04
15 rﬂ \\ X + 0.04
1.0 Ir \-\.‘ "‘\
' .,
1} ‘\‘ k-
057 - %
‘I -, : ‘\\
d oo L g 1 i
N X i
05 o “ . i
- by i Y !
. i i Ir
-1.0 4 b | a, !
S oA &N _d
L] ) i
15 W \/
-150 -100 -50 0 50 100 150
CD extffolation)
N T is === 0.04
12 F 4 LY b . + DO4
i \ \
J \ ¥, "
1.0 ! L ) )
'3 v i LY
i Y ' A\
’ 4 ¢ A
0.8 4 ! L y b
4 \ P !
! \ v \
g i \ { 3
0.6 ' [ ] g
t’ )] g l\
A} i 3\
0.4 4 / . ! \
g / % P 5
/ X g X\
0.z 4 F %\ ;’: Y
s \ \
s
00+ d
=150 =100 =50 o 50 100 150
hon

7.2 User input of Velocity Profile

Figure 18: Viterna extrapolated Lift and Drag coefficients

Perhaps the most important input velocity parameter is the velocity profile of the inflow.

Simulating a real-world scenario would require the program to consider the variation of the velocity
profile in position as well as time. However, as a simplification of this case, the real-world scenario of
3-dimensional time varying flow, is simplified into a 2-dimensional time varying flow at the rotor disk.
This would mean that only the x-component of the velocity (Uaia) is considered, and this is taken

experimental procedures.

This Document is the property of RealTide Consortium

varying depthwise (z-direction) as well as in time. Therefore, Uaiai = f (2,t).

The simplest means of accepting such a velocity profile is to ask the user to input a matrix of
velocity values, that vary in z and t. However, the program needs to be adapted to practical scenarios
of availability of such values. Such practical considerations are taken in accordance with usual
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Figure 19 : Conventional experimental set-up for performance evaluation of tidal turbines

Figure 19 shows a typical experimental set-up. Sensors are placed on the blades of the turbine
to measure the strain on them and the rotor thrust. Also, the measurement of the rotor torque is done
by sensors on the nacelle. The velocity measurements are taken using a flow velocity sensor, placed at
adistance D in the downstream direction of the flow. This velocity sensor could be an Acoustic Doppler
Current Profiler (ADCP), which generates sound waves to the bottom of the surface and characterises
the velocity at different points based on the doppler shift of the returning waves [30]. Having a multi-
beam ADCP would allow for velocity measurements at different points along the depth; otherwise the
velocity variation with time at a single point is obtained.

The usual procedure is to obtain the velocity (Vi) at the sensor location (z.r) and then
extrapolate it to the depth of the tank using a power law. The power law depends on the depth of the
tank, and it assumes zero velocity at the bottom of the basin (no slip boundary condition), with a power
variation for increasing z. The corresponding velocity (V) at any point (z) is given in terms of a power

factor (pf) as:
o z pf
= *
ref Zref

Now, the input from the user would be the reference velocity, Ver. This can be a constant value
(in case of steady flow) or a time varying flow. In case the depth-wise variation is to be considered, the
user also provides the power factor, and the code extrapolates the velocity data along the depth. For
a constant velocity input, the input window that appears is as shown in Figure 20. In the case that the
velocity input is time varying, then the user needs to specify a file in .csv format, which includes Vs as
a function of time.

Page | 56

This Document is the property of RealTide Consortium



l RealTide Project — Grant Agreement No 727689

@REALTIDE

'LO;\DS FLOWS  IMPACT

D3.1 Generalised tide-to-wire model

- - .
# STARBLADES e an am [
Velocity = 2,25 m/s
Power Law for Velocity depthwise variation = 1715
20 m

Basin or Sea Depth [H]

Depth of Turbine Centre [T]

(from water level)

Location for Reference Velocity [5]

i} m

m frem hub centre

Sensor distance from blade [D] 2.4 m
H Still Water Level
= | Flow =
Velocity
A.Sensor
w o
* lTidaI Turbine
T = .
D T
o
=
Flow Direction ' v
Tank or Sea Floor

OK

Figure 20: User input of velocity parameters (constant velocity)

As could be seen from Figure 15, the code can take velocity inputs from environmental
conditions instead of experimental measurements (see Figure 21). This part of the program is meant
for it to be useful for classification purposes. The velocity definitions used here are in accordance with
Bureau Veritas classification guidelines for current and tidal turbines, NI 603 [27]. Presently, the code
only adds the current velocities due to tides, winds and waves, and considers that as a constant stream
velocity. The input window is the same as Figure 20, but with the value of predefined from the previous
window. However, during improvement of the code, additional features to calculate the current

velocity from tide height, wind speed and wave height could be developed.

2.Inflow Velocity

@ Environmental Conditions (as per NI6O3)

Experimental Measurements

Start Time (secs) 32.0 Current Velocity due to Tides 0 mJ's
Stop Time (secs) 4.0 Current Velocity due to Waves ] m/s
] s

Current Velocity due to Wind

Variation with depth

[ Variation with time

[In put Velocity Prc-file]

|Plot Velocity Profile|

Figure 21: Velocity input as per NI1603
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7.3 Definition of Rotation Speed

The operating profile of the turbine is defined by a combination of the inflow velocity and the
turbine rotation speed. This is characterized by indicating a Tip-Speed Ratio (TSR), which is the ratio
between the angular velocity at the tip of the blades to the inflow axial velocity.

However, in the BEMT tool, the rotation speed is characterized not by the TSR, but instead by
the RPM of the turbine. This is mainly owing to the dynamic nature of both the inflow velocity and the
rotation speed. When both are dynamically varying with time, it is meaningless to define an arbitrary
tip-speed ratio to characterize the operating condition. Hence, the input of the rotation speed is taken
separately. The various options for rpm input can be seen from Figure 14. These are:

a) Constant RPM

b) Varying RPM (experimental measurements)
c) Multiple RPM

d) RPM as feedback

Similar to the inflow velocity, the rotation speed can also be a constant value or varying value.
In case of a constant value, the user enters the same in an entry box provided. A dynamically varying
rpm value is usually obtained as experimental measurement, from the sensors on the blades in Figure
19. Such input needs to be provided in csv format. It is pertinent to mention that the time steps for the
velocity variation and rpm variation need not be the same. The code interpolates the value of rpm for
the same time stamp as that of the velocity input.

It is an usual scenario for the user to perform the BEMT analysis for multiple rotation speeds
(multiple TSRs). Instead of running the code multiple times with a constant rpm input, the program
provides the user an option to enter all these rpm values in a tabular csv format.

The last option for the rpm input is to enter rpm as feedback. This part refers to the integration
with the electrical module.

7.4 Selection of BEMT Improvement modules

Finally, the user needs to select the BEMT improvement modules that need to be considered
during the course of the analysis. These improvements are the same as mentioned in Section 3.

A modular approach is followed for the implementation of these functions. That is to say, each
module acts as an optional plug-in, which are activated only if the corresponding check-box in the user
interface is checked.

It might also be noted that some of these improvements have cross-links between each other. For
example, the correction for high-induction factor is included within the BEMT solver algorithm. This
means that the corresponding functions need to be defined for both the iterative algorithm as well as
single-variable parametrization algorithm. Presently, the modules for dynamic wake and rotational
augmentation are not completely implemented and validated; and hence, they are greyed out in Figure
14. It is also pertinent to mention that the list of improvements is non-exhaustive, and any additional
modules may be directly linked to the user-interface in the form of check-buttons or radio-buttons.
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8 POST PROCESSING

One factor which probably has a large bearing on the usefulness of a computer program is the
manner in which the output is made available to the user. The basic aim for developing such codes is
to reduce human effort in computation and access results in a convenient and most direct manner
possible. For these reasons, it is necessary to identify the output requirements, design an interface to
efficiently access these, and implement a framework that can be used to build on for future inclusions.

The code is intended to be utilized during the preliminary design phase. This is the design
validation phase, where the designer needs access to the dependency of certain key parameters with
changes in some of the design variables. Primarily, this would be in the form of plots that would benefit
the designer by providing a visual indication of the influence of the design variables. The quantum of
such possible dependencies are quite large at this stage of the design, and hence it is not possible to
pinpoint definitively on a desired output format.

Moreover, the computational data processed during the execution of the program is also huge.
The program performs computations for different blade elements, different blades, different
operating conditions, different time steps, and using different algorithms. The program does not retain
all of these data, as this also has an effect on the computational speed. A good understanding about
the scope of different variables is desired to make sure that only the relevant variables are present
within the workspace.

All these reasons call for a well-structured data management system, that allows the user to
access the desired variables. Even though such detailed planning is only required for highly complex
codes, a preliminary implementation of such a concept at this stage would be beneficial for future
developments. Accordingly, a hierarchy of dictionaries for storing the results is conceived, and stored
in a single dictionary variable named ‘Results’. The schema of the nested dictionary variable is shown
in Figure 22.

Referring to Figure 22, the final output is stored at 4 different dictionary levels within the
hierarchy. These are Results level, TSR level, Blade level, and Blade element level in descending order
of data storage levels. Each level is characterized by dictionaries of output data, which further contain
data pertaining to their sub-levels.
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Figure 22: Hierarchy of ‘Results’ variable

Within the ‘Results’ variable, the results for each operating condition are stored. This is indicated
by TSR = j_TSR in Figure 22. Within each of the operating condition, the global results for the force
computations are stored. These parameters are typically the thrust, torque and power generated by
the turbine, and their associated dimensionless coefficients (Cr, Cq and Cp respectively). As these
parameters are for the entire turbine, they are termed as global results. They are stored as arrays for
the entire time duration. These results are available for both the static and dynamic cases; however
the schematic shows the branching only for the static case for the sake of simplicity. A time-average
of these results is available directly under the ‘Results’ variable, at the Results level.

Also available at the TSR level are the dictionaries for each blades. Figure 22 shows only one of
these, indicated by Blade ‘N’. In reality, there would be a dictionary variable corresponding to each
blade of the turbine. The results that can be extracted from the Blade dictionary are the shear forces
and bending moment distributions along its length. The Blade dictionary also has sub-dictionaries for
each Blade element on it. These are indicated as Blade element /j’ in the schematic. The Blade element
dictionaries include the results from the iterative BEMT computations (static BEM parameters) and the
results from the Dynamic Stall module (Dynamic Stall results). The results from the computation of the
elemental forces on the blade element are also included at this level.

Once the storage of results is established, as shown in Figure 22, a study on the various forms
of output required by the user needs to be undertaken. As stated earlier, this would primarily be in the
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form of plots between a dependant variable (x) and an independent variable which is the desired
output (y). The subsequent sections analyze the possibilities within this framework.

8.1 Independent variables

During the preliminary design process, it is usual to come across situations where the optimum
operating speed of the turbine for a given inflow condition needs to be determined. Within the BEMT
code, such an analysis can be performed using the multiple rpm input option. In such design scenarios,
it would be useful to plot the variation of parameters against the operating TSR of the turbine.

In a TSR based output analysis, the output that required to be analysed could be the force parameters.
This would include the variation of thrust, torque, power and/or the associated non-dimensional
coefficients with TSR. Also of interest to the designer, from a structural point of view, would be the
root bending moment at each blade. In a dynamic analysis, the designer could be interested in the
average value, mean value or maximum value of either of these parameters.

A dependency on time is usually preferred when performing a dynamic analysis. The variation of
various parameters as a function of time would be required to be plotted. The dependant variable (y)
could be the same as that mentioned for the TSR case. However, here instead of a time-average, the
evolution of the quantity as a function of time needs to be plotted.

Another possible form of output requirement would be the plotting of forces along the length of the
blade. Such parameters are typically required for a strength analysis of the blade. The parameters that
can be plotted as a function of the length along the blade are the shear force, bending moment,
elementary axial forces and elementary tangential forces. The shear force and bending moment
distribution is obtained from the computations performed as per Section 6.2. The elementary forces
are computed by BEMT for each blade element, and these can also be plotted to analyse the force
distribution. Typical plots pertaining to the length of the blade are the same as seen in Figure 12. Since
these computations are performed for each TSR and each time step, input parameters need to be
taken from the user which specify these.

8.2  Relational hierarchy

Since there are multiple possibilities for plotting the output, it would beneficial to establish a relational
hierarchy between the parameters involved. A mapping between the independent variables (x) and
the dependent variables (y) is made, as shown in Figure 23. Such a mapping is also extended to the
post-processing GUI, wherein when the user selects a parameter for x, the table for y updates
automatically to show only the relevant output options.

The relational mapping in Figure 23 indicates the mapping from x to y, with the possible optional
parameters indicated in rectangular boxes on the right. It could be seen that there are 6 possible
combinations for output that need to be taken into account. These are TSR-Forces, TSR-RBM, Time-
Forces, Time-RBM, Length-Shear Force and Length-Bending Moment. This would mean that the code
would need to define 6 different functions to handle each of these scenarios.
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Figure 23: Relational mapping for output variables

Additionally, some of these output plots would require optional input from the user. For example,
while plotting force or RBM against TSR, the value that corresponds to each TSR could be the mean
value from the dynamic analysis, or the maximum value or the minimum. The same is also applicable
while plotting Shear Force and Bending Moment. Alternatively, this can also correspond to a particular
instant of time.

Similarly, while plotting results for dynamic analysis (Force vs Time etc.), the particular operating
condition for which the result needs to be plotted (TSR = ?), needs to be specified by the user. While
plotting blade related data, the user should have the option for selecting the blades for which he wants
to plot the results. When plotting the forces, he should also be able to choose the type of parameter
he wants to plot — Thrust, Torque, Power, Cr, Cq or Cp.

The mapping shown in Figure 23 is non-exhaustive. When adding additional output options, they
can be included within this diagram to give an idea to the programmer as to what are the additional
functions required to define and what are the relations that need to be modified. Such a mapping is
included because it is expected that the requirement for various post-processing options is expected
to increase as the tool gets used more. Having such a fundamental structure for the post-processing
code, makes it easier to modify the code.

Some other possible output options that could be included are the plotting of elementary axial
and elementary tangential forces, along the length of the blade. Also, the user might be interested in
analyzing the impact of the input variables on the output results. So, it could also be possible to include
plotting of the operating conditions, such as inflow velocity and rotation speed (or TSR). A screenshot
of the post-processing GUI is shown in Figure 24. The output options that are available are also
illustrated with an example in Figure 25 for the case when TSR and Forces are selected by the user.
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Figure 25: Postprocessing output options

The code is also developed in such a way that the relevant output files are saved in csv format. The
folder location for this is kept as the same location from where the user inputs the geometry data.
Currently, the output csv files generated are the time history variations of the force parameters (static
BEMT and dynamic stall), as well as the variation of the mean values of these parameters with the TSR.
These can be supplemented in the future as per requirement.
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9 VALIDATION CASE STUDIES

Development of any numerical code is associated with its validation as well. Such codes
implement theoretical models to simulate real-world scenarios, and its accuracy and suitability needs
to be validated with more accurate results. For the case of the python BEMT tool, such validation cases
could be experimental tests, sea trials, or CFD analysis. With a research on existing literature on the
subject, valid test cases could be obtained.

Being a relatively new industry, there are not many test cases available within the tidal turbine
industry, especially for the dynamic analysis. However, the application of BEMT is the same in the case
of wind turbines as well. The fluid mechanics of the operating scenario is the same, with the change
only in the fluid environment. Moreover, the amount of experimental research conducted in the
aerodynamic industry, particularly for wind turbines, is much more. Many of the commercial tidal
turbine codes have also used wind turbine data for validation. Hence, the use of such data is also
considered for the validation process.

4 different test cases are chosen for the validation of the BEMT tool. The static and dynamic BEMT
modules are validated separately. The validation of the combined tool would require experimental
tests and measurements designed for this specific purpose. For the validation of static BEMT,
experimental measurements on marine current turbines by Bahaj, CFD results for Hobit tidal turbine,
and the results on Sabella D10 tidal turbine are used as benchmarks. To validate the dynamic stall
module, the wind tunnel test data for a single aerofoil subjected to sinusoidally varying pitching motion
is used. This section describes more about each of these test cases and the comparison of the results
obtained.

It must also be mentioned that during the actual development phase, many more validation case
studies were conducted. However, these 4 case studies are indicative about the extent of validation
that has been conducted. Other cases that were considered were of similar input characteristics and
hence omitted for brevity.

9.1 Bahgj

The experimental measurements done by Bahaj was performed on a 800mm diameter model
turbine in a cavitation tunnel and a towing tank [39]. Measurements of shaft power and thrust
generated by the turbine are made for a series of blade pitch settings and speeds. The turbine consists
of 3 blades, and the experimental set-up is shown in Figure 26.
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Figure 26: Experimental set-up for Bahaj model

The blade geometry is discretized using 18 blade element sections, and the relevant geometrical
parameters at each section are provided in Table 9. The blades were developed from the profile shape
of a NACA 63-8xx profile. Thus the blade does not have a constant aerofoil profile throughout this
length. For analysis using the Python BEMT tool, 5 different segments are considered. The profile shape
considered, and the extent of each of these segments, are detailed in Table 10.

Table 9: Blade geometry — Bahaj validation

Sl r c twist thk r/R c/R
No (m) (m) (deg) (mm)
1 0.05 0.03 0 0 0.125 0.075
2 0.08 0.05 15 1.2 0.200 0.125
3 0.1 0.04812 12.1 1.21 0.250 0.120
4 0.12 0.04624 9.5 1.14 0.300 0.116
5 0.14 0.04436 7.6 1.064 0.350 0.111
6 0.16 0.04252 6.1 0.976 0.400 0.106
7 0.18 0.04064 4.9 0.882 0.450 0.102
8 0.2 0.03876 3.9 0.78 0.500 0.097
9 0.22 0.03688 3.1 0.682 0.550 0.092
10 0.24 0.035 2.4 0.576 0.600 0.088
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Sl r c twist thk r/R c/R
No (m) (m) (deg) (mm)

11 0.26 0.03312 1.9 0.494 0.650 0.083
12 0.28 0.03124 1.5 0.42 0.700 0.078
13 0.3 0.02936 1.2 0.36 0.750 0.073
14 0.32 0.02752 0.9 0.288 0.800 0.069
15 0.34 0.02564 0.6 0.204 0.850 0.064
16 0.36 0.02376 0.4 0.144 0.900 0.059
17 0.38 0.02188 0.2 0.076 0.950 0.055
18 0.4 0.02 0 0 1.000 0.050

Table 10: Blade segments — Bahaj validation

Segment Radial Span t/c Aerofoil profile
No (m tom)
0 0.05 to 0.08 0.24 NACA 63824
1 0.08 t0 0.12 0.21 NACA 63821
2 0.12t00.18 0.18 NACA 63818
3 0.18t0 0.30 0.15 NACA 63815
4 0.30to 0.40 0.12 NACA 63812

The validation is done for a test case of 5 degrees pitch and an inflow velocity of 1.7m/s. 5
different operating conditions (or rotation speeds) are chosen for the study. The tip-speed ratio (TSR)
and the rotation speed in revolutions/min (RPM) are tabulated in Table 11. The results from the CFD
analysis usin STAR-CCMH+ is also available for these 5 conditions. Also available are the results from the
Matlab BEM code developed by Hydrocean. The objective of this validation study will be to compare
the results of the non-dimensional coefficients for thrust (Cr), torque (Cq) and power (Cp) from the 4
different tools.

Table 11: List of operating conditions — Bahaj validation

TSR RPM
4.5 182.63
5.5 223.21
6.5 263.8
7.5 304.38
8.5 344.97

The results from the validation study are presented in Figure 27. The non-dimensional
coefficients for thrust, torque and power (Cr, Co, and Cr respectively) have been graphically compared
for the BEMT tool in Python, CFD analysis and the results presented in the work by [39], for a TSR range
from 4.5 to 8.5. As can be seen, the results from the BEMT tool (Python BEM red curve) are in good
agreement with both the benchmark test results.
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Figure 27: Comparison of CT, CQ, and CP - Bahaj validation

9.2 Sabella D10

The second validation case is also that for a tidal turbine. Here, the D10 tidal turbine of Sabella
is used for the analysis. Figure 28 shows an image of this turbine. It is a 6-bladed turbine with an overall
diameter of 9.85m. The hub radius is 1.925m. The blade is discretized into 12 sections. The turbine has
a constant section throughout its length, with a constant chord. The section is elliptical and its
aerodynamic performance parameters are available from wind tunnel tests. The geometry details are
not provided for confidentiality purposes.
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Figure 28: Sabella D10 turbine before offshore installation

Results from an experimental basin with a 1:25 model of the turbine is available. Also available
for comparison are the results from the Sabella BEMT tool and CFD analysis. The validation study is
conducted for an inflow velocity of 2.25 m/s. 11 operational speeds for this inflow velocity are
considered. The corresponding rotation speed in RPM, as well as the TSR, are provided in Table 12.

Table 12: List of Operating Conditions - Sabella D10 validation

SINo TSR RPM
1 1.581  6.899
2 1.666  7.268
3 1.759  7.676
4 1.862  8.124
5 1975  8.617
6 2.106  9.187
7 2.256  9.841
8 2434 10.617
9 2.630  11.474
10 2.874  12.536
11

3.163 13.801
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Figure 29: Comparison of CT, CQ, CP - Sabella D10 validation

The results from the validation study are plotted in Figure 29, Python BEM is the red curve. As
can be seen, the results for the torque and power coefficients (Cq and Cp) have a good relation across
the different tools. However, there is a discrepancy in the thrust coefficient (Cr). The model testing and
CFD analysis show a high value of Cr compared to both BEMT tools. Further investigation is required
into this. Some critical analysis of the same is provided in the subsequent paragraphs.

One of the disadvantages of the tip and hub loss modules implemented within the BEMT tool is
that they are arbitrarily defined, only based on the dimensions of the blades. Performance enhancing
design features such as the presence of a winglet at the blade tip, or the aerodynamic shape of the
hub are not considered when defining these factors. As can be seen in Figure 28, the D10 turbine
incorporates both these features. Accordingly, the tip and hub losses would not be as high as that
predicted by BEMT.

To ascertain this supposition, another BEMT analysis with the Python tool was conducted,
without considering any tip and hub losses. The results are plotted in Figure 30. It could be noted that
the results are in better agreement with the CFD results. It was also found from the CFD analysis that
a difference of 5% in Cr could be attributed to the hub drag. BEMT does not consider this drag effect.
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Figure 30: D10 validation with no tip & hub losses

Still, the high value of Crin the experimental results could not be explained. Possible reasons could be
that of a scale effect. The model used is a 1/25 scale model, and this does not correspond to the same
Reynolds number of flow. The discrepancy could be due to a model-full scale extrapolation error.
However, there is no conclusive evidence for this. Also, it may be reminded that the analysis performed
here is only a static BEMT analysis. The dynamic effects of flow are not expected in the experimental
set-up, and neither are they considered during the CFD analysis as well. Further validation studies need
to be conducted for similar cases to arrive at a suitable conclusion.

9.3 Hobit

Under the HOBIT project, prototypes of large tidal turbine blades of the order of 18m diameter
have been produced. The shape of these blades are more complex than the Bahaj model, with multiple
airfoil sections along the length of the blade. The shape of the blade is shown in Figure 31. The main
geometrical parameters are indicated in Table 13. Owing to its complexity and application to the tidal
turbine industry, this was chosen as the next validation case.

Experimental results are not available for this turbine. Hence, the results from CFD analysis is
taken as the benchmark for this validation study. In addition, the results from two other BEMT tools,
namely FAST (Section 4.1) and the Matlab code from Hydrocean (Section 4.1), are also compared to
obtain a more holistic idea.
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Table 13: Main geometrical parameters - Hobit validation

Parameter Value
Number of Blades 3

Turbine Radius 9.04m

Hub Radius 1.54m

Figure 31: Blade shape for HOBIT

To perform the calculations using the Python tool, the blade geometry is discretized into 21
blade element sections as seen in Table 14. To accurately represent the blade geometry, 10 segments
are used along the length as well, as indicated in Table 15. Unlike the previous two cases where
multiple operating conditions are tested by changing the rpm, here these are achieved by varying
inflow velocities for the same rotation speed. These conditions are tabulated in Table 16.

Table 14: Blade geometry — Hobit validation

Sl r c twist thk r/R c/R
No (m) (m) (deg) (mm)

1 1.540 1.389 23.958 1.642 0.170 0.154
2 1.740 1.520 23.358 1.520 0.192 0.168
3 2.098 1.755 22.283 1.302 0.232 0.194
4 2.457 2.315 21.154 1.125 0.272 0.256
5 2.815 2.494 19.419 0.969 0.311 0.276
6 3.257 2.408 17.283 0.802 0.360 0.266
7 3.704 2.297 15.111 0.659 0.410 0.254
8 4.147 2.173 13.189 0.542 0.459 0.240
9 4.594 2.042 11.563 0.451 0.508 0.226
10 5.037 1.921 10.227 0.377 0.557 0.212
11 5.483 1.793 9.076 0.316 0.607 0.198
12 5.928 1.663 8.118 0.274 0.656 0.184
13 6.372 1.530 7.304 0.235 0.705 0.169
14 6.819 1.410 6.603 0.204 0.754 0.156
15 7.261 1.283 6.000 0.178 0.803 0.142
16 7.706 1.156 5.473 0.157 0.852 0.128
17 8.151 1.032 5.006 0.137 0.902 0.114
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Sl r c twist thk r/R c/R
No (m) (m) (deg) (mm)
18 8.590 0.902 4.599 0.116 0.950 0.100
19 8.890 0.820 4.345 0.105 0.983 0.091
20 8.965 0.796 4.284 0.102 0.992 0.088
21 9.040 0.773 4.226 0.100 1.000 0.086

Table 15: Blade segments — Hobit validation

Segment Radial Span t/c Aerofoil profile
No (m to m) Table 16: List of Operating Conditions

0 1.740t02.098 0742  NACA 63474 - Hobit validation
1 2.098t02.457 0486  NACA 63449 Velocity  RPM TSR
2 2.457t02.815  0.389 NACA 63439 (m/s)
3 2815t03.714 0287  NACA 63429 3.5 138 3.73
4 3.704t04.594 0221  NACA 63422 3.08 138 4.24
5 4594105483 | 0176  NACA 63418 otf) S A
6 5483106372 0154  NACA 63415 2.5 138 5.23
7 6.372t07.261 0139  NACA 63414 — — 2zl
8 7.261t08.151 0133  NACA 63413
9 8.1511t09.040 0.128 NACA 63412

The results from the validation study are presented in Figure 32 and Figure 33. It can be seen
that there is a good correlation between the Python BEMT tool (Python BEM red curve) and CFD
analysis for both the parameters. Also, the results are in good comparison between the other two
BEMT tools as well. This validation exercise ascertains the utility of the tool for complex blade
geometries as well.
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9.4  Dynamic Stall Validation

The three previous cases presented previously have all been validation of the static analysis using
BEMT tool. To validate the dynamic stall module, results that correspond to a time-varying velocity
input needs to be available. This is not readily available in existing literature. As was the case for many
dynamic stall modules for wind turbines and tidal turbines, this validation is done for a single aerofoil
tested in a wind tunnel.

The National Renewable Energy Laboratory, United States of America have made available the
test results on many such aerofoil sections. These tests are conducted by subjecting the aerofoil to a
sinusoidally-varying pitching motion. This has the effect of varying the angle of attack dynamically, and
consequently the dynamic stall effects can be studied.

For the validation case demonstrated in this section, the tests corresponding to S814 aerofoil are
used. The test results are available in the NWTC Information Portal and the report is available as [40].
The test case used here corresponds to RUN411, which has an aerofoil with no grit roughness applied,
with a 10deg amplitude of sinusoidal variations in angle of attack, pitch oscillation frequency of 1.8 Hz
and a Reynold’s Number of flow 1.0 x 10°. The pitch oscillation frequency corresponds to a non-
dimensionalized reduced frequency, kz of 0.090 (high frequency). This test case is specifically chosen
since the results from the University of Edinburgh Matlab BEMT tool is also available for this case [1].

2.5

& Experimen tal
—a— D.5.Model

4  static

—— UEDIN Model

2.0

0.5

o 5 10 15 20 25 30
Angle of Attack

Figure 34: Dynamic Stall validation -S814, Red. Freq. = 0.090

The comparative results are shown in Figure 34 for one complete sinusoidal run. The variation of
the lift coefficient (C;) as a function of angle of attack (a) is shown. It could be seen that the dynamic
stall module predicts reasonably accurately the effect of the dynamic stall (BEM tool red curve). The
static stall is expected to happen at around 11 degrees, but in the dynamic environment, the BEMT
tool predicts the increased lift for increasing angle of attacks, and reduced lift for reducing angle of
attacks. The result is also in good agreement with the results from the UEDIN Matlab code.

Two additional test cases are also checked for the consistency of the dynamic stall module. These
correspond to runs 409 and 410 in the NWTC information portal. The test conditions are the same as
run 411, with the only exception being the pitch oscillation frequency. Instead of the high frequency
variations (kzr = 0.090), run 409 has a low frequency (ks = 0.030) variation and run 410 has a medium
frequency (kg = 0.060) variation of a. The results are shown in Figure 35 and Figure 36 respectively.
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Figure 35: S814 validation - low frequency Figure 36: S814 validation - medium frequency

Although the correlation is not as good as the earlier case, it can be said that the dynamic stall
behaviour is reasonably represented by the dynamic stall module. One reason for the slight
discrepancy could be some of the default parameters in the dynamic stall module. For these two cases,
the same parameters as the high frequency case was used, as all these parameters were not readily
available. This might have some impact on the final results. Ultimately, the aim is to check the validity
of the dynamic stall computations are performing in an expected manner; and the results seem to
suggest its credibility.

However, it should also be remarked that for the validation cases considered above, the variation of
angle of attack is sinusoidal and hence predictable. In many real-world scenarios, such variations are
arbitrary and hence the validity of such an empirical model in such situations cannot be assured. To
ascertain the validity in such cases, the dynamic stall model should be applied to real world flows, with
experimental measurements.
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10 ELECTRICAL MODELLING AND CONTROL OF GRID
CONNECTED TIDAL CURRENT CONVERSIONS SYSTEMS

The aim of this Chapter is to describe and present in detail the electrical modelling and control of
dynamic grid-connected tidal current conversion systems (TCCSs). The dynamic electrical system
model described in this chapter is to be designed and released as a generic tool for the facilitation and
development of tidal current systems. The first step in order to implement this is to describe the
available literature regarding the modelling of resource-to-grid of tidal current systems. Afterwards,
the various electrical components and the associated control architectures will be presented in detail.
The modelling tools chosen for the electrical system modelling will also be justified. The final section
of this Chapter presents some results from the dynamic open-source simulation tool already designed.

10.1 Review of electrical modelling for tidal current conversion systems

The literature regarding electrical modelling and control of TCCS is limited especially if it is compared
to research in offshore and onshore wind energy systems. An overview of the electrical design in TCCS
and wave energy systems is presented in [42]. Authors present an overview of the electrical design
options for ocean energy converters in general and in addition show the use of power electronics for
generator control and grid connection. They include useful information about the modelling aspects
of electrical generators, generator control, grid-side converter control and variable speed operation
for maximum power point tracking (MPPT). Furthermore, authors in [42] discuss array layouts and
cabling as well as the use of energy storage for ocean energy systems. They dedicate one chapter in
resource-to-wire modelling for tidal turbines and a number of chapters for the grid integration of such
systems. Though [42] is a book that is essential reading for electrical design engineers, researchers and
students in offshore renewables it does not show the simulation models in detail. What is more, the
resource-to-grid modelling presented is based on mathematical formulations and ideal operation of
the control loops compared to the modelling of the physical components.

A comprehensive way of modelling dynamic resource-to-grid TCCSs is presented in a PhD thesis from
the University of Edinburgh [43]. The research shown in [43] aims to present, compare and improve
the options of power transmission for tidal current arrays. The author of the thesis develops dynamic
electromechanical models of tidal current devices in detail, from resource to the grid connection, using
mathematical linear and non-linear programming in MATLAB/Simulink. The tidal models developed
are presented in one chapter and include the tidal resource, the tidal turbine with pitch control, geared
induction and synchronous generators, the power electronics with the generator controller, the grid
side controller, the cables for power transmission, the filters and the grid connection. A key focus
aspect of the study is the power transmission option with onshore converters which is presented in
detail. Using this concept it is possible to generate electricity from tidal current devices but at the same
time keep the highest possible system reliability despite the continuous underwater operation. The
results of the PhD thesis in [43] are compared against data provided by Andritz Hydro Hammerfest.
The study also expands to modelling a number of electrical architectures for tidal current arrays. The
TCCSs developed in [43] are shown in Figure 37 as generalised block diagrams and in Figure 38 with
the associated control loops. More details can be found at the permanent link
http://hdl.handle.net/1842/31089.
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Figure 37: Block diagrams of single TCCS. a. SCIG and PMSG options with long distance controls. b. SCIG and
PMSG options with back-to-back converters in the nacelle [43].
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Apart from the two comprehensive studies presented above a number of other research papers
present system level and control modelling, generator comparison modelling and electrical
architecture options for tidal current systems. A brief description of these studies will be presented in
the Sections 10.1.1 to 10.1.3.

Electrical generators used in TCCS are of the same type as those used in wind energy industry. Different
types of generators are controlled using different types of controllers. The controllers’ aim is to make
the generator extract as much as possible energy from the tidal currents by achieving higher power
coefficient. An overview of marine energy systems, including tidal current systems, has been given in
[44]. The focus of the research is on monitoring by collecting data during operation and on the control
of the system in order to achieve maximum power extraction from the marine resource. Even though
the research is not specifically focused on TCCSs, the outputs of the research can be applied to such
systems.

10.1.1.1 Power limitation control system

An important part of the control system in a tidal current turbine is the power limitation mechanism
that operates when the power output is higher than the rated power of the turbine. A comparison
between pitch and stall regulated tidal current turbines is performed in [4]. The research carried out
in [45] was based on horizontal-axis turbines during variable speed operation. The pitch regulated
turbines have variable pitch blades that can feather if the speed of the turbine is above rated speed.
On the other hand, stall regulated turbines have fixed pitch blades and use the inherent blade design
to limit the speed of the turbine at rated levels. Even though in the research both types of speed
regulation have satisfactory results when assessed based on their aim, the stall regulated turbines
generate a lot higher loads on the blades and require more complicated control system design. In [5]
the blades of a horizontal-axis tidal current turbine are designed to achieve feathering by over-
speeding, optimise efficiency and take into account phenomena such as the cavitation. In addition,
authorsin [46] describe the potential disadvantages in using the over-speeding method in tidal current
turbines:

* Operating at high rotational speeds increases the voltage generated by the machine.
* Cavitation effect has to be considered.

e Depending on the design, operating at increased rotational speed can increase thrust forces
on the turbine.

e Increased centrifugal forces that can cause blade failure.

Based on the literature reviewed it can be concluded that stall regulated turbines in TCCS have a
number of disadvantages compared to pitch regulated turbines. These include unstable dynamics,
increased out-of-plane bending moments, increased thrust forces and reduced energy yield assuming
both systems have 100% availability.

10.1.1.2 Induction Generators in tidal current systems

The majority of research papers regarding control design in tidal current turbines deal with the use of
novel control strategies in generators. Research that uses SCIG in tidal current turbines is presented in
[47], [48]. Researchers in [49] use long sub-sea cables between the SCIG (Squirrel Cage Induction
Generators) and the voltage-source converter (VSC) in order to transmit power to the grid. In order to
achieve this they use a direct torque controller (DTC) with space vector modulation (SVM) and design
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filters specifically for this application. In addition, the researchers suggest an expansion of this
application to a star cluster architecture.

Control of DFIG is discussed in papers [49], [50]. Researchers in [49] model a resource-to-grid tidal
current turbine and compare the results with data measured from Raz de Sein, Brittany, France. A lot
of detail is given to the correct modelling of the tidal current resource by adding turbulence and the
swell effect to the averaged tidal current speed. In addition, they study a vector type of controller for
DFIG which is directly connected to the grid (Figure 39). However, in the study no discussion is made
as to how power can be transmitted from the DFIG to the shore. In [50] the same system as depicted
in Figure 39 is used but the controller proposed is a 2" order higher order sliding mode (HOSM)
controller. Researchers conclude that the HOSM controller can be used for speed tracking and power
regulation and that if the resource is unknown then these type of controllers can be good candidates
to replace classical vector controllers. However, HOSM controllers appear to have high frequency
oscillations around the sliding mode creating a possible problem for the operation of the generator.
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converter converter i Line Coupling
i Transformer I
i Medium Voltage Switchgear
 —
Frequency converter control
Converter
Mafineml—
Control

Figure 39: Schematic diagram of the grid connected DFIG as presented in [49].

10.1.1.3 Permanent magnet synchronous generators in tidal current
systems

The same controller designed in [50] is also used in [51] to control a PMSG. The PMSG is first modelled
in MATLAB/Simulink and then validated with experimental results. The aim of the researchers is to
create a tool that experimentally validates tidal current systems with data from Raz de Sein. The block
diagram of the PMSG is shown in Figure 40.
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Figure 40: Schematic diagram of the PMSG tidal current system [51].

Other variations in controlling a PMSG are presented in [52] using passive rectifiers and in [53] using a
fixed pitch blade tidal current turbine. Researchers in [54] perform dynamic stability analysis to a grid
connected tidal current turbine with PMSG. In [52] authors suggest that more than one PMSG can be
connected on the same shaft and use passive rectifiers to connect to the DC link. The extraction of
maximum power from the tidal currents is achieved by knowing the exact tidal currents experienced
by the system and designing the generators accordingly. This system is proposed to have similar
efficiency as a conventional one but less complicated system with lower power converter losses.
However, the main disadvantage of this design is the previous knowledge of the resource that is
required which is not always possible to acquire and may not be accurate.

Comparing the types of generators in tidal current applications is performed in two separate studies
under different conditions [55], [56]. In [55] authors compare all the types of generators that can be
used in a tidal current system and summarise the advantages and disadvantages of each generator
technology. The summary of their results can be seen in Table 17.

Table 17: Advantages and disadvantages for different generator types. Table adapted from [55].

Type  of Advantages Disadvantages
Generator
M Full speed range %] Fully rated BTB power
M No brushes converters
SCIG M Control of reactive and Gearbox required
active power
M Proven technology
M Full speed range Fully rated BTB power
M Control of reactive and converters
SG active power Additional converter for field
M Eliminate gearbox (DD Large and heavy generator
concept only) (DD concept only)
M Full speed range Fully rated BTB power
M Control of reactive and converters
PMSG active power Large and heavy generator
M Eliminate gearbox (DD (DD concept only)
concept only) ] Permanent magnets needed
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DFIG .
active power

Reduced rating for power
converters

M Brushless (low maintenance)

M No power converter for field
compared to SG

M Limited speed range +30% I Requires slip rings (high
around synchronous speed maintenance)

M Control of reactive and Gearbox required

%}

The authors concluded that the Direct Drive (DD) PMSG is the most advantageous design due to the
low maintenance and higher efficiency over a wider range of speeds. Due to these capabilities of the
PMSG, the energy generated from a system with DD PMSG is higher compared to the other designs
which also leads to higher revenues. However, DD PMSG are still not a proven technology compared
tothe SCIG and the cost to install such generators is higher. In addition, authors explored the possibility
of using DFIG generators due to their popularity with wind energy systems and the lower capital cost
of the overall system because of the lower rated power converters (usually 25% of the full rating).
However, the disadvantages of DFIG, which are mainly the high maintenance requirements, makes the
use of such a generator in an inaccessible underwater system a less attractive option. The discussion
of the authors and the results presented in [55] are comprehensive but there is no reference in the
research paper about the effect of the generator type in the power transmission system of the TCCS.

In [56] researchers compare SCIG and PMSG in a TCCS with direct connection to shore using onshore
power converters. Authors create a dynamic model of a TCCS in MATLAB/Simulink and set three
criteria to compare the two designs.

e First, they look at cost and maintenance of each system.
e Then they study the generator efficiency at different operating speeds and finally,
e Transmission power losses are compared in order to work out the total system

efficiency and total energy generation for each design.

Regarding the cost and maintenance the PMSG generator used in this study is using the same gearbox
as the SCIG, Figure 41, and therefore the cost of the PMSG is not significantly higher than the SCIG. In
terms of generator efficiency, both designs seem to have high efficiencies near the rated power.
However, the PMSG achieved higher efficiencies compared to the SCIG when the TCCS was operating
at below rated power. Regarding power transmission losses the TCCS with the PMSG had 0.35% less
losses compared to the TCCS with the SCIG. Due to the lower losses, the PMSG system can export an
additional 116MWh per year to the grid compared to the SCIG system.
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Figure 41: Tide-to-grid model developed in MATLAB/Simulink used for generator comparison [55].

Researchers from ABB presented in [57] a comparative study of different power collection options
which were categorised based on the output from the nacelle to: variable frequency AC output (Figure
42a), fixed frequency AC output (Figure 42b) and DC output (Figure 43). All the power collection
options as presented in [57] were compared based on their cost for individual components, cost of
installation and the cost for operation and maintenance for three different installed capacities of tidal
current arrays, 30MW, 100MW and 200MW. Authors concluded that the collection topology with the
least cost is DC-0 and collection topologies VF-0, VF-4, FF-2, DC-1 and DC-3 have comparable losses
with DC-0. However, even though the above mentioned collection topologies have low cost when
considered on their own, the costs change when studied in a 30MW tidal current array. For a tidal
current array, collection topologies with low capital costs are preferred and therefore DC-1 and VF-4
are chosen as preferred options.

Turbine / Nacelle L. Hub L. Substation N Turbine - Hub _— &
> € > € > € >
VF-0 s66kVac_1 MW / turbine 266KV ac_ 1 MW per feader FF-0 s11kVac_ 1 MW / turbine | 2 6.6 kV ac = B MW per ringffeader
| | B | v = - Vi = 1 | 7
- - = == Sy - - - -
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T —— — — e e T e - — H = —_ -
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Figure 42: (a) Variable frequency from the nacelle collection arrangements. (b) Fixed frequency from the
nacelle arrangements [57].
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Figure 43: (a) DC output from the nacelle arrangements. (b) Preferred power collection solutions for tidal
current arrays [57].

Another research paper [58] focused on the optimisation of power transmission options for offshore
marine energy systems based on cost of energy and the reactive power compensation. The paper
states that in AC systems the capacitance of the sub-sea cables causes an amount of reactive current
to flow, which limits the capacity for real power transmission. In order to mitigate the reactive current
flowing in the cables reactive power compensation both onshore and offshore is required. Authors in
[58] optimise the reactive power required so that maximum power transmission is achieved and at the
same time meeting the UK Grid Code requirements.

Research studies on power transmission in either AC or DC for tidal current systems are limited and no
conclusion of a preferred solution can be derived. In [43] the research study concluded that when tidal
current devices are clustered per four turbines on offshore platforms it is efficient to use as many
clusters as possible connected to a single cable whose both ends are connected to the grid. Locating
the power converters in the nacelle yields fewer electrical losses compared to locating the power
converters on the offshore platform. However, the difference is minimised because the distance
between the tidal current device and the offshore platform is the least possible. Having the power
converters on an offshore platform is beneficial in terms of accessibility for maintenance and operation
because they are not underwater.

10.2 Methodology for electrical and control modelling for tidal current
conversion systems

The tide-to-grid TCCS developed is depicted in Figure 44.
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Figure 44: Block diagram of the resource-to-grid model developed.

The Realistic Velocimetry and the tidal turbine options in python code are not part of the dynamic
electrical modelling and are developed separately. The coupling between the turbine model developed
in Python Code and the electrical model is described in Section 11. The dynamic electrical model
accepts a mechanical torque input from the tidal turbine which is fed at the generator rotor. The
components of the electrical modelling include the following:

e The permanent magnet synchronous generator,

e The generator side converter with the associated controller (ZDC),
e The MPPT algorithms and the speed controller,

e The DClink,

e The grid side converter and the associated controller (VOC),

e Grid side power harmonic filters for grid compliance and

e The power transmission for grid connection.
All the parts listed above are described in Sections 10.2.1 to 10.2.7.

The generator model converts the mechanical torque input from the tidal turbine model to electrical
power. Two widely used generator technologies have been considered, the SCIG and PMSG. Both of
these generator technologies have been implemented in Simulink by the University of Edinburgh. For
the resource-to-grid TCCS open-source tool the PMSG option has been developed with the SCIG option
to be considered for future implementation. Permanent magnet synchronous generators have higher
efficiencies over a wider range of operating speeds compared to SCIGs. This advantage makes them an
attractive option for tidal current developers due to the variability of the tidal current, two high tides
and two low tides within 24 hours and 50 minutes in a semidiurnal tide. A secondary advantage of the
PMSG is the higher power densities due to the use of permanent magnets on the rotor.

The dynamic response of the PMSG model in the dg-axis reference frame is given in (Eq.1) and (Eq.2)
[59].

( dids . .
dt = L_d (_vds — Rigs + Lqumlqs)

(Eq.l)
[ lqs ( V,s — Rize — L pw i +pw P )
k dt qs stqs d mtds m¥Yr
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3p; . .
Te = 7[(prlqs + (Ld - Lq)ldslqs] (Eq.2)

The motion equations of the PMSG are given in (Eq.3) [59].

de,
=w
dt m
! dw,, 1 (Eq.3)

P = 7(Te —Fw, —Ty)
In [59] a detailed description of the quantities involved in (Eg.1) to (Eq.3) is given.

Table 18: Description of quantities of the dynamic PMSG model.

Symbol Description Units
las) Lgs dg-axis stator currents A
Vas, Vgs dg-axis stator voltages \Y
Lq, Lg dg-axis inductances H
Ry Stator winding resistance Q
@y Flux amplitude induced by rotor magnets Wb
g, Rotor angular position rad
] Moment of inertia of the rotor kgm?
p Number of pole pairs -
T Mechanical torque from the generator shaft Nm
T, Electromagnetic torque Nm
W Rotor mechanical speed rad/s
F Rotor and load viscous friction coefficient N

The PMSG chosen model has round rotor and sinusoidal back electromotive force (EMF) has been
chosen. The PMSG may be direct drive or geared depending on the operating speed of the tidal turbine
and the synchronous speed of the rotor. The PMSG model is controlled from the generator side VSC.
The control method used is based on the zero d-axis current control (ZDC) method and is presented in
the following section.

The generator controller is described in [56] and is based on zero d-axis current control with space
vector modulation (ZDC SVM). The ZDC SVM control method for non-salient pole PMSG is based on
the linear relationship between the stator current magnitude, is, and the electromagnetic torque, Te
when the d-axis stator current of the generator is kept zero and the flux, ¢, is kept constant. The block
diagram of the ZDC SVM controller can be seen in Figure 45.

T * I * Vq*
€ 2 qs dq V * 1
= = _>©_’-p1 S «p-  Pulses
3ph ¢ ©) S
L= VM
(> Pl(s) ap
Iabc Ids
2 plabe T
0, I
L qs 0,
dq

Figure 45: Block diagram of the ZDC SVM generator controller [56].
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Maximum power point tracking (MPPT) has one major aim: to control the tidal turbine’s Tip Speed
Ratio A in order to achieve the highest possible hydrodynamic coefficient C,. MPPT is responsible for
the efficient operation of the tidal current system at tidal current speeds below rated power. In order
to achieve the efficient operation, first the operating points where maximum C; is achieved must be
identified. These operating point form the maximum power point curve. After creating the maximum
power point curve the speed and torque of the generator have to be controlled in order to achieve
these optimised operating points. This is achieved by the speed controller.

The maximum power point curve (MPPC) identifies all the operating points with maximum C,. The
maximum power point curve modelled in this paper is based on equation (Eq.4) where k is a constant.

TGen

Gen _ 1, . ,.Gen? Gen _ mec
Thec =k Wopt @ Wopt = k (Eq'4)

An example of a MPPC acquired by simulating the University of Edinburgh’s XMED turbine is shown in

Figure 46.
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Figure 46: Torque speed curves for different tidal current velocities for a simulation model of XMED turbine.
The peak mechanical torque is identified (blue dots) and a curve is fitted based on Eq.4 which forms the MPPC.

The speed controller is responsible of comparing the optimum generator speed, wo,,°", acquired by
equation (Eq.4) and actual generator speed, wme%¢", which is measured, in order to produce a
reference signal for the electromagnetic torque of the generator. The reference signal of the
electromagnetic torque, T.*, is used as input to the generator controller ZDC SVM shown in Figure 45.
The block diagram of the speed controller is shown in Figure 47. More details can be found in [42],
[43].
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Figure 47: Speed controller block diagram as modelled for the resource-to-grid TCCS tool.

All the power from the generator that is converted by the generator side VSC passes through the DC
link. The DC link voltage is kept constant by converting the input power to the DC link into a constant
voltage and frequency on the grid side. This conversion is achieved by the grid side VSC which is
controlled by the grid side controller discussed in Section 10.2.5. The DC link model is composed of an
ideal capacitor, a discharging resistance and an equivalent series resistance (ESR). The diagram of the
DC link model is presented in Figure 48.

discharging

R dc

Figure 48: Block diagram of the DC link model implemented in Simulink and OpenModelica.

The power generated by the TCCS is delivered to the grid through a VSC. The inverter is controlled by
a PWM scheme called voltage oriented control (VOC) with decoupled controllers which ensures a
constant DC link voltage, constant frequency output of 50Hz on the AC side and control over the

amount of reactive power flowing based on grid requirements. The VOC scheme is based on (Eq.5) and
is shown in Figure 49:

Vai(t) = — [Kf’(ijig —igy) + K} f(ic*ig - idg)dt] twglglgg +Vag

(Eq.5)
_ I (=% . I . . .
Vai(t) = - [KP(lqg —iqg) + Ki f(lqg - lqg)dt] —wglgigg+ Vg
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Figure 49: VOC controller as implemented in the resource-to-grid TCCS.

In order to make the TCCS grid compliant power harmonic filters are installed at the output of the grid
side converter. The power filters include a line reactor to reduce line current distortion and low-pass
or single-tuned power harmonic filters to reduce harmonic distortion due to the PWM and the non-
linear electrical components.

The power transmission includes a transformer to step-up the low voltage output of the VSC
to kV range and three-phase power cables for onshore connection to the grid. Increasing the voltage
with a transformer is essential in order to ensure minimum losses in the power cables. The cable type
and the exact voltage depends on the distance between the VSC and the grid as well as the type of
connection implemented based on the variations described in [43], [57].

a) Tidal Bladed:

Tidal bladed is a commercial industry-related tool for simulating tidal turbines and combines
all the components for tidal current turbine design in a single software package. The main focus of
Tidal Bladed is tidal turbine rotor and structural design. Electrical and control components are also
included but power output is estimated with electrical loss models and grid side modelling limited.

b) MATLAB/Simulink:
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MATLAB is a commercial multi-paradigm numerical computing environment and fourth-
generation programming language. A proprietary programming language developed by MathWorks,
MATLAB allows matrix manipulations, plotting of functions and data, implementation of algorithms,
creation of user interfaces, and interfacing with programs written in other languages, including C and
C++ [60]. Simulink is also developed by MathWorks and is a graphical programming environment for
modelling, simulating and analysing multidomain dynamic systems. It offers tight integration with the
rest of the MATLAB environment. Simulink is one of the most common commercial software used for
tide-to-grid electrical and control modelling because it offers:

¢ Dynamic simulation capabilities of electrical components.

e The ability to easily work on the frequency domain after the time domain simulation.
Frequency domain results are crucial in understanding cable and transformer-cable
interaction and resonance.

e The ability to parameterise the models using MATLAB variables and expressions. This
feature is important in order to optimise models in an analytic way and scale models
according to needs.

e Control design capabilities and the available control and electrical components.

* Fast simulation mode for discretised models.

c) OpenModelica/JModelica

OpenModelica is an open-source Modelica-based modelling and simulation software which is
used by both industry and academia. OpenModelica has a graphical user interface that provides the
user an easy way to model, edit models and simulate models as well as plot the results. In addition,
OpenModelica utilises the Modelica Standard Library which offers ready to use electrical, control and
mechanical components suitable for the development of a resource-to-grid TCCS. JModelica [61] on
the other hand, shares similar features as OpenModelica but its operation is controlled primarily by
Python code and is focused on the optimisation of Modelica models. Both software packages,
OpenModelica and JModelica, support the Functional Mock-up Interface (FMI) [62] which is a standard
for coupling and information exchange between dynamic models. It provides an interface for coupling
different simulation tools in a single environment. The FMI is supported by several software such as
Dymola, ANSYS and SIMPACK.

OpenModelica and JModelica offer a number of advantages for the tide-to-grid electrical TCCS model
which is developed. Firstly, the FMI can be fully controlled using python code which makes the coupling
of the BEMT tidal turbine model developed in python straightforward. In addition, it offers ready to
use electrical components and control structures as well as support for problem solving. What is more,
OpenModelica and JModelica can be controlled from a python script making it easy to implement
custom made control algorithms and optimisation techniques to improve the performance of the TCCS.
Finally, both software are open-source and are supported with new versions every year.

10.3 Condition Monitoring Based on Model Based Estimation

In a model-based method, the condition of the physical system is represented in a dynamic model. The
goal of this method is to reproduce the condition of the physical system in the model and therefore, if
any mismatch between the data acquisition and the model estimation is found, the system will act
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accordingly to bring the system into a safe state. In this section we will describe the model-based
monitoring principles and its application in RealTide project. The electrical, physical and dynamic
model developed as part of this deliverable can be used for model-based monitoring which is part of
WP4.

In a first instance, it is necessary to introduce the concepts of analytical redundancy and residual
generation on the assumption of a perfect model. Figure 50 shows a schematic description of a
redundant model based parameter estimation applied on a generic tidal turbine. As can be seen,
different measurements are collected from the tidal turbine sensors and implemented into two
different models. In the model x,,, represent the actual measurement that has been measured directly
or indirectly from the tidal turbine.
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Figure 50: Schematic description of the residual generator

An often applied method to reconstruct x,,; is an on-line parallel estimation of input-output
relationship, based in a model which describes a certain physical phenomena which allows to estimate
X, analytically. Consider the following nominal model that describes the transfer behavior of the
system or a part of the system under monitoring:

Xe1 = G Un1
In this scheme, x,; represents the model 1 estimated variable, for which a redundancy will be
established, and u,; the model input vector [u3, u,] which can be either a measured or model
estimated variable. Each model, will estimate the actual measurement (x,,, by using different physical
principles. In the same way, x;,, can also be estimated by using a different model:

Xez = Gmaz Unz
Where both x,, and x,, are an estimate of x,, and is called analytical or software redundancy. G,,;

and G,,, represent the transfer function for the models 1 and 2 respectively. The output parameters
Ty1, Tx2s > Tyen, represent the generated residual after comparing different input signals. These

Page | 90

This Document is the property of RealTide Consortium



l RealTide Project — Grant Agreement No 727689

‘R EALTIDE D3.1 Generalised tide-to-wire model

'LOADS FLOWS  IMPACT

residuals can be used later as an estimator in order to check the correct operation of the element
under monitoring. One generic way to calculate a residual could be:

Ten = |xi - le

Where x; and x; are generic variables referring the same physical magnitude that could be either
estimated (for example x,; or x,,) or measured (for example x,;,).

Even though the principle behind this technique promises a simple on-line implementation and seems
easy to be understood, is not easy or even impossible to implement in some cases due to the difficulty
or even impossibility on generating a precise analytical model if the process is complex. For that
reason, in order to generate an efficient model, it is necessary to choose the variables involved in it
carefully i.e. ones easily measurable and comparable in the real device.

Figure 51 shows a simplified model that could be used for modelling the dynamical behaviour of the
device in a simplified way which allows, among other things, the evaluation of loads over the different
elements of the device. The model shows the general structure with the functional blocks that the
turbine model should include. Likewise, each block may consist of several different models which be
developed and described in depth in further deliverables within WP3.

Rotor Ta
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controller model
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|
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Generator Generator E
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T Friction
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Figure 51: Dynamical behaviour model

10.3.2.1 Signal-based fault detection of the power electronics

Variable-speed AC motors usually consist of a AC-DC converter (rectifier) and a three-phase DC-AC
converter (inverter) that generates the three-phase system with variable frequency and amplitude as
shown in Figure 52. In this section we will focus on the most typical failures that may appear and how
can be detected with signal-based methods.
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Figure 52: Variable speed AC motor diagram.

a) AC-DC converter (rectifier)
The most relevant faults in rectifiers are the line disconnection of one phase and faulty diodes.
Significant impacts of the faults are to be observed in the run of the DC-link voltage U,. As represented
in Figure 53, the signal shows significantly higher ripples in the presence of faults:
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480 l\< \\
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Figure 53: DC-link voltage Ud in the presence of different faults (sampling frequency 2 kHz)
An easy and robust way for rectifier fault detection is the evaluation of the signal’s variance:
ryq = var{Uy}

As expected, the variance increases in case of faults from the corresponding values within the healthy
state. As the variance depends on the load current [, .4 it is computed for normal state in dependence
on the load current as shown in the following figure:
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Figure 54: Variance of DC-link voltage U for different faults

b) DC-AC converter (inverter)
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Inverter faults and also stator winding faults generate characteristic harmonic of the stator current
vector. The stator current can be described as:

2m

et

2 AT
Is(t) = 5(151(’5) +I5(0)e” 3 + I3(t)e™3)
If the expression above is transformer into an orthonormal a and § component coordinate system:

Is(t) = Isq(t) + i Isp(t) = Iso(£)e*®

In the fault-free case the trajectory of the current vector forms a circle, which deforms to an ellipse in
the case of a stator winding fault (Figure 55 a), and to other trajectories for inverter faults and current
sensor faults. Figure 55 b, represents a fault of an inverter IGBT (Insulated Gate Bipolar Transistor),
Figure 55 c the fault due to phase 2 disconnection and Figure 55 d a current sensor fault. In case of
these faults the spectrum of the current vector contains a positive and negative frequency:

I(t) = Ig,ei@st*e0) ¢ [o_ ei-wst+e-)

Where ws is the stator angular frequency.

h i [..4
fault-free SB

vZ

(a) (b)

vy

(c) (d)

Figure 55: Stator current vector trajectories.

In this point, we can also define a set of fault-symptoms and, attending at the sign of the residuals
terms defined bellow Table 19, it will be possible to identify the fault modes of the AC motor.
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Symptoms

Faults Iri2[Ir2allira1l|lru—1l]lrvon || |Isol
open phase | +4+| 0 |++| ++ 0 0
open phase 2 ++|4++| 0 | ++ 0 0
open phase 3 0 |++]|++]| ++ 0 0
defective valve 1 ++| + [+4+]| + ++ 0
defective valve 2 ++|+4+| + + ++ 0
defective valve 3 + |++|++| + ++ 0
stator winding shortcut ||~ 0|~ 0|~ 0| + 0 0
offset fault sensor  or2|[=0|=0|=0| 0 + +/ + +
gain fault sensor lor2 |[|[=0|=0|= 0| + 0 +/++
faulty current sensor 0 0 0 0 0 +/++
ground cut phase | ++| + [++] ++ 0 (+/++
ground cut phase 2 ++|++| + | ++ 0 [+/++
ground cut phase 3 + |++|++]| ++ 0 +/ ++

Table 19. Fault symptom table for the PWM converter and stator windings
Residual terms shown in the table have been defined as follow:
ri2(t) = 15(t) — I&(t)
13(t) = I5(t) — I§(t)
r31(t) = I§(t) — I§,()
ry—1 = Us—1(t)
Tvonz = Usonz
Tso = |Isol = |Is1 () + Is2(t) + Is3(2)|

10.4 Results from the tidal current conversion system

In this Section preliminary results from the electrical side of the TCCS developed in OpenModelica will
be shown. Due to the fact that there is no tidal turbine in the electrical system, the mechanical torque
input to the generator shaft will be predefined. The coupled electrical model with a tidal turbine
developed in python will be depicted in Section 3. The TCCS is based on the XMED system of the
University of Edinburgh.

Figure 56 shows preliminary results from the operation of the simulated TCCS with step changes.
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Figure 56: Results from the Simulated TCCS. (a) Mechanical torque input. (b) Reference and measured
rotational speed. (c) Mechanical, generator and grid power.

It can be observed in Figure 56b that the generator speed can follow the sudden changes in torque.
The difference between the reference and measured generator speed is negligible which shows that
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the speed controller is operating optimally. Figure 56¢ shows the power which is measured at 3 points
in the system. The mechanical power is the input to the generator, the generator power is the 3-phase
electrical power at the generator stator and the grid power is the electrical power after considering
losses in the back-to-back power converters. The filtered voltage and current output of the generator
are shown in Figure 57.
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Figure 57: Generator stator voltage and current. (a) Phase A stator current. (b) Phase A stator current zoomed
at 40s simulation time. (c) Phase A stator voltage. (d) Phase A stator voltage zoomed at 40s simulation time.

Figure 58 shows preliminary results from the operation of the simulated TCCS with variable realistic
type input.

The mechanical torque input to the generator shaft shown in Figure 58a is slowly increasing with
sinusoidal variations with 5 and 10 seconds period. The reference and measured rotational speed of
the generator, shown in Figure 58b, are almost identical. The speed controller manages to generate
the appropriate reference electrical torque signal to the generator side controller in order to achieve
the desired speed. The reference speed is also limited by the maximum acceleration and deceleration
of the generator. Finally, the mechanical power input to the generator, the electrical power output of
the generator and the power exported to the grid are depicted in Figure 58c. It is observed that losses
occur at the different conversion stages but are not significant. For these preliminary results the power
transmission system is not included and for the losses from the electrical power output of the
generator to the grid power exported only the efficiency of the BTB converters is included.
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Figure 58: Results from the Simulated TCCS with variable input. (a) Mechanical torque input. (b) Reference and
measured rotational speed. (c) Mechanical, generator and grid power.

Figure 59 shows the generator output current and voltage for the simulation presented in Figure 58.
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Figure 59: Generator stator voltage and current for variable mechanical torque input. (a) Phase A stator
current. (b) Phase A stator current zoomed at 40s simulation time. (c) Phase A stator voltage. (d) Phase A stator
voltage zoomed at 40s simulation time.

The results from the electrical model presented in Section 10.4.1 and 10.4.2 are based on a user
defined mechanical torque input to the generator shaft. In an actual TCCS the mechanical torque input
to the generator shaft comes from the tidal turbine which is affected by the tidal flow speed and the
speed of the generator. Results with a coupled BEMT model developed in python code and the
electrical generator to grid model presented here will be discussed in Section 11.
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11 COUPLED BEMT AND ELECTRICAL MODEL

In this Section the coupling between the BEMT model, developed by BV in python, and the electrical
TCCS model described above will be presented. This coupling using open-source software tools has
never been presented before and can be the basis of a resource-to-grid TCCS tool with great impactin
both tidal industry and research development.

The coupling process involves converting the Modelica model (.mo file) to a Functional Mock-up Unit
(FMU) and managing the electrical model inputs and outputs from python. Managing the FMU from
python requires a python library that can control FMUs such as pyFMI or FMPy. Figure 60 shows to
process to convert the Modelica electrical model to an FMU. The FMU is a .zip file which contains:

 An XML file which defines all the variables in the model and sets initial values.
» All the equations of the model defined as a set of C functions.

» Other data such as tables, documentation and user interface options.

JModelica compile_fmu command
generates a more optimised FMU file.
Main advantage is the smaller size

JModelica which makes it easier to load in python.
Electrical Mode| remmmcemc e m e

(.mo)

f Python code \

import pyFMI library

A

Copy .mo file
(Alternative way
to export FMU)

load_fmu(Electrical Model.fmu)

Y

Now the electrical model
can be simulated or have its
parameters modified by using
python commands.

N\ J

Figure 60: Process to generate the FMU of the electrical model developed in OpenModelica and load it in
python

Export as FMU
(OpenModelica
built-in capability)

OpenModelica
Electrical Model
(.mo)

Electrical Model
""""" > (.fmu)

After generating the FMU file the BEMT python code and the FMU loaded in python need to exchange
information at regular intervals. This is because the turbine operation is affected by the generator
speed and the generator speed is affected by the mechanical torque input to the generator shaft.
Therefore it is of crucial importance that the exchange of information between the BEMT code and the
FMU, which contains the electrical model, is at regular intervals in order to capture the realistic
operation. This is achieved by having both, the BEMT code and the FMU, in a while time loop which
advances at this regular time step. An overview of this process is depicted in Figure 61.
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Figure 61: Coupling of BEMT code and FMU. Exchange of information at regular intervals.

Following the processes described in Figure 60 and Figure 61 the coupled BEMT and electrical model
can be simulated to generate results which are validated with experimental tests. Figure 62 presents
the results validating the electrical model with experimental data acquired by tests in the FloWave
Ocean Energy Research Facility at the University of Edinburgh.
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Figure 62: Comparison of experimental and simulated results using a coupled BEMT and electrical model in
python. (a) Tidal current velocity input. (b) Mechanical torque. (c) Turbine rotational speed.

Itis observed that the simulated flow used as input to the model closely matches the actually measured
tidal current flow. The same applies for the rotational speed of the turbine which is kept constant. In
this system the reference generator speed is constant and therefore the MPPT system described in
Section 10.2.3 is bypassed and the input to the speed controller is a constant signal. In terms of torque
output from the tidal current turbine it is shown that there is a difference between experimental and
simulated data. The reasons can be explained by the development of the BEMT code in Section 6. The
validation of the model will continue with further modelling and experimental data.

Finally, the coupled electrical model with the BEMT code is simulated with the MPPT system enabled.
The tidal current velocity input to the model comes from the experimentally acquired tidal current
measurements depicted in Figure 62 and the results of this simulation are presented in Figure 63.
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Figure 63: Results from the operation of the coupled BEMT and electrical model with the MPPT system
enabled. (a) Tidal current velocity from measured experiment. (b) Mechanical torque of the tidal turbine. (c)
Rotational speed of the tidal current turbine. (d) Power at different levels of the resource-to-grid system. (e)
Hydrodynamic coefficient of the turbine. (f) Thrust force on the turbine.

The results above show that the resource-to-grid TCCS can operate at maximum hydrodynamic
coefficient and extract significant amounts of power from the tidal currents. Figure 63c depicts the
reference and the measured rotational speed of the tidal turbine. It is observed that the measured
speed follows the reference closely which makes the tidal current turbine efficient as shown in Figure
63e. The efficiency of the turbine is fluctuating around 0.48. The power of the tidal current input to
the turbine, the mechanical power input to the generator and the electrical power output of the
generator are depicted in Figure 63d. The average electrical power is 4% lower compared to the
average mechanical power. Further research will focus on validating the maximum power point
tracking system experimentally and on the development of a more user friendly resource-to-grid TCCS
tool.
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12 CONCLUSION

The objective of the task T3.1 has been achieved by the development of a time dependant tide-to-wire
model using blade element momentum theory (BEMT) to calculate the torque and thrust on a tidal
turbine. From an input of the tidal conditions, the tool is also able to predict the power output in terms
of electrical parameters and accounts for realistic tidal conditions such as turbulent and unsteady flow.

The program architecture using Python code and equations used are fully detailed in this report and
some improvements of the BEM theory have been implemented in the code and validated by several
application cases based on previous experiments or simulations. The methodology for the electrical is
also fully explained as well as the condition monitoring based on model based.

In T3.3, UEDIN will integrate the tide-to-wire model in an open source Computational Fluid Dynamics
solver. The Figure 64 shows a schematic diagram showing this integration, with its interactions with
the electrical module and a CFD code illustrated.
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Figure 64: Coupling of BEMT tool within RealTide project
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APPENDIX A: USER GUIDE

OPERATING INSTRUCTIONS FOR USE OF BEMT tool

1. Python installation:
Install latest version of Anaconda.
Additional libraries to be installed — netCDF4, pyfmi (for electrical module)
2. Input files required:
1. Geometry file - csv format, specifying radial location, chord & twist at each blade element
2. C,Cpfiles —for the total number of blade segments, tables of C, & Cp is required in csv format.
These values to be specified for an angle of attack range (rows) and multiple Reynolds Number

in millions(columns).

Note 1: minimum two Re values required, as the code needs to perform an interpolation. If
only single value is available, then enter the same data for a low Re (say 0) and high Re (say

20).
Note 2: Multiple C.,Cp values may be saved as CLO.csv, CL1.csv,... in a single folder.

3. RPM file (only for dynamic or multiple TSR analyses) —
In case of experimentally measured RPM, the input file should atleast have a ‘Time’ column
and ‘RPM_A’ column. This could be csv or netCDF format.
In case of multiple RPM, a csv file needs to be generated with all RPM values under the column
‘RPM_A’ and TSR values under column ‘TSR’.

4. Velocity profile (only for dynamic analysis) — csv or netCDF format, with time and velocity data

as specified below:

Parameter Time  Velocity
CSV format t Vv
netCDF Time u

Units (secs)  (m/s)
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5. Experimental comparison (only for comparative plots) — Data with experimental comparison
could be read in csv or netCDF format. The names of columns for data are specified in the
tables below:

a. Time comparison:

Parameter Time  Thrust Torque Power CcT cQ cpP

Units (secs)  (N) (Nm) (W) (-) (-) (-)

Column name Time R_THRS R_TRQU R_POW CcT cQ CP

b. TSR comparison:

Parameter TSR Thrust Torque Power CT cQ cp
Units (-) (N) (Nm) (W) (-) (-) (-)
Columnname TSR Thrust Torque Power CcT cQ CcpP

c¢. Comparison for distribution along blade length:
Parameter Length Along Blade Data for Blade ‘N
(N starts from 0)
Units (m) Shear Force in (N)
Bending Mt. in (Nm)

Column name r BladeN

3. Opening Python:

Copy all the python scripts into a single folder. Open Anaconda Navigator and Launch Spyder.

Open all the 5 python scripts (Refer SI. 3).

4. Python scripts:

1. main.py — This script calls all the other scripts within itself. You only need to run this one.

2. Userlnterface.py — Includes all the codes related to the input GUI.

3. algorithms.py — Includes all the algorithms for BEMT computations such as Ning’s single
variable parametrization, iterative algorithm, high induction correction methods, tip & hub
loss functions.

4. DynamicStall.py — Includes the entire dynamic stall module with all its sub-functions

5. postprocess.py — Includes the commands required for launching of the postprocessor GUI.

5. Default Folder specification (only required for first use):
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Before executing the code, a default path variable needs to be set on Userinterface.py
at line 116 (inside class cls_inp). Although the program can read values from the user, some
variables need to be initialized, and this is done using the path variable. This should point
towards a folder which contains some csv files pertaining to geometry of blades (geom.csv),
and C,,Cp data (CLO.csv,CDO0.csv). These can be changed later on in the GUI. After making the

changes, save the file Userinterface.py.

Executing the code:

To execute the code, open main.py and press ‘Run File’ (F5). If the code throws an error that

‘Pyimage does not exist’, then you need to restart the kernel at the Python console (Ctrl +.)

Input Ul — Entering Blade Geometry:

Click the button ‘Input Blade Geometry’ under section ‘1.Blade Data’. In the new
window which opens, all the major geometrical parameters of the blade and the

environmental parameters can be entered.

To load the geometry csv file, click ‘Load Geometry Data’ and specify the csv file. The
table updates automatically, but it still shows traces of old data. To view the data that is
loaded, click the ‘OK’ button, which closes the window. If the same window is reopened again,

then the geometry data, can be seen as updated.

Input Ul - Entering Lift and Drag Data:

1. Enter the number of blade segments [m]. For more info about this, the info button may be

used. Then, click the button ‘Input Lift and Drag Coefficients’ under section ‘1.Blade Data’.
This opens a new window with the default values of C, and Cp loaded. The number of
vertical segments in the window would refer to the number of blade segments entered

earlier.

2. For each m, the lift and drag coefficients can be entered by clicking the corresponding
buttons on the top of the vertical segment. Alternatively, if all the C,, Cp data is stored in a
single folder with the naming convention as specified in Sl. 2.2, this folder could be specified

by clicking the ‘Read CL,CD from folder’ button at the bottom of the window.
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The user also needs to enter the start of each segment in the entry boxes provided above
each segment. Note that for the first segment, this is automatically updated as the hub

radius.
Once done, click the ‘Confirm’ button at the top.

Note: The window is not designed very user-friendly with scroll-bars. So, if the number of

segments is large, the window size would be too large to display.

In case the C,, Cp provided is not for angle of attacks from -180deg to +180deg, then the
‘Viterna Extrapolation’ button will be activated. However, for this to happen, the data
needs to be stored in the system and this happens only when the window is closed by the
Confirm button. When it is reopened, you can see the user entered values of C,, Cpand

option for Viterna extrapolation, if needed.

9. Inflow Velocity — Experimental Data:

4.

For experimental measurements, the corresponding radio-button under section ‘2.Inflow
Velocity’ needs to be clicked. This opens up two boxes, where the start and stop time for

analysis may be specified.

The user can select options of ‘Variation with depth’ and ‘Variation with time’.
Experimental measurements always have a variation with time; however this is not linked

to the corresponding button. Therefore, this should be checked.

Click the ‘Input Velocity Profile’. This opens a file specification window, where the user can

specify the velocity profile prepared as per Sl. 2.4.

For variation with depth, the default power law is 1/15.

10. Inflow Velocity — Environmental conditions:

Click the ‘Environmental conditions’ radio-button. This opens up entry boxes to specify the
current velocity due to tides, waves and winds. The value of each may be specified, or if
only the total is known, then this can be specified in any of the columns.

The user can select options of ‘Variation with depth’ and ‘Variation with time’.

If “‘variation with time’ is checked, it opens the input dialog box where the input file needs

to be specified.
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4. Otherwise, it opens another window which asks for the power law factor. Note that the
velocity value is updated in accordance with the current velocities specified in the previous
window.

11. Inflow Velocity — Steady flow:

1. If only constant velocity cases are to be computed, then the ‘Experimental conditions’
radio-button can be clicked, with ‘Variation with time’ unchecked.

2. This opens a window similar to the one in SI. 10.4, but has more data inputs required.

3. Enterthe steady stream velocity

4. The rest of the data needs to be entered only if there is variation with depth. This data is
used to interpolate the velocity data in the depth direction. Explanation of the parameters
are given in the figure just below.

12. Plot Velocity Profile:

This button is only to give the user a graphical indication of how the program has taken the
depth variation into computation. Note that these computations depend on the correctness

of the data entered for the dimensional parameters in Sl. 11.4.

13. Input RPM Data:
1. Constant RPM —the value needs to be entered in the entry box

2. Varying RPM — only for dynamic analysis. The csv or netCDF file as specified in Sl. 2.3 may
be input. Note that the time stamp for this data need not match with that for the velocity
profile. The program computes at the time steps given in the velocity profile, and

interpolates for RPM values at these time steps.

3. Multiple RPM — only valid for static analysis cases. The csv file as specified in Sl. 2.3 may

be input.
4. Feedback RPM —for further implementation of coupling with electrical module.
14. Select relevant BEMT modules.

15. RUN to execute the program.
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OPERATING INSTRUCTIONS FOR POSTPROCESSING

When the computations are completed, the post-processing window opens as a GUI.
16. Time plots:
These are typically required for a dynamic analysis, with the input velocity profile having a
variation with time. Click on ‘Time’ under list for x values. The possible plot options are:
a) Forces— Thrust/Torque/Power/CT/CQ/CP
b) Root Bending moment — for each blade

¢) Operating Conditions — Inflow velocity & RPM

The relevant TSR can also be selected.
17. TSR plots:
These are typically required when performing a static analysis for multiple RPM inputs. Click
on ‘TSR’ under list for x values. The possible plot options are:
a) Forces— Thrust/Torque/Power/CT/CQ/CP
b) Root Bending moment — for each blade

c) Operating Conditions — Inflow velocity & RPM

18. Force distribution along length of blade:
This data would be required for strength analysis of the blades, or for troubleshooting the
calculations. Click on ‘Length’ under list for x values. The possible plot options are:
a) Shear Force
b) Bending Moment
¢) Elemental Forces or Body Forces on the blade (Axial and Tangential)

Within a single graph, the same item can be plotted for multiple blades. The corresponding
TSR can be selected, and the relevant time also can be selected (for dynamic analysis).

19. Comparison with experimental data:

1. The number of experimental results needed to compare can be entered in the appropriate
column. Input buttons for the number entered are automatically displayed. This is
activated by left-click on the entry box.

2. For each ‘Load Results’ button, input the file of experimental data. The data for
comparison should respect the column names as specified in 2.5.

3. The legend name for the experimental data can be entered in the text entry box adjacent
toit.
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20. Chart Title:

Enter the chart title on the corresponding text entry box.

21. Click the Plot Button

22. Storing of csv output

Once the postprocessor window is closed, output csv files are automatically saved in
the system. These files are saved inside a folder named ‘Results’ in the same location as that
of the file which was specified for entering the blade geometry data. The output files saved
currently are:

a) TimeData_StaticAnalysis — Tabulation of Thrust, Torque, Power, CT, CQ, CP against
time, for analysis without the Dynamic Stall module

b) TimeData_DynamicAnalysis — Tabulation of Thrust, Torque, Power, CT, CQ, CP
against time, for analysis with the Dynamic Stall module

¢) TSRData—Tabulation of mean values of Thrust, Torque, Power, CT, CQ, CP against
TSR and RPM.

Note: The program will throw an error if there is a ‘Results’ folder already present in the output
location.
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APPENDIX B: PAPER EWTEC CONFERENCE

An abstract has been submitted for presentation at the European Wave and Tidal Energy
Conference (EWTEC) 2019. Attached herewith is the abstract that has been approved. The final paper
is under preparation.

Realistic Tide-to-Wire Modelling Tool Using Blade Element Momentum Theory

Even though the free stream velocity of the tidal current can be predicted, the actual inflow at the
turbine in a realistic environment is dynamically varying with time as well as the depth of the ocean.
Theoretical predictions of the performance of the tidal turbine using the free stream velocity may
produce reasonably accurate results in terms of an average power that can be produced; but in a
dynamic environment, the forces experienced by the blades and the electrical output from the power
grid would be fluctuating. Local flow acceleration and enhanced lift due to dynamic stall effects may
create unanticipated high structural loads on the turbine blades, which could cause structural damage
and might also be important for fatigue considerations. The variation of power output in time is also a
primary concern for grid compliance. The rotation rate of the turbine will not be constant due to these
dynamic effects, and this in turn further affects the flow. These are few of the factors which call for the
simulation of tidal turbines in a realistic environment.

Within the scope of the European Research project RealTide (H2020 program), a numerical model
based on Blade Element Momentum Theory (BEMT) is developed for prediction of the forces, torque
and power output of the tidal turbine. The numerical model is developed using Python, and attempts
to simulate the realistic working environment with a convenient user-friendly, multi-use
implementation. In addition, the output torque of the BEMT is used as input to an electrical model
developed in OpenModelica. The electrical model has an electrical generator which is actively
controlled in order to perform maximum power point tracking and maximise the power capture from
the tides. The rotational speed of the generator is fed back to the BEMT code in order to calculate the
tip speed ratio. The exchange of information between the BEMT tidal turbine and the electrical model
occurs at regular intervals in order to ensure high resolution results. The final part of the paper will
focus on validating the complete model with experimental results from the FloWave tests of the XMED
turbine at the University of Edinburgh.
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Figure 65: Schematic diagram of tide-to-wire model
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