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Abstract: This is a new installment in the series of publications that describe the mathematical
modeling of the Floating Hybrid Generator Systems Simulator (FHYGSYS) tool. This work presents
an improved mathematical model of the turbines of the floating hybrid system—consisting of an
“OC3-Hywind” wind turbine and two marine current turbines—presented by the authors in previous
publications. In this third installment, the modeling of the three turbines of the floating hybrid system
is described using the Blade Element Momentum (BEM) theory. This modeling allows one to replace
the one based on the One-Dimensional theory used in previous installments. For the operation of
modeling with BEM, it has been considered necessary to implement a continuous feedback control
system. In this case, two PID (proportional-integral-derivative) controllers have been implemented
in each of the turbines. The first controls the torque on the turbine generator and the second controls
the collective pitch angle of the blades. The results obtained are presented and validated through a
code-to-code comparison with simulations carried out with FASTv8 under the same conditions and
with the operating results of marine current turbines that exist in the literature. This improvement in
the mathematical model offers the possibility of implementing other types of controllers that allow
for the testing of different strategies of the floating hybrid control system, with the aim of maximizing
energy production while ensuring the structural stability of the floating hybrid system.

Keywords: floating wind turbine; marine current turbines; tidal turbines; wind energy; renewable
energy; spar-buoy platform; system modeling and identification; blade element momentum theory;
BEM; aerodynamics; hydrodynamics; airfoils; hydrofoils; PID controller

1. Introduction

To extract mechanical energy from a fluid, one of the most common options that has
been used for centuries is the use of turbines [1]. Turbine modeling consists of finding a
mathematical procedure that reproduces the real behavior of the turbine as accurately as
possible. This modeling allows for the incorporation of turbines into simulation tools for
mechanical systems such as FHYGSYS (Floating Hybrid Generator Systems Simulator).

Among the different turbine modeling techniques in the area of aerodynamics, two
stand out: the One-Dimensional theory, also known Simple theory [2,3], and the Blade
Element Momentum (BEM) theory [2—4]. The first is easier to implement and serves
as a starting point for the application of the second. Turbine modeling using the One-
Dimensional theory is based on reproducing the behavior of the turbine from known
operating data, whether the data are from a real turbine or from proven precision simulators
such as, for example, FASTv8 [5] and HAWC2 [6]. This makes it possible to easily reproduce
the behavior of systems that incorporate turbines modeled with this technique.

However, turbine modeling using BEM provides results based on the mechanical and
aerodynamic characteristics of the turbine, which allows one to predict the behavior of
turbines for which real operating data have not been previously available.
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Another important feature of turbine modeling using BEM is the following: by mod-
ifying the magnitudes of the turbine, which can be used as actuation magnitudes of a
continuous feedback control system such as the generator torque or the pitch angle of the
blades, results proportional to these modifications are obtained.

These two factors are the key that has motivated the implementation of turbine
modeling using BEM in FHYGSYS, motivation that will be explained in detail and reasoned
throughout this work.

Wind turbine modeling using BEM to compute turbine aerodynamics is widely used
by many codes. In [7], some of the most relevant codes were analyzed, most of which used
the BEM theory to model their wind turbines including most of the participants in Phase
IV of the OC3 (Offshore Code Comparison Collaboration) project [8]. Likewise, BEM was
also used by most of the participants of the OC4 [9], OC5 [10], and OC6 [11] projects.

In other works such as [12], the analytical, empirical, and computational methods for
determining the aerodynamic forces on a single Horizontal Axis Wind Turbine (HAWT)
have been reviewed. The application of BEM theory to a wind turbine is described in detail
as well as the modeling of the wind and the application of both for the modeling of the
aerodynamics of wind turbine farms.

In [13], a Real-Time Hybrid Simulation (RTHS) was presented that allowed the authors
to generate data on the operation of Offshore Wind Turbines (OWT) in real-time, and
combine these results with external equipment in the laboratory such as actuation and
sensor systems. This work used the 5 MW reference wind turbine [14] from the National
Renewable Energy Lab (NREL) installed on a monopile structure, implemented at different
scales, and compared the RTHS data with those obtained in scaled real models. The
modeling of the wind turbine was carried out using BEM theory in all cases.

The modeling of a 15 MW offshore wind turbine mounted on a fixed base was pre-
sented in [15], who used BEM theory for the aerodynamic modeling of the turbine. This
work presented a model on a 1:70 scale that allowed the authors to obtain data for compari-
son with the modeling developed, in which the aero-elastic effects were not included. The
wind turbine control system consisted of two parts: the generator torque controller and the
collective blade pitch angle controller.

In another work (e.g., [16]), the validation techniques of BEM theory for the modeling
of wind turbines were reviewed. These were fundamentally based on comparing the results
obtained through turbine modeling using BEM theory with data from real wind turbines,
or data obtained through Computational Fluid Dynamics (CFD) codes.

An interesting recent work was presented in [17], in which an extensive review of wind
turbine aerodynamics modeling was carried out. Chapter 3 reviewed the wind turbine
modeling using BEM theory, while Chapters 4 and 5 reviewed the CFD techniques applied
to wind turbines. In Chapter 6, the aeroelastic effects on wind turbines were reviewed, and
in Chapter 8, the consistency between different types of modeling was compared.

In [18], a study was carried out to improve the starting behavior of small HAWT at
low wind speeds, a situation in which the low torque may not be enough to overcome
the inertia of the turbine and therefore start the wind turbine. The BEM theory was
used to model the wind turbine and the validation of the results was carried out with
experimental data.

An aero-hydro-elastic model was described in [19] to predict the behavior of a floating
OC3-Hywind-type wind turbine [14,20]. The aerodynamic modeling of the turbine was
performed using BEM theory by comparing the results with those presented in [21].

Based on the current trend of increasing the diameters of wind turbines to obtain more
energy, [22] explained the relationship between this increase and a greater flexibility of the
wind turbine blades. This forces the simulators to be able to reproduce this behavior. This
increase in flexibility was in contrast to many of the assumptions on which methods such
as BEM theory are based. The work compared the results obtained with three different
techniques: the first used OpenFAST [23] with BEM theory, the second also used OpenFAST
but in this case a free vortex wake model—cOnvecting LAgrangian Filaments (OLAF)—was
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used to compute the aerodynamic forces on moving HAWT blades. The third technique
used a high-fidelity CFD simulation software called Simulator for Wind Farm Applications
(SOWFA). The study concluded that the three techniques agreed well for steady inflow
conditions with no yaw misalignment, but that with increasing absolute yaw misalignment,
the BEM results deviated significantly more from the SOWFA results.

Regarding research works on marine turbines, the study presented in [24] covered all
of the issues of the simulation of marine turbines, from the modeling of the marine currents
for long periods of time to the modeling of the marine turbines by applying the BEM theory.
The results were compared with those presented in [25,26].

In [27], three scale-model tidal turbines were designed and arranged to form an array,
thus obtaining experimental results of the interaction between each of the turbines. This
work is complemented by [28], in which the modeling of the turbines was carried out using
BEM theory and the ANSYS Fluent [29] CFD software, thus allowing for a comparison of
the results between both works.

BEM theory was used in [30] for the modeling of two different concepts of marine
turbines: a marine turbine with three blades of horizontal axis and a high solidity ducted
and open-center turbine. The results were compared with various validation data from
the literature.

Another example was shown in [31], in which BEM theory was used to model several
tidal turbines that constituted a farm, specifically to a small cluster of ten turbines. Some
simplifications were applied in this work such as considering each turbine as a disk to
which a uniform fluid velocity was applied throughout the area swept by the turbines. The
modeling of the fluid that interacted with each of the tidal turbines was carried out using
SHYFEM (System of Hydrod Ynamic Finite Element Modules) [32], validating the model
from the experimental data.

Finishing this brief review, in [33]. a model of tidal turbines in a water-sediment
environment was presented. Once again, the authors used BEM for the modeling of the
turbines, but corrected the values of the lift coefficient (C) and the drag coefficient (Cp)
of each airfoil. The fluid modeling was performed with ANSYS Fluent [29], and they
compared the results with the experimental data obtained in a wind tunnel.

Focusing on the present work, this article presents the way in which the two types of
turbines—wind and marine current turbines (MCT)—have been modeled using BEM in a
floating hybrid system, like the one shown in Figure 1.

Wind Turbine ~ Wind Velocity

Vector Field

Z (heave)

Inertial Coordinate System yaw

Y (sway)

X (surge) [ z
Y
- X

roll > Mobile Coordinate System

Sub-Surface Current > g
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%
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Initial Position (t = 0)

Figure 1. Degrees of freedom of the floating hybrid system, inertial and mobile coordinate systems,

fluid velocity vector fields, and blade elements.
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Both the wind turbine and the two MCTs are part of the floating hybrid system, so in
order to obtain results for their study and validation, it is necessary to have an adequate
mathematical model of the system as a whole and of the environment—seawater—in
which it is found. A complete mathematical model of the floating hybrid system shown
in Figure 1—consisting of a floating OC3-Hywind-type wind turbine [14,20] to which two
MCTs have been coupled such as those described in [34,35]—was presented in [36,37], but
without using the BEM theory for the modeling of the turbines. The complete mathematical
model was implemented in [36,37] using MATLAB®, and they called the resulting code
FHYGSYS. In [36], the kinematic, dynamic, and inertial models were presented and the
way in which the added mass of the floating system was computed. On the other hand,
in [37], the method to calculate the hydrodynamics and the rest of the forces acting on the
floating hybrid system was described in detail including the modeling of the turbines using
One-Dimensional theory.

In this third installment, the mathematical modeling presented in [36,37] is extended,
offering the possibility to choose between the One-Dimensional theory or the BEM theory
for turbine modeling in FHYGSYS. In this case, the programming environment used was
also MATLAB®. From the point of view of computing time, the simulation of the three
turbines of the floating hybrid system using the BEM theory was longer than using One-
Dimensional theory. However, from the point of view of the quality of the modeling of the
turbines, the use of BEM theory offers significant improvements.

With One-Dimensional theory, the turbine is modeled as a disk on which the fluid
impinges homogeneously [2,3]—generating a thrust on the turbine—considering constant
the fluid velocity over the area swept by the turbine disc, with the results being independent
of the number of blades it has. For this reason, as discussed in previous paragraphs, turbine
operating data are needed to reproduce its behavior, and it is not possible to infer results
from turbines for which the operating data are not known.

On the contrary, the BEM theory is implemented by dividing each of the turbine blades
into portions—called blade elements (see Figure 1)—that are assigned a different geometry
and airfoil [2—4] (or hydrofoil). In this case, it is considered that the fluid impinges on
each blade element (with a different fluid velocity, depending on the height or depth),
generating a thrust on the turbine from the thrust originating in each of the blade elements,
thus obtaining results without the prior knowledge of turbine operating data.

Strictly speaking, the experimental operating data must be known, but not on the
operation of the turbine, but rather on the behavior of the airfoils or hydrofoils that are
usually obtained in wind tunnels. As indicated in [38], the behavior of hydrofoils in water
is analogous to the behavior of airfoils in air, the main difference between them being the
fluid density. This allows for the use of the experimental data from airfoils in the modeling
of marine turbines.

After consulting the existing literature, BEM theory is applied in essentially the same
way, but the application in this work was based on the methodology used in [2-4], with
some differences that will be explained in detail in the following sections. In the same way
as in [15], the aero-elastic effects were not included, and the turbine control consisted of
two parts: a generator torque controller and a collective blade pitch angle controller.

In summary, with the inclusion of the BEM theory, a more precise turbine modeling
is obtained and, in addition, two fundamental objectives are achieved: the first one is to
provide two acting magnitudes on the floating hybrid system in each of the turbines—the
generator torque and the blade pitch angle—that allow for the testing of different control
strategies on it [39]. The second is to present a model that allows us to obtain the results of
turbines for which the operating data are not previously known.

The rest of this paper is structured as follows. Section 2.1 explains how BEM theory
is used in FHYGSYS for turbine modeling. In Section 2.2, we explain in detail how BEM
theory is applied in FHYGSYS. Next, in Section 2.3, the calculation of the magnitudes of the
wind turbine obtained from the application of BEM theory is described and in Section 2.4,
the control system implemented in the wind turbine is presented. Then, in Section 2.5, the
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differences and similarities between the calculation of the magnitudes of the wind and
MCTs obtained from the application of the BEM theory are indicated, and in Section 2.6, the
control system implemented in MCTs is described. Section 3 explains the results obtained
in the performed tests, and finally, Section 4 presents the discussion and future work for
this line of research.

2. Materials and Methods
2.1. Introduction to Turbine Modeling Using Blade Element Momentum Theory
The application of BEM theory in FHYGSYS is illustrated in Figure 2. It shows how

the modeling of turbine aerodynamics, or hydrodynamics in the case of MCTs, using BEM
theory is related to the rest of the mathematical model of the floating hybrid system.

START OF
SIMULATION

INITIAL TIME
INSTANT?

YES

TURBINE INITIAL TURBINE TO ITS
ANGULAR NEW ANGULAR |«
POSITION POSITION
FLUID SPEED IN
KINEMATICS —»| EACH BLADE
ELEMENT
BEM
P OEIET‘?(’)N ALGORITHM
APPLICATION
CALCULATION
DYNAMICS OF TURBINE
MAGNITUDES
FLOATING HYBRID SYSTEM AERODYNAMICS

NUMBER OF
SIMULATIONS?

YES

END OF
SIMULATION

Figure 2. Flowchart of how turbine modeling works in FHYGSYS using BEM theory.

The first step for the application of this method in FHYGSYS is the calculation of
the effective fluid velocity vector in each blade element (see Figure 2) by applying the
methodology described in Section 2.3 in [37]. In this way, a different fluid velocity is
obtained for each blade element, which offers an adequate approximation to the real
behavior, since the differences in height or depth can be considerable in the turbine blades.

From the effective fluid velocity vector calculated in each blade element, a calculation
algorithm from the BEM theory is applied (see Figure 2); specifically in this work, the one
described in [2] was chosen. This algorithm includes some corrections that are presented in
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the next section. From the application of the BEM algorithm, three fundamental magnitudes
are obtained for each blade element: the differential of thrust force (dF,, ), the differential
of torque force (dFsorque), and the differential of pitching moment (dMp;scping). These are
the quantities from which the rest of the turbine modeling calculations in FHYGSYS are
deduced, calculations that are described in the following sections.

Once the BEM algorithm has been applied to the blade elements of each of the turbine
blades, the results are integrated, obtaining the values of Fyyst, Frorque, and Myitcing Of the
turbine. These values are used, on the one hand, to obtain the new angular position of
the turbine, and on the other hand, to contribute to the acceleration of the floating hybrid
system by acting on its dynamics (see Figure 2). This process is repeated for the new
angular position of the turbine until the end of the simulation.

2.2. Application of Blade Element Momentum Theory

For clarity in the study, in this section, the application of BEM theory is explained
using the wind turbine as an example. In Section 2.5, the differences and similarities in the
application of the BEM theory between the wind and the MCTs are discussed.

As indicated in the preceding sections, the previous step to the application of BEM
theory is the division of the blades into blade elements or blade differentials (dp,,;). Figure 3
shows this division made in one of the blades of the wind turbine. In this work, the center
of each of the blade elements is called p,;. The values of the p,,; points of each of the blades
of the wind and MCTs can be found in Appendix A, expressed in a blade coordinate system
(Pri(BLADE)) and in the mobile coordinate system (p,;gopy))-

Figure 3. Blade elements (dp,;) whose centers are the p,; points resulting from the discretization of a
wind turbine blade.

Each blade was divided into 17 blade elements for consistency with [14] and be-
cause it has been verified that dividing the blade into a greater number of blade elements
does not offer significant differences in the results obtained, but increases the simulation
computing time.

As shown in Figure 2 and as indicated in the previous section, the first step to applying
BEM theory in FHYGSYS is the calculation of the effective fluid velocity vector—the effec-
tive wind velocity vector in this case—at the center point (p,,;) of each blade element, which
is based in the methodology described in Section 2.3.1 in [37], but including a correction
that considers the tower shadow effect. This calculation starts from the data found in
Appendix A, expressing the p,; (gopy)(t) points in the inertial coordinate system using
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Equation (1), in which the homogeneous transformation matrix M HT{;I\(SED%TIAL appears.

The calculation of this matrix is explained in detail in Section 2.3.1 in [36].
Pui (INERTIAL) () = METBODY FPai (BoDY) () @
Because the floating hybrid system is subject to displacements and rotations in a
Euclidean space (see Figure 1), to calculate the effective wind velocity vector, the velocity
vector (;pm (BODY) (t)) of the center point (p,,;) of each blade element must be known. This
is achieved in two steps: calculating with Equation (2) the derivative with respect to time
by applying the Richardson extrapolation method [40] (as shown in Appendix C in [36])
of each of these points expressed in the inertial coordinate system (p,; (;NerT14L) (f)) @and
with Equation (3), expressing this velocity vector in the mobile coordinate system.

— d
U pni (INERTIAL) (t) = FTRAL (INErTIAL) (f) )

— -1
v pui (BoDY) (1) = (M%%%TIAL) “U i (INERTIAL) (£) 3)

As indicated in [37], the M{%ED%TIAL matrix of Equation (3) is equivalent to the

MprESERTIAL matrix of Equation (1). With the MINERTIAL matrix, the vectors are rep-

resented with three components, while with the My AL matrix, they must be rep-
resented in a homogeneous format. Next, the wind speed (Vi np (1)) at the height of the
center point of each blade element (p,;) is calculated from the wind speed (Viy_rgr) at the
reference height (zrgr) using Equation (4), extracted from [41]. The reference height (zrgr)
is 90 m above the still water level (the height of the hub of the wind turbine in the initial
position [14,20]) following the same criteria used in [5,41]. The zynp () height is the Z
component of the p,; points expressed in the inertial coordinate system (p,,;;NerT1AL) (£)),
and « is the power law exponent, which has a value of 1/7 for normal wind conditions [41].

Vwinp (h) = Viv_RreF- (ZWZIND(t)> 4)
REF

The wind velocity vector expressed in the inertial coordinate system can be obtained
with Equation (5), where ¢ is the angle that represents the wind direction. Through
Equation (6), this vector can be found, but is expressed in the mobile coordinate system

(@ winp (BoDY) (h))-

cosd —sind 0 1

— .

U WIND (INERTIAL)(h) = Vwinp(h)-|siné  cosé 0f- |0 ©)
0 0 1 0

- INERTIAL) ' =

v winD (Bopy)(h) = (MBODY ) "0 wIND (INERTIAL) (H) (6)

To finish the calculation of the effective wind velocity vector, a correction is carried
out that considers the tower shadow effect. While there are different techniques in the
literature, out of all of them, the correctiSon presented in [4] was chosen. To apply this
correction, the center point of each blade element is expressed according to Equation (7).

Xpni cos(—d) —sin(—d) 0

Ypui| = |sin(=8)  cos(—6) 0| -pui (opy)(t) 7)
me' 0 0 1
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From the results of Equations (6) and (7), through Equation (8) (extracted from [4]),
. . = . D
the wind velocity vector (v winD tower—shadow (BODY) (/1)) can be obtained considering the

tower shadow effect.
(%)2' (xfmi - yfmi)

2
2 2
(xpni + ypm’)

The diameter D () of Equation (8) can be calculated by performing linear interpolation
from the data in Table 1 and the value of the Z component of the p,,; points expressed in
the mobile coordinate system (z,,;) when these are less than the value of hper—top-

— —
U WIND tower—shadow (BODY)(") =V winD (BopY)(h)- [ 1—

®)

Table 1. Relationship between the height and the diameter of the tower.

Property ! Value Symbol
Elevation to tower top above still water level 87.6 m hower—top
Elevation to tower base above still water level 10 m N Tower—base
Tower top diameter 3.87m D tower—top
Tower base diameter 6.5m D rower—pase

! The data are from [20].

As shown in Figure 4, the central points of each blade element in Equation (7) can
be considered as expressed in the tower shadow coordinate system since this system
matches that of the mobile coordinate system. Additionally, in Figure 4, the tower shadow
calculation zone can be observed; this is the zone in which Equation (8) is applied.

87.6 m

Section

Mobile Coordinate System

Figure 4. Tower shadow calculation zone and turbine radii (r,,;) to p,,; points.

Therefore, the calculation of the effective wind velocity vector (17,1,' EFF—WIND(BODY) (1, £))
can be undertaken through Equations (9) and (10) by using Equation (9) if the center point of
each blade element (p,;;) is outside the tower shadow calculation zone, and using Equation (10)
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—

if otherwise. However, it should be kept in mind that Equation (10) only applies if the following

e - -
condition is true: |V wiND tower—shadow (BODY) (h)‘ < ‘v wIND (BoDY)(h)|-

— — —
U ni EFF-WIND (BODY) (ht) =vwmnp (BODY) (h)+v pni (BODY)(t) 9

— — —
0 i EFF-WIND (BODY) (N t) = U WIND tower—shadow (BoDY)(H) + 0 pui (BopY) (1) (10)
The next step is the reasoning of how the effective wind velocity vector acts on each of
the turbine blades. Obviously, this vector is not aligned with the blades for different reasons
including the shaft tilt angle, the movement of the floating system due to buoyancy, sea
currents, the waves, etc. The modeling of this situation is carried out in a similar way to that
described in Section 2.8.1 in [37]. In this case, the projection vector [42] of the effective wind
velocity vector (;m- EFF-WIND (BoDY) (l, 1)) is calculated over the unit vector perpendicular
to each of the blades (1/? Bj thrust (BODY))- This is calculated using Equation (11), and the
symbol * in the equation means the scalar product of the two vectors.

— —
— U ni EFF-WIND (BODY)(h/ t) xu Bj thrust (BODY)
U i EFF—Bj thrust (BODY)(t) = U Bj thrust (BODY)" - 5 (11)
U Bj thrust (BODY)‘
N
Vo(t) = Vo ij(t) = ’U ni EFF—Bj thrust(BODY)(t)‘ (12)

The magnitude of the effective wind velocity vector (U—>m- EFF—Bj thrust(BODY) (f)) on
each of the blades obtained in Equation (11) is named as either Vp(t) or Vj ;;(¢) in Equation
(12) for simplicity in subsequent calculations and for consistency with the nomenclature
used in [3]. Figure 5 shows the unit vectors (L—t> Bj thrust) Perpendicular to each of the blades.
The calculation of these vectors can be found in Appendix A.

y/ | Blade 1

L |
\ ‘ Low-speed shaft
High-speed shaft

—
U m pitching

. |
. ,d\,’f |
Local wind blade s ‘ Clockwise
coordinate systems ! - )
Blade 3 = A
5 ) ¢
4 y VAT o
T - P ‘
K ity / Generator
| | Gearbox
y3
U m2 pitching
Blade 2

Figure 5. Blade thrust (u—> Bj thrust), turbine shaft moment (;sha 1), and pitching moment (L_t> Mj pitching) Unit
vectors of the wind turbine.
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2.2.1. BEM Algorithm Application

The application of the BEM algorithm starts from the magnitude (Vy(#)) obtained with
Equation (12). In addition to this important value, it is necessary to know the properties
that define the wind turbine, which were extracted from [14] and appear in Table 2.

Table 2. Wind turbine properties.

Property ! Value Symbol
Rated electrical power 5 MW Prre_rated
Number of blades 3 B
Hub height 90 m hup
Hub radius 1.5m THub
Blade length 61.5m LBlade
Precone —2.5deg @Precone
Shaft tilt 5 deg PShaft Tilt
Rated rotor speed 12.1rpm Qyated
Gearbox ratio 97:1 gearR
Electrical generator efficiency 0.944 genE
Generator inertia about high-speed shaft 534.116 kg-m2 IGEN
Minimum generator speed to connect the torque controller 670 rpm WGEN—min
Rated generator torque 43,093.55 N'-m QGEN_rated
Maximum generator torque rate 15,000 N-m/s  AQGEN—rate
Minimum blade-pitch setting 0deg P Pitch—min
Maximum blade-pitch setting 90 deg PPitch—max
Maximum absolute blade pitch rate 8 deg/s A@pitch—rate

1 The data are from [14].

Figure 6 shows the algorithm used in FHYGSYS for the application of the BEM theory.
This algorithm is based on the one explained in [2], and the equations that compose it are
presented below.

For the application of this algorithm, it is also necessary to know the aerodynamic
properties of the wind turbine blades, which were extracted from [14] and are shown in
Table 3.

Table 3. Wind blade aerodynamic properties !

Tni Apaui PTwist Lchora PRI

Node (m) (m) (deg) (m) Airfoil

1 2.8667 2.7333 02 3.542 Cylinder 1

2 5.6 2.7333 02 3.854 Cylinder 1

3 8.3333 2.7333 02 4.167 Cylinder 2

4 11.75 4.1 13.308 4557 DU 40

5 15.85 4.1 11.48 4.652 DU 35

6 19.95 4.1 10.162 4.458 DU 35

7 24.05 4.1 9.011 4.249 DU 30

8 28.15 4.1 7.795 4.007 DU 25

9 32.25 4.1 6.544 3.748 DU 25

10 36.35 4.1 5.361 3.502 DU 21

11 40.45 4.1 4.188 3.256 DU 21

12 44.55 4.1 3.125 3.01 NACA 64-618

13 48.65 4.1 2.319 2.764 NACA 64-618

14 52.75 4.1 1.526 2.518 NACA 64-618

15 56.1667 2.7333 0.863 2.313 NACA 64-618

16 58.9 2.7333 0.37 2.086 NACA 64-618

17 61.6333 2.7333 0.106 1.419 NACA 64-618

1 The data are from [14]. 2 Value used in FHYGSYS.
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Figure 6. Algorithm used in FHYGSYS for the application of the BEM theory.

The aerodynamic properties of the wind turbine blade that appear in Table 3 are the
same as those described in [14], since the floating hybrid system is based on the “OC3-
Hywind” concept, except for the twist angle of nodes 1, 2, and 3. As the airfoil of these
nodes is a cylinder, these twist angles were set to zero.

The algorithm in Figure 6 starts from the value of Vj(f), then by applying Equations
(13) and (14)—extracted from [2-4]—the normal (V;_;(t)) and tangential (Vo (t)) velocities
to the vertical plane of each blade can be obtained. The value of r,,; was taken from Table 3
for each blade element (see Figure 4) and the low-speed shaft angular speed of the turbine
Wrotor(t) = 0 for the initial time instant of the simulation (f = 0). As seen in Figure 6, the
values of axif(t) and anif (t) equaled zero at the beginning of the iterations each time the
algorithm was applied.

Vioa(t) = Vo(t)-(1 — axif (£)) (13)

Vrot(t> - wrotor(t)'rni'(l + anif(t)> (14)
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Figure 7 is based on the explanation of aerodynamics from [3] and represents how
aerodynamics (or hydrodynamics) is applied to each blade element in FHYGSYS.

delade

Blade Vertical Plane

Local blade
coordinate system

¢ Prwist

Pattack

Figure 7. Magnitudes that interact on a blade element for a given airfoil (Airfoil DU25).

Following the reasoning presented in [2—4], the magnitude of the wind velocity reach-
ing each blade element (V,,(t)) and the angle between this velocity and the vertical plane
of each blade (6(t)) can be calculated using Equations (15) and (16).

Vier(t) = /V2(0) + V2, (1) (15)
6(t) = atan “/}r;f(f)) (16)

Figure 7 shows the relationship between Equations (13)—(16), with Equations (15) and
(16) being the result of applying trigonometry to the results of Equations (13) and (14).
From the 0(t) angle, the pitch angle of the blade (¢p;, (t))—which depends on the control
system (see Section 2.4.2)—and the twist angle (¢ ryist) of each blade element (see Table 3),
the angle of attack (¢ aqck(t)) between the relative wind velocity (V,,(t)) and the chord
line of each blade element can be obtained (see Figure 7). This is expressed mathematically
by Equation (17) and graphically in Figure 7.

¢Attuck(t) = G(t) - (PPitch(t> — PTwist (17)

Expressing the angle of attack (¢ as,ck(t)) in degrees, the airfoil-data tables corre-
sponding to each blade element (see Table 3) were consulted to obtain the values of the lift
coefficient (C (t)), drag coefficient (Cp(t)), and pitching-moment coefficient (Cp;(t)). The
airfoil-data tables used for the wind turbine can be found in Appendix B in [14].

From the values of Cy (t) and Cp(t), the values of the normal (Cyy(t)) and tangential
(Crg(t)) coefficients for the 8(t) angle are obtained by means of Equations (18) and (19).
These equations were extracted from [2,4] and can also be deduced from [3].

Cno(t) = CL(t)-cos(6(F)) + Cp(t)-sin(6(t)) (18)

Cro(t) = CL(t)-sin(6(t)) — Cp(#)- cos(6(t)) (19)

The next step is the calculation of the losses (tip and hub losses) in the wind turbine.
As a previous step, the turbine radius (r1,,piy.) is calculated using Equation (20); the data
in this equation can be found in Table 2.

"Turbine = (LBlade + "Hub)" COS(@Precone) (20)
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Tip-losses are modeled using Prandtl’s tip-loss factor (Fripjoss (1)), as shown in Equa-
tion (21), where B is the number of turbine blades (see Table 2). This model is widely used
and can be found in [2-4,43].

2 B (" Turbine = "ni)
Fr; H == S L A 21
szfloss( ) T acos {exp( 27 sinO(t) (21)
The hub-losses are modeled through Equation (22) (extracted from [43]), thus ob-
taining the hub-loss factor (Fpy,p—j0ss(t)). The total turbine losses (Fj,s;(t)) are obtained by
multiplying these two factors [43], as shown in Equation (23).

) B-(rp—r
FHub—loss(t) = E-aCOS {exp<—m>} )
ni

Floss(t) = FTipfloss(t)'FHubfloss(t) (23)

Next, a local solidity [2—4,43] is calculated with Equation (24), which is defined in [2]
“as the fraction of the annular area in the control volume that is covered by the blades”. In
this equation, the value of Ly, can be found in Table 3 and is illustrated in Figure 7.

_ B-Lchora (24)
! 2~7’[-7’m‘

From the local solidity (c;), the new values of both the axial induction factor (axif(t))
and angular induction factor (anif(t)) are obtained. However, it must be taken into ac-
count that the application of BEM theory breaks down from values of axif(t) greater
than 0.4 [2,4,43]. Therefore, it is common to include techniques—usually based on empir-
ical data—to correct this situation. Two different techniques have been implemented in
FHYGSYS to solve this issue: the Glauert correction [2,4,43] and the Wilson and Walker cor-
rection [2]. Although both types of correction can be used in FHYGYS, all of the simulations
presented in this work were performed using the Glauert correction.

For clarity, in the equation that yields axif(t), the term Ky;f(t) (also used in [2]) has
been previously calculated with Equation (25).

: -sin?

Thus, the calculation of the axif(t) is obtained through Equation (26) in a simpler
way, where axifyqy is the threshold for the application of the correction when the BEM
theory breaks down. Equation (25) is taken from [2] and Equation (26) is deduced from the
equation for calculating the axif(t) also presented in [2].

axif (f) = X

W fOT ‘ZXif(t) < axifmux (26)

The application of the Glauert correction [2,4,43] is based only on the application of an
equation. In FHYSGYS, this equation is deduced by applying the same reasoning presented
in [2] for the Wilson and Walker correction, but using the equation for the Glauert correction
also described in [2]. This option was chosen because, after carrying out some tests with the
methods presented by various authors, this has been the method in which the best results
have been obtained in the process of validating the mathematical model of the wind turbine
with FASTv8. To apply the Glauert correction, two equations can be used: Equation (27),
which is the result of applying the criteria described, or its polynomial version, according
to K,if(t), as shown by Equation (28), which is the one used in FHYGSYS.

1

. 2 .
daxif(t)- (1 -6 3-axif(t))-axif(t)> Fpee(t) = L ()01 Crvo (1)

sin?(0(t)) @7)
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ZKmﬂﬂﬂﬂﬁﬁ)—(jkmﬂﬂ+i>ﬂﬂﬁﬁ)+(&ﬁﬂﬂ+2>mﬁﬁ)—l:0 (28)

As indicated in [2], the value of axif;qx for the Glauert correction is 1/3, therefore, to
apply this correction, when the value of axif(t) obtained with Equation (26) exceeds this
value (axifuax > 1/3), it is recalculated by applying Equation (28). This equation is solved
in FHYGSYS by applying the Newton-Raphson method described in [40].

As previously indicated, the anif(t) calculation is also obtained from the local solidity
(07). By analogy with the previous case—as a step prior to calculating the anif (t)—the
Kanif (t) value is obtained using Equation (29), this allows one to express the obtaining of
the anif (t) value more clearly through Equation (30). Equations (29) and (30) are deduced
from the equation for calculating the anif (t) presented in [2].

_ 4 (t)- sin(6(£))- cos(6(1))

Kﬂnif(t) - Ui'CTG(t) (29)
Ll?’lif(t) = K,mif(lt)—l (30)

For the BEM algorithm (see Figure 6) to be executed, a singularity is produced in the
value of anif(t) in the first instants of time of the simulation, when the turbine has an
angular speed close to zero. This singularity is avoided by forcing the value of anif(t) not
to take values less than —1. This is expressed mathematically in Equation (31).

anif(t) = =1 foranif(t) < —1 (31)

Equations (13)-(31) represent a loop in which the values of axif(t) and anif(t) are
calculated, and consequently the values of the rest of the magnitudes are set by iteration
(see Figure 6). The iteration stops when the value of the percent relative error (g;) of
these two values—axif(t) and anif(t)— is less than a chosen threshold (¢, < €;_in). The
minimum value of the percent relative error (¢, ;) used in FHYGSYS for this iteration
is €,_min = 5-1077. The formula used to calculate these errors is shown in Equation (32),
which corresponds to the one to calculate the percent relative error (g,) indicated in [40]. In
Equation (32), current value are those calculated by means of Equations (26) and (30) and
previous value are those included in Equations (13) and (14), according to the calculation
of the percent relative error of axif (t) or anif (t), respectively, considering that the axif ()
value of Equation (26) can be recalculated by Equation (28), as explained above.

current value — previous value
current value

100 (32)

&g =

2.3. Obtaining Values of the Wind Turbine Magnitudes

The BEM algorithm shown in Figure 6 and explained in the previous section, was
applied to each blade element for each of the wind turbine blades. Figure 8 shows the
relationship between the BEM algorithm and the rest of the actions for the calculation of
the main magnitudes of the wind turbine at a given simulation time instant.
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Figure 8. Flowchart of the turbine simulation for a given instant of time.

These main magnitudes are the differential rotor thrust force (dFyy,,s;), the differential
rotor torque force (dFiorque), and the differential pitching moment (dMitcping)- From them,
the calculation of the vector of wind turbine forces, the moment about the shaft, the blade
azimuth position, and other additional magnitudes of the wind turbine can be derived.
The reasoned deduction for all of them is discussed in the following subsections.

2.3.1. Moment about the Shaft

From the data calculated in the blade elements (7) of each of the blades (j)—fundamentally
from Cp (), Cp(t) and Cp(f)—the main magnitudes shown in Figure 8 can be calculated.
Using Equations (33) and (34)—based on the explanations of [3]—the values of the differential
rotor thrust force (dFypyyyst ij (t)) and differential rotor torque force (dFtorque ij(t)) in the blade
elements of each of the wind turbine blades can be calculated.

1
dFihrust ij(t) = E'PAIR'erz i(t)"Lchord i*Cne i(t) - dpni (33)

1
AFtorque ij(t) = E'PAIR'Vrzgl i(£)-Lenord i*Cro i(t)-dpn (34)
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In [3], Equation (33) appears multiplied by the number of blades (B), but in FHYGSYS,
Equation (33) is applied to each blade element of each of the blades independently, later
adding the effect of each of them, considering a different wind vector affecting the blade
elements depending on the height, as already explained in previous sections. On the
other hand, Equation (34) is the one expressed in [3] for the calculation of the differential
rotor torque but omitting the radius, thus obtaining the differential force that produces the
differential rotor torque indicated in [3].

-
With this approach, the differential rotor thrust force (dF . ij (BopY)(t)) and

%
differential rotor torque force (dF ;o ij (BoDY)(t)) vectors can be found by applying

Equations (35) and (36), multiplying by the unit vectors (L7 Bj thrust (BODY) and

173]- torque (BODY)) the values obtained in Equations (33) and (34), respectively. These

unit vectors may be observed—or reasoned—from Figures 5 and 7, and their values
appear in Appendix A.

= —
AdF thrust ij (BODY)(t) = dFpryst ij(t)'u Bj thrust (BODY) (35)

= —
dF torque ij (BODY)(t) = dFtorque ij(t)'” Bj torque (BODY) (36)

5
Next, using Equation (37), the resultant (dF 44, i; (BopY)(t)) Of the differential forces
calculated with Equations (35) and (36) is obtained (see Figure 7).

- - -
AF yiage ij (BopY) (1) = AF st ij (Bopy) (t) + AF torgue ij (BoDY) (f) (37)

4)
The next step is to calculate the differential moments (dM y;44,. i; (BoDY) (t)) produced

by each of the resultant (dl? blade ij (BODY)(t)) differential forces of each blade element
(Pnij (BoDY) (t) points) at the base of each of the blades (p,,0; (opy) (t) points) of the wind
turbine. This is achieved by Equation (38), where the values of the points p;; (gopy) ()
and p,; (gopy)(t) can be found in Appendix A.

- = =
AM piae ij (BoDY) (1) = (Pm'j (8oDY) () — Pnoj (BODY)(f)) X dF plage ij (opy) () = | xi vy zij (38)
dF, dF, dF.

The vectors found in Equations (37) and (38) are integrated using the multiple application
—
of trapezoidal rule [40] through Equation (39), thus obtaining the force (F 44, j (opY) (t))

5
and moment (M y44, ; (BoDY) (t)) Vectors at the points of the bases (p,,; (sopy) (t)) of each of
the blades.

- —
i blade j (BoDY) () | _ / "Turbine di blade ij (BoDY) (£) | dpy (39)
M piade j (BoDY) () THuv | AM ppage ij (BoDY) (F)

The resultant of several moments applied to a body and expressed in the same coordi-
nate system—in this case, the mobile coordinate system—may be obtained in a simple way
by adding its components [44]. Bearing this in mind, Equation (40) can be applied to find

—

the total moment (M y;44, (opy)(t)) caused by the blades on the wind turbine.

%
M piage j (BoDY) () (40)

1=

.
M piade (BoDY) () = |

]

Il
—
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Another moment calculated in FHYGSYS to obtain the moment about the shaft of the
wind turbine is the pitching moment. This is achieved by Equations (41)—(43).

]_ T Turbine
Mpitchingj(t> = E'pAIR'/r Vrzel(t>'L2Chord'CM<t)'dpni (41)
Hub
— —
M pitching j (BoDY)(t) = Mpitching j(£) 1 M; pitching (BODY) (42)
— B
M pitching ( BODY Z pitching j ( BODY)(t) (43)

Equation (41) is deduced from the explanatlon indicated in [2,3] with which the value
of the pitching moment (My;tching j(t)) originating in each of the blades is obtained. Using

—
Equation (42), the pitching moment vector (M ,itcsing j (BODY) (1)) is calculated by multi-

plying the result of Equation (41) by the unit vector (1/_!) Mj pitching (BODY)) in the direction
of the moment. This unit vector is illustrated in Figure 5 and its value can be found in

5

Appendix A. Finally, the total pitching moment vector (M pitching (BODY) (1)) that affects the

wind turbine is found by means of Equation (43), adding the pitching moment vectors

calculated previously with Equation (42). Finally, the moment produced by the force vector
—

(F plade j (BoDY) (1)) at the base of each of the blades (p,,0; (opy)(t) points) to the center of
mass of the wind turbine (CoMyyrpine (BopY)(t)) is calculated using Equation (44). This
center of mass is easily obtained from the inertial data appearing in Appendix A in [36].

- = =

M jup j (BoDY) (1) = (Pno]‘ (8oDY) (t) = COMwTiurbine (BODY)(f)) X Fplage j ooy (H) = |3 y;  z; (44)
F F, E

Adding the moment vectors found with Equation (44), the total moment vector

— —
(M 1y (BoDY) (1)) originated by the force vector (F 41,4 j (BoDY) (t)) from the bases of the blades
to the center of mass of the wind turbine is obtained by applying Equation (45).

— B
My, (Bopy) () = Y M s j (Bopy) () (45)
j=1

The vector of the total moment caused by the aerodynamics on the wind turbine

(]\71 aero (BoDY) (1)) is calculated by adding the three moment vectors previously calculated,
as shown in Equation (46). The magnitude of this vector (Qgero(t)) is an important piece of
information of the wind turbine model, so it is interesting to highlight it, as indicated in
Equation (47).

— — — —
M gero (BoDY) (1) = M piage (BoDY)(t) + M pitching (oY) (£) + M pup (BoDY) () (46)

Quero(t ‘ M gero (BODY) (t) (47)

As a last step, the moment (torque) about the shaft (Mero—shaft (1)) of the wind turbine
is found by applying the scalar product—as explained in [44]—between the vector of

N
the total moment originated by the aerodynamics (M 4, (3opy)(t)) and the unit vector
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—

(;sha ft (BoDY)) in the direction of the axis of rotation of the turbine. This calculation can be
carried out by using Equation (48), in which the scalar product is symbolized by *.

N
Maero—shaft(t) = M gero (BoDY) (t) * W ghe ft (BODY) (48)

The unit vector (;sha ft (BODY)) is calculated by applying Equation (49) and is repre-
sented in Figure 5. The shaft tilt angle (¢spqf¢ Ti¢) is shown in in Table 2 and ¢ is the angle
that represents the wind direction, previously used in Equation (5) for the calculation of
the wind velocity vector.

cosé —sind 0 COS((PShaft Tilt) 0 Sin((/?smft Tilt) 1

U shaft (BODY) = siné cosd Of- 0 1 0 -0 (49)

0 0 1] |—sin (ql)sha ft Tilt) 0 cos ((PShﬂf ¢ Til t)

2.3.2. Blade Azimuth Position

This section describes the methodology used in FHYGSYS to calculate the blade
azimuth position, that is, the angular position of the wind turbine rotor at each instant
of time. As a previous step, the inertia tensor (M7 (wrusbine)) f the rotor—made up
of the hub and the blades—of the wind turbine must be known. This inertia tensor is
calculated at the center of mass (CoMw1ypine) of the wind turbine rotor (see Figure 5). The
calculation is simplified by calculating the inertia tensor with respect to a coordinate system
with origins in CoMyy1y,pin. and whose axes are parallel to those of the mobile coordinate
system (see Figure 12 of [37]). Next, the inertia tensor is rotated by the shaft tilt angle
(@snaft Tirr) and then by the angle that represents the wind direction (), thus leaving the
X axis of the coordinate system attached to the inertia tensor aligned in the direction of
the axis of rotation of the wind turbine, represented by the unit vector 0 shaft (BODY)- This
whole process is carried out based on the inertial data of the blade and hub of the wind
turbine found in Appendix A in [36], following the explanation given in Section 2.3.2, also
from [36]. Equation (50) shows the value of the inertia tensor (M1 (wurbine)) calculated
and positioned as indicated.

IwTxx 0 0 35196249 0 0

M (Wrurbine) = | 0 Iwryy 0 | = 0 17930184 0 kg-m? (50)
0

0 Iyre 0 0 17930184

As we intended to find the angular position of the wind turbine rotor ({rotor(t)) and
the inertia tensor (M1 (wTurpine)) Was aligned—as indicated previously—with respect to
a coordinate system whose X axis coincides with the direction of the axis of rotation of
the wind turbine; to continue the calculations, the moment of inertia about this X axis
(IwTurbine) is extracted, ignoring the rest of the data of the inertia tensor. This is expressed
in Equation (51).

IwTurbine = IwTxx (51)

As shown in Figure 5, the axis of rotation of the wind turbine is coupled with an
electrical generator, which is responsible for converting the mechanical energy of the axis
into electrical energy. This coupling causes an increase in the inertia of the axis of rotation
due to the inertia (Iggy) of the electric generator (see Table 2). In Equation (52)—deduced
from the explanation in [14]—this increase is expressed mathematically, yielding the total
inertia of the rotor (Iot0r), Wwhere gearR is the gearbox ratio found in Table 2. The coupling
between the shaft and the electric generator in wind turbines has been widely discussed in
the literature and works such as [45-47] have addressed this issue in more depth.

Irotor = IWTurbine + IGEN'gem’RZ (52)
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Similarly, the coupling between the axis of rotation of the wind turbine and the electric
generator causes the existence of opposing torques in the shaft. These opposing torques
are the low-speed shaft aerodynamic torque (Mero—sha ft(t)) (calculated in Equation (48))
and the low-speed shaft generator torque (Mgen_sha ft(t)). Equation (53) represents the
opposition of these two torques on the shaft, yielding the low-speed shaft torque (M;otor (1))

Mrotor(t) = Maero—shaft(t) - MGEN—shaft(t) (53)

The torque (MGEN—shaft (1)) produced by the electric generator in the low-speed shaft
(see Figure 5) is obtained through Equation (54), where Mgy (t) is the torque of the electric
generator on the high-speed shaft (see Figure 5)—which depends on the control system
(see Section 2.4.1)—with gearR being the gearbox ratio. Equations (53) and (54) can also be
deduced from the explanation given in [14].

MGEN-shaft(t) = Mcen(t)-gearR (54)

From the results of Equations (52) and (53), Newton’s second law for rotation [48], ex-
pressed in Equation (55), can be applied, yielding the low-speed shaft angular acceleration
(@rotor (t)) of the wind turbine.

arotor(t) = M (55)
rotor
Next, the laws of kinematics are applied, by integrating the low-speed shaft angular
acceleration (through Equation (56)), the low-speed shaft angular speed (wrotor(t)) of the
turbine is obtained and, integrating this angular speed with Equation (57), the angular
position (Protor (t)) of the rotor can be found. These two integrals are solved in FHYGSYS
by applying the method of Romberg’s algorithm [40], as explained in Appendix C in [36].

wrotor(t) :/ “rotor(t)'dt (56)

lprotor(t) :/ wmtor(t)'dt (57)

The result of the low-speed shaft angular speed (wrotor(t)) calculated with
Equation (56) is expressed in rad/s, but since it is usual to represent this angular speed in
rpm (Qyotor(£)), this calculation is included in Equation (58).

wrotor(t) -60

Qrotor(t) = 2T

rpm (58)

2.3.3. Vector of Wind Turbine Forces

—

This calculation starts from the force vector (F p;,4, j (BODY) ()) exerted at the base of

each blade (p,; (3opy) () points), calculated using Equation (39). Equation (59) can be
—

used to find the moment (M 1,5 j (BoDY) (t)) produced by these force vectors at the origin
of the mobile coordinate system.

e
= = i j k
M st j (Bopy) (F) = Puoj (Bopy) () X F viade j (BoDY) () = \xuoi  Yuoj  Znoj (59)

x Py b4
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Next, the forces and moments that originated in each of the blades are added to obtain

— —
the total thrust (F 77,5 (Bopy) (t)) and moment (M 1., (Bopy) (t)) Vectors produced by
the wind turbine. This is achieved by means of Equations (60) and (61), respectively.

- B
F Thpust (Bony) (H) = Y F plade j (Bopy) () (60)
j=1
— B
M Thyyse BODY 2 M Thrust j (BODY) (t) (61)

4)
The magnitude (Tyst(t)) of the total thrust vector (F 1,5t (Bopy)(t)) calculated in
Equation (60) is another important piece of information of the wind turbine model; for this
reason, it is important to highlight it, as shown in Equation (62).

—

Trnrust(t) = |F Thrust (BoDY) () (62)

—» WIND TURBINE
At this point, the vector of wind turbine forces (Fy(gopy) (t)) can be found

by applying Equation (63), where k takes values from 1 to 6, representing the degrees
of freedom (DOF) of the vector (1 = surge, 2 = sway, 3 = heave, 4 = roll, 5 = pitch,
and 6 = yaw).
WIND TURBINE F (t)
= t
Fe(opY) t)=1- Thrust(BODY) - (63)
M Thrust(Bopy) () + M sero (BoDY) (t) = M yotor (BoDY) (£)

— —
In this equation, the vectors F 1.5t (opy)(t) and M 1.6t (Bopy) () are those ob-

—
tained in Equations (60) and (61), respectively, the vector M .., (gopy)(t) is the result

=
of Equation (46) and the vector M ., (gopy)(t) is calculated by applying Equation (64),

where Mo, (t) is the result of Equation (53), and the unit vector ;Shﬂ ft (BODY) s the one
obtained by Equation (49).

—

.
M yotor (BoDY) (t) = Mrotor (t) U saft (BODY) (64)

—» WIND TURBINE
The vector of wind turbine forces (Fipopy) (1)) calculated using Equation (63)

is the main result of all the work presented in this article, since it represents the vector of
forces and moments resulting from applying the BEM theory to the wind turbine, being the
main milestone of everything described up to this moment in Section 2.

It could even be considered as the piece that completes the mathematical model
discussed in [36,37], substituting the modeling of the turbines described in Section 2.8
in [37], which uses the One-Dimensional theory, by the one described in Section 2 of this
work. In fact, this is what happens when FHYGSYS chooses to simulate the turbines using
BEM theory.

2.3.4. Additional Magnitudes

The mathematical model presented in the previous subsections allows one to obtain
the values of other important magnitudes that offer interesting information about the
behavior of the turbine. These magnitudes are the different powers, the thrust and power
coefficients, the axial and angular induction factors, the tip-speed ratio, and the average
value of the angle of attack.
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When applying BEM theory in FHYGSYS to model the turbines, three different powers
can be obtained: electrical power (Pgrg(t)), mechanical power (Pyec(t)), and aerodynamic
power (Papro(f)). These powers can be calculated using Equations (65)—(67), where genE
is the value of the electrical generator efficiency (see Table 2) and the rest of the values have
been referred to on several occasions in the previous subsections.

Pere(t) = wrotor (1) MGEN -shaft (t)-genE (65)
_ Pere(t)

Pypec(t) = ~genE (66)

PAERO(t) = wrotor(t)'Maerofshaft(t) (67)

As a previous step to the rest of the calculations, the area swept by the wind turbine
blades (Afypine) is calculated using Equation (68), being the expression of the area of a
circular crown. The radius of the turbine (r1;,piy.) is obtained with Equation (20), and the
radius of the hub (rg,;) is shown in Table 2.

2 2
ATurbine = 7T (rTurbine - rHub) (68)

Another necessary value is the mean of the magnitude of the effective wind velocity
vector (Vp (av)(t)) on each of the blades (j) applied to each of the blade elements (i). This
value can be found by Equation (69), where V l-]-(t) is obtained from Equation (12).

1 B 1 17
Vo (avy(t) = 3 Z‘i (17‘ Z} Vo ij(t)> (69)
j= i=

With these data, the power (Cp(t)) and thrust (Cr(t)) coefficients are calculated from
the values of the aerodynamic power (P4gro(t)) obtained with Equation (67), and the
thrust module (T7y,,s(t)) found with Equation (62), taking as the value of the air density
par = 1.225kg/ m3. These coefficients can be calculated through Equations (70) and (71),
respectively. Equation (70) was extracted from [2—4], while Equation (71) was extracted
from [2,4].

Pagro(t)
Cp(t) = ”
%.pAIR-ATurbim'VOS(AV) (t)
CT(t) = TThrust(t) (71)

%'PAIR'ATurbz’ne'VOZ(Av) (t)

The value of the tip-speed ratio (TSR(t)) can be obtained through Equation (72),
extracted from [2-4].
Wrotor (£) T Turbine
TSR(t) = ————1~— (72)
2 Vo (av) (1)

Finally, using Equations (73)~(75), the mean values of the angle of attack (¢ otk (av) (1)),
the axial induction factor (axif(4y)(t)), and the angular induction factor (anif( ay)(t)) can
be calculated. In addition to presenting the average of these values, FHYGSYS can de-
liver the data individually to study the temporal evolution of these magnitudes in each
blade element.

—_

P Attack (Av)(t) =

= |

B 1 17
2 (17' Y Pattack ij(t)> (73)

j=1 i=1

axif av)(t) =

B 1 17
: 2 (17 Zaxifi]-(t)> (74)

| -
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1 1 < .
“5 L <17- izl”mfij(t)>

j=1

anifiay)(t) (75)

2.4. Wind Turbine Control System

Asindicated in Sections 2.2.1 and 2.3.2, there are two magnitudes whose values depend
on the control system of the floating hybrid system, in other words, the control system
establishes the appropriate value of these magnitudes so that the wind turbine works in
the desired way in each instant of time. These magnitudes are the torque (Mggn (f)) of the
electric generator on the high-speed shaft and the collective blade pitch angle (¢ p;sc (t)).

The control system of the floating hybrid system consists of two closed-loop PID
controllers. One controls the generator torque (Mgen (t)) when the wind speed (Viy_grer)
is between 3 m/s and 11.4 m/s, and the other controls the collective blade pitch angle
(¢pitcn (t)) when the wind speed (Viy_grer) is between 11.4 m/s and 25 m/s. These speed
ranges correspond to those established in the design of the “OC3-Hywind” wind turbine
described in [14,49]. As the floating hybrid system clearly has a nonlinear behavior, a gain
schedule was implemented for the operation of each of the PID controllers.

The modeling of the control system works independently of the mathematical model
of the floating hybrid system, and interacts with the turbine modeling described in previous
sections. Despite this, the control system was also implemented mathematically as well as
the actuators of each controller. Figure 9 shows the block diagram of the control system
interacting with the wind turbine (plant) of the floating hybrid system, where the separation
between these mathematical models can be observed.

1 1 Vw_rer
BLADE BLADE Opieen (O 1
| PITCH ANGLE | PITCH ANGLE 1 1 1 B
CONTROLLER ACTUATOR I I | | ,
rieen(®) : I Maero—share(t) TURBINE — P,
I SIMULATION | ¢ 1 Pruwist
! | - " THub
1 1 Wroror () Lpiade
Upggpn () I " © I Lenora
MgEn-shafe (E 1 Wy t
GENERATOR GENERATOR Mgy (6 shaft Myoor (] COMPUTE | By ehruse(t)
> TORQUE > TORQUE i 1 > ANGULAR [—P-@
CONTROLLER ACTUATOR 1 SPEED 1
1 GEARBOX |
1 wgey (L) Drotor(t)
L di
i < 1
1

; TURBINE (PLANT)
Figure 9. Block diagram of the control system interacting with a floating hybrid system turbine
modeled with BEM theory.

The only connection between the two mathematical models is produced (resembling
the operation of a real system) through three magnitudes: the generator torque (Mgen/(t))
and the collective blade pitch angle (@p;;,(t)) as inputs to the plant, and the high-speed
shaft angular speed (wgen (t)) as the output of it.

Figure 9 clearly shows how the two controllers work: the torque controller modifies the
low-speed shaft generator torque (MGeN —shaft (1)) to obtain the desired wind turbine speed
(wrotor (1)), while the pitch controller modifies, indirectly, the low-speed shaft aerodynamic
torque (Mgero—sha ft(t)) to achieve the same goal, the desired wind turbine speed.

From the analysis of the block diagram in Figure 9, some relationships can be deduced.
Equation (76) allows one to obtain the difference (werror (1)) between the angular speed to
be reached (wgsp), which establishes the set point, and the high-speed shaft angular speed
(wgEN (1)), which is the angular speed of the electrical generator at a given instant of time.

werror(t) = Wsp — wGEN(t) (76)
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Equation (77) establishes the relationship between the low-speed shaft angular speed
(wrotor(t)) and the high-speed shaft angular speed (wgen(t)), where gearR is the
gearbox ratio.

wGEN(t) = wrotor(t) -gearR (77)

Figure 9 also illustrates Equation (53), which relates the low-speed shaft aerodynamic
torque (Mgero—shaft (t)) with the low-speed shaft generator torque (Mgen—shaft (t)), yielding
the low-speed shaft torque (Myror(t)). Likewise, Equation (54) is also derived, which
relates the low-speed shaft generator torque (MGeN—shaft (t)) with the torque of the electric
generator on the high-speed shaft (Mgen (t)) through the gearbox ratio.

Because FHYGSYS is a time-domain simulation tool, the mathematical expression
used for the modeling of the controllers is the one described in [50] for the time-domain
modeling of PID controllers, as shown in Equation (78), in which K, T;, and T, are the
parameters that define the behavior of the PID controller (proportional gain, integration
time, and derivative time, respectively), e(t) is the error value (the input value to the
controller), and u(t) is the output value of the PID controller.

u(t) = Kp- (e(t) + %/ e(t)-dt+ Td;-e(t)) (78)
i t

Equation (78) is the general expression of a PID controller, but in the controllers
implemented in the control system of the floating hybrid system, the derivative action has
not been included because with the proportional and integral actions, it is possible to reach
the conditions of operation of the wind turbine indicated in [14].

The integral that appears in Equation (78) is solved in FHYGSYS by applying the
method of Romberg’s algorithm [40].

2.4.1. Generator Torque Controller

As indicated in the previous section, the generator torque controller is in operation
for wind speeds (Viy_rer) between 3 m/s and 11.4 m/s. Above these wind speeds, the
generator torque (Mgen(t)) is equal to the rated generator torque (QGeN_rated), Whose
value can be found in Table 2, in the same way as in [14].

On the other hand, as explained in [14], the PID torque controller starts operating
when the high-speed shaft angular speed (wgen (t)) exceeds the minimum generator speed
to connect the torque controller (WgeN—min), Which appears in Table 2. Until that instant
of time, the low-speed shaft aerodynamic torque (M ro—sha ft(t)) accelerates the wind
turbine [14], while the generator torque (Mgen/(t)) is equal to zero.

The main objective of FHYGSYS is to provide a simulation tool for a floating hybrid
system like the one shown in Figure 1, which allows for experimentation with different
control strategies. For this reason, in the design process of this first control system at
FHYGSYS, it was decided to control the generator torque directly with a gain scheduled
PID controller, unlike the strategy described in [14], in which different torque control
guidelines were established depending on the wind speed (Vyy_grgr).

However, the gain scheduled PID controller was based on the wind turbine speed
(Qgp(t)) as a function of each wind speed (Viy_rer) described in [14,49]. The wind turbine
speed (Qgp(t)) is the set point speed expressed in rpm in the low-speed shaft. This is
related to the set point in the high-speed shaft angular speed (wsp), which appears in
Equation (76) through the gearbox ratio (gearR), expressing the result in rad/s.

Table 4 shows the gain scheduled established in FHYGSYS for the operation of the
torque PID controller. The values of wind turbine speed (Qgp(t)), proportional gain
(Kpgpy), and integration time (T; ., ) were established as a function of wind speed (Vv _rgr),
performing linear interpolation for intermediate values of this.
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Table 4. Wind turbine generator torque gain scheduled PID controller.

Wind Speed !

Wind Turbine Speed 2 Proportional Gain Integration Time

Vw_ger (m/s) Qsp(®) (rppm) Ky, (=) Tigey ()

3 6.97 0.09 15

4 7.18 0.08 15

5 7.51 0.07 15

6 7.94 0.06 15

7 8.47 0.05 20

8 9.16 0.04 30

9 10.3 0.03 40

10 11.43 0.02 50

11 11.89 0.018 100
11.4 12.1 0.019 100
12 12.1 0.018 100
13t0 25 12.1 0.01 200

Initial Position (t = 0)

Y

—t

Wind Thrust
11 m/s

4

4

, X

! Wind speeds at a 90-m reference height. 2 The data are from [49].

Figure 10 shows the behavior of the wind turbine speed (Qyotr(t)) obtained in
Equation (58)-with and without the torque control system in operation and compares
the results with those obtained by FASTv8 under the same conditions. It shows what
would happen when the low-speed shaft generator torque (MGEN —shat (1)), for whatever
reason, takes the zero value; in this situation, the low-speed shaft aerodynamic torque
(Maero—shaft (t)) produces an uncontrolled increase in the wind turbine speed. This justifies
the importance of the torque control system.

Rotor Azimuth Angular Speed (RotSpeed)

20 FHYGSYS Test without any Control System
—FHYGSYS Test with Torque Control System
180 35 1 —FASTS Test
By &8 £30 1
- . =
270°i--i90° I
. 2
. . w20 - /
. K 5 /
Craimes® 315
o [
0 10
5
0 -+ T T T T T T T T
0 20 40 60 80 100 120 140 160 180
Time (s)

(a) (b)

Figure 10. Comparison of the wind turbine speed (Qytor(t)) with and without the torque control
system in operation, using the version of OC3-Hywind implemented in FHYGSYS: (a) test conditions;
(b) results.

Equation (79) yields the control action (11, (f)) of the torque controller (being a
particularization of Equation (78)), where K, and T; ., are the proportional gain and
integration time of the gain scheduled PID controller (see Table 4) and weyror () is the error
angular speed obtained with Equation (76).

/ Wermr(t) dt)

In order to avoid the windup effect in the controller, the value of the integral of the
error angular speed (werror (1)) of the controller is kept at zero until the generator reaches
the minimum generator speed (WGEN—_min) to connect the torque controller (see Table 2).

1

UMy () = Kpgey- (wfﬂor(t) + (79)

TiGEN
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In a similar way as to how a PID controller is implemented in industrial devices—as in
a PLC (Programmable Logic Controller)—the output of the generator torque PID controller
is scaled, as shown in Equation (80).

uMGEN(t) >1 — uMGEN(t) =1
{ (80)

uMGEN(t) <-1—- MMGEN(t) =-1

To complete the description of the elements that make up the closed-loop torque
controller, it remains to describe the equations that define the behavior of the generator
torque actuator (see Figure 9). For this, a linearized behavior was considered based on the
data included in Table 5.

Table 5. Generator torque actuator linearization data.

UMy () Mgen(t)
1 0
0 QGEN—rated

From the data in Table 5, the equation of a straight line can be obtained, showing the
result in Equation (81).

MGen(t) = QGEN—rated- (1 — tnigey () (81)

The modeling of the torque controller actuator is completed by establishing its operat-

ing limits. On the one hand, Equation (82) establishes the maximum and minimum values
that the generator torque (Mggn(t)) can take.

{ MGEeN(t) > QGEN—rated — MGEN(t) = QGEN—rated
(82)

Mgen(t) <0 — Mgen(t) =0

On the other hand, through Equation (83), the maximum values of the rise or fall of
the generator torque can be established. Both the values of QgeN_rated and AQGEN —rated
are shown in Table 2.

d

MGEN(t)’ > AQGENfrate {

LMcen(t) >0 = S Mgen(t) = AQGEN—rate
T (83)

FMcen(t) <0 — ZMcen(t) = —AQGEN—rate

2.4.2. Collective Blade Pitch Angle Controller

As indicated at the beginning of Section 2.4, the collective blade pitch angle controller
is in operation for wind speeds (Viy_rer) between 11.4 m/s and 25 m/s. Below these wind
speeds, the collective blade pitch angle (¢p;,(t)) is zero, in the same way as in [14].

As explained in the previous case, the gain scheduled PID controller is based on the
wind turbine speed (Qsp(t)) (set point speed) as a function of each wind speed (Viy_gEer)
described in [14,49].

Table 6 shows the gain scheduled established in FHYGSYS for the operation of the
collective blade pitch angle PID controller. The values of wind turbine speed (Qsp(t)),
proportional gain (Kp,, ,), and integration time (T;,, , ) were established as a function of
wind speed (Viy_grEer), also performing linear interpolation for intermediate values of this.
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4
Initial Position (t = 0)

Y

—d

A

Wind Thrust

Table 6. Wind turbine blade pitch gain scheduled PID controller.

Wind Speed ! Wir;d Turl;ine Propor?ional Integration Trigger Offset
Viv_ger (m/s) peed Gain Time Factor Fryige(%)
Qgp(t) (rpm) Ky, () Tipyr ® (%)
3to11 6.97 to 11.89 0 1 0
114 12.1 0.0023 7 11
12 12.1 0.0025 7 11
13 12.1 0.0016 7 7
14 12.1 0.0013 7 4.5
15 12.1 0.0012 7 3
16 12.1 0.0011 7 3
17 12.1 0.0011 7 3
18 12.1 0.0011 7 3
19 12.1 0.0010 7 3
20 12.1 0.0010 7 3
21 12.1 0.0010 7 3
22 12.1 0.0010 7 3
23 12.1 0.0010 7 3
24 12.1 0.0010 7 3
25 12.1 0.0010 7 3

15 m/s

! Wind speeds at a 90-m reference height. 2 The data are from [49].

From the analysis of Equation (76), it can be observed that if the speed of the high-
speed shaft angular speed (wgen(t)) is greater than the set point speed (wsp), the error
angular speed (werror (t)) is negative. This implies that the rated rotor speed (Q;44.4(t), see
Table 2) has been exceeded. This is the situation in which the pitch controller in FHYGSYS
should start. In order to adjust the pitch angle PID controller so that it can be put into
operation before this situation occurs, the trigger offset factor (Fry;gq(%)) Was introduced,
which appears in Table 6. Equation (84) scales the trigger offset factor (Fr;¢4(5,)) so that it
can be used in conjunction with the control action (upj.; ()), yielding the pitch controller
trigger offset factor (Fryjgg).

Fryi 95(%)
100

Figure 11 shows the behavior of the wind turbine speed (Qotor(t)) obtained in

Equation (58) in three situations.

F Trigg — (84)

Rotor Azimuth Angular Speed (RotSpeed)

.
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o
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Figure 11. Comparison of the wind turbine speed (Qtor(t)) in normal conditions, only operating
the torque control and without any control system in operation, using the version of OC3-Hywind
implemented in FHYGSYS: (a) test conditions; (b) results.

The first case is in normal conditions, when the two controllers are active, one deliver-
ing the maximum torque of the generator (Mgen (f) = QGEN_rateq) and the other applying



J. Mar. Sci. Eng. 2023, 11, 1634

27 of 62

the corresponding pitch angle (red line). This situation was compared with the results
obtained by FASTv8 (blue line) under the same conditions.

The second case shows what happens if the pitch controller is disconnected and only
the torque controller works (green line). In this case, the wind turbine speed (Qypror (¢))
exceeds the rated rotor speed (Q2,,4.4(t)), exceeding the operating limits and producing the
destruction of the turbine.

In the third case, the uncontrolled increase in the wind turbine speed (Qypror(t))
produced by the absence of control is observed (orange line), which would produce catas-
trophic consequences.

This justifies the importance of the existence of a floating hybrid system control system
for proper operation.

Equation (85) shows the equation of the collective blade pitch angle PID controller
derived, as in the torque controller, from Equation (78). Equation (85) yields the control
action (upjp,(t)) from the error angular speed (werror(t)), the proportional gain (Kyp,, ),

and the integration time (Tj,, , ).

1
uPitch(t) = Kpp,‘tch' (werror(t) + T : / werror(t)'dt> (85)
Ipitch
As in the previous case, the output of the controller (up;;,(t)) is scaled as indicated in
Equation (86).
upitcn(t) > 1 — upjten(t) =1
(86)
upiten(t) < =1 — upjyen(t) = -1
The last step is to present the equations that define the behavior of the blade pitch
angle actuator (see Figure 9). In a similar way to the previous case, a linearized behavior
based on the data in Table 7 was considered.

Table 7. Blade pitch angle actuator linearization data.

Upitch (®) P Pitch (#)
-1 PPitch—max
FTrigg 0

From the data in Table 7, the equation of a straight line can be obtained, showing the
result in Equation (87).

-
@piten(t) = %T:g' (Frrigg — upiten(t)) (87)

In this case, the modeling of the blade pitch angle actuator is also completed by
establishing its operating limits, being equivalent to the previous case. On the one hand,
Equation (88) establishes the maximum and minimum values that the pitch angle (@pi(t))
can take.

q)Pitch(t) > QPitch—max — (PPitch(t) = @Pitch—max
(88)

Ppitch(t) <0 = @pitcn(t) =0
On the other hand, through Equation (89), the maximum values of the rise or fall of

the pitch angle are established. Both the values of ¢pjc;—max and A@piscy—rate are shown in
Table 2.
’ d a%(PPitch(t) >0 — %(PPitch(t) = A‘PPitchfmte (89)

—¢pi h(t)‘ > A@pitch— {
dt(p e Ppitch-rate EQDPitch(t) <0 — E(PPitch(t) = 7A§0Pitchfrate
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Section

An important issue to highlight regarding the FHYGSYS control system described
in this section is that when the pitch angle (¢p;,(t)) takes values greater than zero, this
implies, as indicated before, that the rated rotor speed (Q,44.4(f)) has been exceeded; the
torque controller forces the generator torque (Mggn(t)) to be equal to the rated generator

torque (QGEN—rated)-

2.5. Application of BEM Modeling to Marine Current Turbines

This section explains the differences and similarities between the application of the
wind turbine modeling methodology, as described in previous sections, with respect to
those of MCTs.

The first step is to obtain the magnitude of the effective fluid velocity vector (Vy(t))
with Equation (12), which, in this case, is based on the explanation of Section 2.3.2 in [37]
for the sub-surface current modeling. This causes Equation (9) from [37] to be used instead
of Equation (4), and the flow direction is ¢, the sub-surface current direction, instead of J in
Equations (5) and (49).

A similar correction was also made to model the tower shadow effect, which in this
case was called the support shadow effect. This correction is based on the data in Table 8.

Table 8. Data for modeling the support shadow effect.

Property Value Symbol
Length from the hub center to tube junction 4427 m - junction
Length from the hub center to floating platform 12.09 m lhuhfplat Form
Maximum Length between the center of the main tube and the others 2m Liube—max
Turbine support tube diameter 0.6 m Diupe

Figure 12 illustrates the modeling used to correct the support shadow effect by apply-
ing the data from Table 8.

Section

Support Shadow
Coordinate System

Support Shadow -

Z Coordinate System

lewve-mazx

X Liube-max

A
™
Coordinare |
S
I
Support Shadow 0

Calculation Zone

A’ (

Lhub—junction

lhub—platform

Lhub—junction

B
N
1 )
. Support Shadow
Calculation Zone
© B
[

(a) (b)
Figure 12. Support shadow calculation zones: (a) clockwise turbine; (b) counterclockwise turbine.

Uhub—platform

In the case of the wind turbine, the tower shadow coordinate system matches the
mobile coordinate system (see Figure 4), so the components of the p,; (gopy)(t) points
in Equation (8) are used directly. By analyzing Figure 12, it can be verified that this did
not occur in this case, so each p,,; (gopy)(t) point must be expressed in the corresponding
turbine coordinate system using Equation (90).

Xpni (MCT) cos(—e) —sin(—e) 0
Ypui (MCT) | = Pni (McT)(t) = |sin(—¢)  cos(—¢) 0 '(Pm’ BopY)(t) = Poc—mcT (BODY)) (90)
0 0 1

Zpni (MCT)
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It is not necessary to use a transformation matrix in this equation for the change
between systems since the axes of the mobile coordinate system and the turbine coordinate
systems are parallel. In Equation (90), the center of the clockwise turbine has been used, but
the equation is equivalent using the center of the counterclockwise turbine. Both points can
be found in Table 9, while the value of the p,,; (gopy)(t) points can be found in Appendix A.

Table 9. Origin of the marine current turbine coordinate systems. The points are in their initial
position for a sub-surface current direction (¢) equal to zero degrees.

Description Value (m) Symbol

Origin of clockwise turbine
coordinate system
Origin of counterclockwise
turbine coordinate system

(0,17.1, —20) PoC—MCT (BODY)

0, —17.1, —20) PoCC—MCT (BODY)

Similar to the case of the wind turbine, the support shadow effect calculation is applied
only when the Y component of the p,; (yict)(t) points is less than zero in the case of the
clockwise turbine, or greater than zero in the case of the counterclockwise turbine.

As can be seen in Figure 12, each support is made up of three tubes, so the equa-
tion (extracted from [4]) that models the support shadow effect must be applied three
times, adapting the formula to the position of the support of MCTs. This is achieved by
Equation (91), where the factor F.ter—shadow represents the shadow effect of the
central tube.

(%)ZK’CZ i (MCT) -z '(MCT))
ni ni
Eeenter—shadow = 1 — z 4 (91)

2 2 2
(xpni mct) T Zpni (MCT))

The calculation of the shadow effect of the upper and lower tube is carried out only
when the Y component of p,,; (MCT) (t) exceeds the length Iy, junction Within each support
shadow calculation zone (see Figure 12). In this situation, a value (Az,,; (vcr)) is calculated
through Equation (92) that corrects the Z component of the p,,; (\cr)(t) point by applying
linear interpolation from the data in Table 8.

Thub— junction — ‘ypni (MCT)‘

Azpui (McT) (92)

= ltubefmax'l — i
hub—junction — *hub—platform
Increasing and decreasing the Z component of the p,,; (pcr) (f) point with the result of
Equation (92), Equation (91) is applied with the new corrected values of the Z component
of the p,,; (mcr) () point, yielding the factors Fpsnadow and Faown—shadow-
The modeling of the support shadow effect ends by applying Equation (93), which
provides a result equivalent to that obtained with Equation (8).

—
U SSCUR support—shadow (BODY) (h) = U SSCUR (BODY) (h)'Fcenter—shadow'Fup—shadow'Fdown—shadow (93)

From this point, the rest of the steps until calculating the magnitude of the effective
fluid velocity vector (Vy(t)) with Equation (12) are equivalent.

For the calculations in Sections 2.2-2.4, it is also necessary to define the properties of
the MCTs, which are shown in Table 10.
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Table 10. Marine current turbine properties.

Property Value Symbol
Rated electrical power 1 550 kW PELE_rated
Number of blades ! 2 B
Hub depth 1 —20m hgup
Hub radius ! 1m " Hub
Blade length E 9m Lpiade
Precone ! 0deg @Precone
Shaft tilt ! 0deg PShaft Tilt
Rated rotor speed ! 11.5 rpm Qrated
Gearbox ratio 2 97:1 gearR
Electrical generator efficiency 2 0.944 genE
Generator inertia about high-speed shaft 2 534.116 kg-m? IGEN
Minimum generator speed to connect the 325 rpm w ‘
torque controller 3 P GEN—min
Rated generator torque 3 4971.531 N-m QGEN-—rated
Maximum generator torque rate 3 1000 N-m/s AQGEN—rate
Minimum blade-pitch setting 2 0 deg @Pitch—min
Maximum blade-pitch setting 2 90 deg PPitch—max
Maximum absolute blade pitch rate 3 4 deg/s A@pitch—_rate

1 The data are from [34,35]. 2 The same values as those used for the wind turbine [14]. 3 Values established
by the authors.

In the case of MCTs, it is also necessary to know the aerodynamic characteristics of
airfoils, or rather, the hydrodynamic characteristics of hydrofoils. As indicated in [38], the
behavior of hydrofoils in water is analogous to the behavior of airfoils in air, the main
difference between them being fluid density. This allows for the use of airfoil data for the
modeling of MCTs without any additional correction.

The modeling of the MCTs used in the floating hybrid system was based on the design
presented in [34,35], where a single hydrofoil (airfoil) is used for the design of the blades.
This hydrofoil is the NACA 63-424.

From Equation (17), the angle of attack (¢ sck(t)) can be obtained, and as in the case
of the wind turbine, with these data expressed in degrees, the airfoil-data (hydrofoil-data)
tables corresponding to each blade element were consulted to obtain the values of the lift
coefficient (Cp,(t)), drag coefficient (Cp(t)), and pitching-moment coefficient (Cps(t)).

Table 11 shows the hydrodynamic properties of marine current turbine blades.

The data shown in Table 11 for each blade differential (dp,;)—blade element—and
their centers (p,;) were obtained by dividing the blade length (Lp,,4.) of the MCTs (see
Table 10) into 17 portions. The twist angle (¢Tyis;) and chord length (Lcy,ry) data were
obtained by performing linear interpolation from the data in Table 4 in [34], in which the
blade was divided into 74 blade elements. This adaptation was carried out by equivalence
with the data presented in [14] of the wind turbine blades, and used in this work after
verifying that no significant differences were observed between the marine current turbine
simulation results obtained with 17 and 74 blade elements. However, the computational
cost was considerably reduced.
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Table 11. Marine current blade hydrodynamic properties !.

Node! (pr;;z) IZ:I")’ (fgzgls)t L(Cr}llf)rd Hydrofoil
1 1.075 0.15 02 0.8 Cylinder 3
2 1.3607 0.42143 12.86 0.87812 NACA 63-424
3 1.7821 0.42143 12.86 1.1802 NACA 63-424
4 2.2036 0.42143 12.86 1.5287 NACA 63424
5 2.625 0.42143 12.805 1.7023 NACA 63424
6 3.1342 0.59702 10.727 1.6304 NACA 63-424
7 3.7313 0.59702 8.8252 1.5404 NACA 63424
8 4.3283 0.59702 7.5219 1.4565 NACA 63424
9 4.9253 0.59702 6.5262 1.372 NACA 63-424
10 5.5223 0.59702 5.7432 1.2867 NACA 63-424
11 6.1193 0.59702 5.1057 1.2002 NACA 63424
12 6.7164 0.59702 4.5608 1.1116 NACA 63-424
13 7.3134 0.59702 4.0772 1.0214 NACA 63-424
14 7.9104 0.59702 3.6195 0.9299 NACA 63424
15 8.5074 0.59702 3.1795 0.83481 NACA 63-424
16 9.1045 0.59702 2.7241 0.73776 NACA 63-424
17 9.7015 0.59702 2.2413 0.63825 NACA 63424

! Data deduced from the blade properties described in [34]. ? Value used in FHYGSYS.

The hydrofoil-data tables of the NACA 63-424 and cylinder 3, which appear in Table 11,
can be found in Appendix D in [51] and were used without any additional correction.

. . — — —
Figure 13 shows the unit vectors u ; yyust, U shaft, ad U pj pitching that replace those
shown in Figure 5 and were used on several occasions in the turbine modeling calculations.

— —
The values of the vectors u p; yysr and i pgj pitching can be found in Appendix A. As
seen in Figure 13, each of the two MCTs rotated in opposite directions, which implies

that when dealing with the counterclockwise turbine, the sign of the unit vector ;shu i
calculated with Equation (49) is changed. This practice is usually used in boats with two
propellers to compensate for the moments produced by each of them. This technique is
even used in tandem-rotor helicopters for the same reason.

This feature can be used as a control strategy for yaw compensation, turning each
MCT at a different speed.

The application of the rest of the equations of the model described in Sections 2.2 and 2.3,
was carried out in an equivalent way to the two MCTs, although they rotated in different
directions. It is only necessary to use the unit vectors (shown in Figure 13) appropriate to the
corresponding turbine.

The only exception to consider is that the MCTs are always completely submerged
in the sea, so, unlike the wind turbine, the density of the fluid interacting with them is
that of seawater. Therefore, the density used in Equations (33), (34), (70) and (71) was

psEA WATER = 1025 kg/m?.
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\ Blade 1 Blade 1

N U 1 pitching ‘

U M1 pitching

Counterclockwise

Clockwise «
T U M2 pitching
Local wind blade 2
coordinate systems \J Local wind blade
J“ 743 coordinate systems
Blade 2 Blade 2

—
U pm2 pitching

N — 1 -
Figure 13. Blade thrust (i p; ;yys), turbine shaft moment (it g,7;), and pitching moment (4 pitching)
unit vectors of marine current turbines.

This also implies that in the calculation of the inertia tensor in Equations (50)—(52), the
inertia tensor caused by the added mass of the MCTs must be taken into account. Therefore,
Equation (52) can be redefined as indicated in Equation (94).

Lotor = ImCTurbine + IncTurbine (sumy + IcEn-gearR? (94)

Equation (95) shows the inertia tensor of the clockwise turbine, while Equation (96)
shows the inertia tensor of the added mass of the same turbine. These results were obtained
from the inertial data in Appendix A in [36].

Ivcree O 0 169177 0 0
MiT (MCTTurbine) = 0 Incryy 0 = 0 169584 —2884| kg-m? (95)
0 0 Incrss 0 2884 11241
Inersx (sum) 0 0 107768 0 0
MiT (MCTTurbine (SUM)) = 0 Ivctyy (sum) 0 =| 0 108304 -—1873| kgm? (96)
0 0 Inmctzz (sumy 0 —1873 5413

The difference between these inertia tensors and those of the counterclockwise turbine
is in the sign of the products of inertia of the inertia tensor. The data needed to solve
Equation (94) are, as in the case of the wind turbine, the moments of inertia with respect to
the X axis of the two inertia tensors represented in Equations (95) and (96). Therefore, the
inertia tensors of the counterclockwise turbine are omitted.

In Equations (97) and (98), the moments of inertia necessary to solve Equation (94) are
represented mathematically.

IpmcTurbine = IMCTxx 97)

InvicTurbine (sum) = ImcTax (sum) (98)

2.6. Marine Current Turbines Control System

The control system of the MCTs is designed in FHYGSYS in the same way as for the
wind turbine. It is also based on two gain scheduled PID controllers: one to control the
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torque of the generators (Mgen(f)), and another to control the collective pitch angle of the
blades (pitcn (t))-

Each of the controllers of the two MCTs act individually. This means that when the
three turbines of the floating hybrid system are in operation, there are three PID controllers
governing each turbine independently, but not in a coordinated way.

The gain scheduled of both the torque and collective pitch angle controllers of the two
MCTs are the same.

Table 12 shows the gain scheduled for the torque controller.

Table 12. Marine current turbine generator torque gain scheduled PID controller.

Current Speed ! MCT Speed 2 Proportional Gain Integration Time
Vswir (m/s) Qgp(t) (rpm) Kpopy () Tigey ()

0.5 3.37 0.300 30
0.65 4.363 0.150 30

0.8 5.356 0.100 30
0.95 6.349 0.090 30

1.1 7.35 0.080 30
1.25 8.355 0.070 40

1.4 9.36 0.060 50
1.55 10.21 0.050 60

1.7 10.77 0.045 70
1.85 11.32 0.045 80

2.0 1147 0.040 80
2.03 11.5 0.040 150
21t03.0 11.5 0.030 150

1 Sub-surface current speeds at the still water level. 2 Data derived from [34,35].

Completing the data from the control system of the MCTs, Table 13 shows the gain
scheduled for the collective pitch angle controller.

Table 13. Marine current turbine blade pitch gain scheduled PID controller.

Current Speed ! MCT Speed 2 Proportional Gain Integration Time Trigger Offset Factor
Vswr (m/s) Qgp(#) (rpm) Kppy () Tipya (6) Friigg(on) (%)

0.5t02.0 3.37 to 11.47 0 1 0
2.03 11.5 0.0015 9 12

21 115 0.0012 10 10
2.25 115 0.0012 10 10

24 11.5 0.0012 10 10
2.55 115 0.0012 10 10
2.7 115 0.0012 10 10
2.85 11.5 0.0012 10 10

3 11.5 0.0012 10 10

1 Sub-surface current speeds at the still water level. 2 The data are from [34,35].

3. Results

In order to present the work carried out as completely as possible, we performed two
simulations in which a fluid velocity sweep is made from the lowest to the highest value at
which the turbines can operate. These maximum and minimum values of fluid velocity are
those shown in the gain schedules in Tables 4, 6, 12 and 13. In each test, the most relevant
magnitudes are represented, whose calculations were described throughout Section 2.

In this section, the titles of the figures that include graphs of the different magnitudes
as well as the nomenclature that appears in them are the same used by FASTvS.
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3.1. Test 1. Wind Speed Sweep from 3 to 25 m/s

Figure 14 shows the configuration of Test 1, in which a sweep of wind speeds was
made from 3 to 25 m/s, with a direction of zero degrees, a sub-surface current speed of
0 m/s, and without the presence of waves.

(0 deg)
l Line 1
Initial Position (t=0) *
X
= .

(120 deg) Line 2 Line3 = (240 deg)

Y

Wind Thrust 3 to 25 m/s
Figure 14. Test 1 conditions. Sweep of wind speeds from 3 to 25 m/s and direction of 0 degrees.

As shown in Figure 14, in Test 1, the “OC3-Hywind” version without MCTs imple-
mented in FHYGSYS was used. As can be seen in Figure 15a, the sweep of wind speeds was
carried out increasing the wind speed (Viy_rrr) by 1 m/s every 300 s. Tests were performed
for all of these speeds and a code-to-code comparison was made with simulations carried
out with FASTv8 under the same conditions, obtaining satisfactory results. Two examples
of these validation simulations are shown in Appendix B.

Wind Speed Sweep from 3 to 25 m/s Electrical Generator Power (GenPwr)
30 o 10,000 2

9,000 -
8,000 -
7,000 -

6,000 -
5,000 - T W W WP U N

[
(=]

4,000 -
3,000 -
2,000 -
1,000 -

0 T T T T T T T » 0 T T T T T T T »
0 900 1,800 2,700 3,600 4,500 5400 6,300 7,200 0 900 1,800 2,700 3,600 4,500 5,400 6,300 7,200
Time (s) Time (s)

(a) (b)

Figure 15. Wind speed and electrical power generated by the wind turbine: (a) wind speed sweep;

=

Wind Speed (m/s)
&
Electrical Power (kW)

w
L

(b) electrical generator power, Equation (65).

Figure 15b shows the graph of the electrical power generated (Prrg(t))—the main
magnitude of the installation—in which it reaches the maximum power from a wind
speed of 12 m/s. Figure 16 shows the graphs of the six degrees of freedom of the floating
hybrid system.
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Displacement (m)

Platform Translational Surge, Sway, and Heave Displacements

Platform Rotational Roll, Pitch and Yaw Displacements
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(a) (b)

Figure 16. Linear and angular degrees of freedom in the wind turbine test: (a) linear degrees of
freedom; (b) angular degrees of freedom.

An increase in surge and pitch was observed as the wind speed increased and just
when the power generated reached its maximum; as the wind speed continued to in-
crease, these degrees of freedom decreased. However, in sway and roll, an increase was
observed whenever the wind speed increased, with the variations in heave and yaw of
little relevance. These results corresponded to those expected, considering the angle of inci-
dence of the wind on the floating hybrid system (see Figure 14) and that the wind turbine
rotated clockwise.

Figure 17 shows the behavior of the two input magnitudes that control the wind
turbine (see Figure 9): electrical generator torque (Mgen(#)) and collective blade pitch
angle (¢pjic(t)). It was also observed how these affected the rotor aerodynamic torque
(Quero(t)) and the rotor speed (Qyotor(t)) of the turbine.

The electrical generator torque opposes the rotor aerodynamic torque to achieve the
desired rotor speeds until the rated generator torque (QGeN—_rateq) 1S reached (see Table 2).
At this wind speed, which is approximately 12 m/s, the rated rotor speed (€2,,4.4) is reached
(see Table 2). From that wind speed, the collective blade pitch angle is responsible for
slowing down the increase in rotor aerodynamic torque and keeping the rated rotor speed
as stable as possible.

Figure 18 shows the relationship between the rotor thrust (Try,,s (t)) exerted by the
wind turbine and the rotor aerodynamic power (Papro(t)) present in the low-speed shaft
with their respective coefficients: the thrust coefficient (Cr(t)) and the power coefficient
(Cp(t)) respectively. Figure 18a shows how the rotor thrust increases as the wind speed
increases until the rated generator torque is reached. From this wind speed, the collective
blade pitch angle behaves like an aerodynamic brake, decreasing the rotor thrust exerted
by the wind turbine as this angle increases.

The rotor aerodynamic power behaves in a similar way to the electrical generator
power (see Figure 15b), settling around the maximum power of the wind turbine once
the rated rotor speed is reached. Figure 18c shows how the Cr(f) stabilizes around 0.8 for
intermediate wind speeds and how it decreases drastically as the wind speed increases
once the rated rotor speed is reached. The Cp(t) behaves in a similar way to the Cr(t),
showing a high efficiency—considering the Betz limit [2-4]—for intermediate wind speeds,
decreasing as the wind speed increases once the wind turbine reaches the situation of
maximum wind energy absorption.
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Figure 17. Aerodynamic and electrical torque, rotor speed, and collective blade pitch angle in
the wind turbine test: (a) rotor aerodynamic torque, Equation (47); (b) rotor speed, Equation (58);
(c) electrical generator torque, Equation (81); (d) collective blade pitch angle, Equation (87).

It is common to use graphical representations of Cp — TSR to evaluate the efficiency of
the wind turbine [2—4], in which the maximum value that can be reached is below the Betz
limit. This representation can also be made by normalizing the Cp(t) value with the Betz
limit [2], obtaining 27Cp/16 — TSR graphs like the one shown in Figure 19b, which shows
the evolution of Cp(t) between 0 and 1 as a function of the TSR(t). Analyzing Figure 19b,
it can be observed that the maximum efficiency of the wind turbine is around 0.85, obtained
for a TSR(t) between 8 and 9. Comparing these observations with Figures 18d and 19a, it
was verified that the maximum efficiency of the wind turbine occurred for intermediate
values of wind speed, in which a higher Cp(t) was obtained.
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Figure 18. Aerodynamic thrust and power and their coefficients in the wind turbine test: (a) rotor
thrust, Equation (62); (b) rotor aerodynamic power, Equation (67); (c) thrust coefficient, Equation (71);
(d) power coefficient, Equation (70).
Figure 19 shows the tip-speed ratio (TSR(t)) and the 27Cp/16 — TSR curve.
Rotor Tip-Speed Ratio (RtTSR) 27Cp/16 - TSR curve
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Figure 19. Tip-speed ratio and 27Cp /16 — TSR curve in the wind turbine test: (a) tip-speed ratio,
Equation (72); (b) 27Cp /16 vs TSR graphic representation.
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Figure 20 shows the control actions of the two PID controllers, with which their

behavior can be analyzed.
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Figure 20. Control and integral control actions of the wind turbine PID controllers: (a) generator

torque control action, Equation (79); (b) collective blade pitch angle control action, Equation (85);

(c) generator torque integral control action; (d) collective blade pitch angle integral control action.

Comparing Figures 17c and 20a, it was observed that the control action (up,, (t))
of the torque controller manages the value of the generator torque (Mgen(t)) when it is
positive, since when it reaches negative values the generator torque takes the value of the
rated generator torque (QGEN_rated)- This behavior is consistent with the modeling of the
generator torque actuator shown in Table 5.

As indicated in Section 2.4.2, a design criterion of the control system is that when the
collective blade pitch angle is greater than zero, the torque controller forces the generator
torque to be equal to the rated generator torque. For this reason, around 2700 s, although
the torque control action still delivers positive values, since the pitch angle already takes
positive values (see Figure 17d), the value of the generator torque is equal to the rated

generator torque.

Similarly, the control action (up;,j,(t)) of the collective blade pitch controller (see
Figure 20b) manages the value of the pitch angle when it is negative. However, due to
the value of the trigger offset factor (Fryjg0(2)), it is possible for the pitch controller to start
working before the rated rotor speed is exceeded, obtaining positive pitch angle values in
this situation. This behavior is also consistent with the modeling of the collective blade pitch
angle actuator shown in Table 7. Figure 20c,d shows the behavior, by way of illustration, of
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the integral control actions of the controllers; these are part of the control actions, as can be
deduced from Equations (79) and (85).

The scaling of Figures 16, 17b,d, 18a,c,d, 19 and 20 was conducted in the same manner
as that of the equivalent figures of Test 2, in order to more easily compare the results
between the two tests.

3.2. Test 2. Sub-Surface Current Speed Sweep from 0.5 to 3 m/s

Figure 21 shows the configuration of Test 2, in which a sweep of sub-surface current
speeds was made from 0.5 to 3 m/s, with a direction of zero degrees, a wind speed
of 0 m/s, and without the presence of waves.

AX

Initial Position (t = 0)

Y

i

Sub-Surface Current Thrust
0.5to3 m/s

Figure 21. Test 2 conditions. Sweep of the sub-surface current speeds from 0.5 to 3 m/s and direction
of 0 degrees.

As shown in Figure 21, Test 2 uses the complete mathematical model of the floating
hybrid system made up of the three turbines (as shown in Figure 1), although in this case,
the wind turbine was stopped due to the absence of wind.

As can be seen in Figure 22a, the sweep of sub-surface current speeds (Vg1 ) is carried
out in two sections. The first from 0.5 to 2 m/s, and the second from 2.1 to 3 m/s. In each
of them, the speed also increased by 0.15 m/s every 300 s.

Sub-Surface Current Speed Sweep 0.5 to 3 m/s Electrical Generator Power (GenPwr)
35 a 1,000 3
900 4 —Clockwise Turbine
3 —Counterclockwise Turbine
800
525 Z 700 -
g =2
5 2] 5 600 |
& £ 500 A
5151 £ 400
3 2 300
200 A
0.5 1
100 4
0 T T T T T > 0 ! T T T T >
0 900 1,800 2,700 3,600 4,500 5,400 0 900 1,800 2,700 3,600 4,500 5,400
Time (s) Time (s)

(a) (b)

Figure 22. Wind speed and electrical power generated by the marine current turbines: (a) wind speed
sweep; (b) electrical generator power, Equation (65).

Figure 22b shows a graph of the electrical power generated, in which it reached the
maximum power from a sub-surface current speed of approximately 2 m/s.
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Displacement (m)

Platform Translational Surge, Sway, and Heave Displacements

Figure 23 shows the graphs of the different degrees of freedom of the floating hybrid
system, but in this case, two simulations were included under the same conditions: one
with the turbines running and generating power, and another in which the turbines are
stopped. This is because the density of the fluid, in this case seawater, is almost a thousand
times greater than that of air, so the interaction of the sub-surface current on the floating
platform is by no means negligible.
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Figure 23. Linear and angular degrees of freedom in the marine current turbines test: (a) linear
degrees of freedom; (b) angular degrees of freedom.

When analyzing Figure 23, it can be deduced that most of the displacements produced
did not come from the thrust of the MCTs, but rather from the effect of the sub-surface
current on the floating platform.

Figure 24 shows the two magnitudes that control the MCTs as well as their relationship
with the rotor aerodynamic torque and the rotor speed of the turbine.

Figure 24 shows three of the magnitudes that can be compared with the results
presented in [34,35], with this comparison proving satisfactory. These are the rotor aerody-
namic torque, the collective blade pitch angle, and the rotor speed of the turbine.

Figure 25 shows, in this case, the relationship between the rotor thrust exerted by
the MCTs and the rotor aerodynamic power present in the low-speed shaft with their
respective coefficients.

Figure 26a shows another magnitude that can be satisfactorily compared with the
results presented in [34,35], the tip-speed ratio. Figure 26b shows the 27Cp /16 — TSR curve
in which a maximum efficiency of MCTs around 0.8 was observed.

Finally, Figure 27 shows the control actions of the generator torque and collective
blade pitch angle controllers.
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Figure 24. Aerodynamic and electrical torque, rotor speed, and collective blade pitch angle in
the marine current turbines test: (a) rotor aerodynamic torque, Equation (47); (b) rotor speed,
Equation (58); (c) electrical generator torque, Equation (81); (d) collective blade pitch angle,
Equation (87).

The reasoning described in the previous section for Test 1 is extensible for the interpre-
tation of most of the graphs represented in this section. However, it is interesting to verify
the operation of the MCTs as a result of the application of the gain scheduled of the two
controllers shown in Tables 12 and 13.

In the graphs in which the results are indicated for the clockwise turbine and for the
counterclockwise turbine, only one line appeared because the results were superimposed.
This was due to the orientation of the current with respect to the floating hybrid system
(see Figure 21), which caused mooring lines 2 and 3 to act symmetrically (see mooring
lines numbering in Figure 14). This situation was also caused by the fact that the marine
current turbines rotated in opposite directions, counteracting the moments produced in
each of them (see Figure 13). This did not occur in Test 1 since the wind turbine only rotated
clockwise, causing increases in the sway and roll degrees of freedom as seen in Figure 16.

Using FHYGSYS, more magnitudes can be plotted such as the angle of attack
(@ attack (av)(t)), the axial induction factor (axif ay)(t)), and the angular induction fac-
tor (anif 4y (t)), which are obtained through Equations (73) to (75), respectively.
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Figure 25. Aerodynamic thrust and power and their coefficients in the marine current turbines test:
(a) rotor thrust, Equation (62); (b) rotor aerodynamic power, Equation (67); (c) thrust coefficient,
Equation (71); (d) power coefficient, Equation (70).
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Figure 26. Tip-speed ratio and 27Cp /16 — TSR curve in the marine current turbines test: (a) tip-speed
ratio, Equation (72); (b) 27Cp /16 vs. TSR graphic representation.
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Figure 27. Control and integral control actions of the marine current turbine PID controllers:
(a) generator torque control action, Equation (79); (b) collective blade pitch angle control action,
Equation (85); (c) generator torque integral control action; (d) collective blade pitch angle integral

control action.

3.3. Comparison of Mooring Line Tensions between Tests 1 and 2

Concluding the presentation of results, it is interesting to highlight the behavior of
the mooring system in each of the tests performed. Figure 28 shows the tensions in the
fairleads of the mooring lines in both cases.

Figure 28b shows that mooring lines 2 and 3 suffered much higher tensions in Test 2
than those in Test 1. This was mainly due, as seen in Figure 23a, to the thrust caused by the
sub-surface current on the platform floating. This is an effect that occurs in spar-buoy type
systems. In other concepts such as the semisubmersible floating system [52], this problem
is minimized.

In Test 2, the graphs of mooring lines 2 and 3 appeared superimposed by the symme-
tries produced and explained in the previous section. While differences were observed in
the same mooring lines of Test 1 (Figure 28a), this was because there was only one turbine
that rotated clockwise in Test 1, causing a moment that was not countered.

In Test 1, it was also observed that when there was a decrease in thrust—around
2700 s—the tension in mooring lines 2 and 3 decreased, and increased in mooring line 1.
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Figure 28. Tension on the fairleads of the mooring lines in Tests 1 and 2: (a) mooring line tensions in
Test 1; (b) mooring line tensions in Test 2. T[1], T[2], and T[3] are the nomenclature used by FASTv8
for the fairlead tensions in mooring lines 1, 2, and 3.

4. Discussion

This work presents the modeling of the turbines of a floating hybrid system—wind
and two marine current turbines (see Figure 1)—using the BEM theory, integrating this
modeling in the FHYGSYS tool.

It was possible to obtain a reliable mathematical model since the version of OC3-
Hywind implemented in FHYGSYS has been validated through a code-to-code comparison
with simulations carried out under the same conditions with FASTv8. Appendix B shows
the comparison of results for two wind speeds: 11 and 15 m/s. Similar comparisons were
made for all of the wind speeds in Test 1, obtaining results with a precision similar to that
presented in the results in Appendix B.

The operating results of the marine current turbines shown in Section 3.2 using the
floating hybrid system model shown in Figure 1 were also validated by comparing the
results obtained with the magnitudes available in [34,35].

The results presented in Section 3 also allow us to deepen our understanding of the
operation of wind and marine current turbines over their entire working range, thanks to
the number of magnitudes for which information is available.

Analyzing the results presented in Section 3, it was observed that at low speeds,
logically, the power generated was low. It was also observed that until the turbines reached
their rated rotor speed, as the fluid velocity increased, so did the power and thrust exerted
by the turbines. Once the rated rotor speed was reached, the pitch angle controller came
into operation and from that situation, as the fluid speed increased, the power stabilized,
progressively lowering the thrust exerted by the turbines. This is an example of the great
influence that the blade pitch angle has on the aerodynamic or hydrodynamic behavior of
the turbines.

Another issue to highlight from the results is the influence of the sub-surface current on
the floating platform (spar-buoy), since, as can be seen in Figure 23, the greatest percentage
of the thrust on the floating hybrid system is not caused by the marine current turbines. In
fact, in this figure, it can be seen that when the rated rotor speed was reached at around
3300 s, the thrust on the floating system decreased due to the reduction in the thrust of the
marine turbines. This issue forces the mooring system to suffer high tensions for which it
must be correctly sized. There is also the possibility of studying the use of other concepts
of floating wind turbines that minimize this problem such as the semisubmersible floating
system [52].

The incorporation of the modeling of the turbines using the BEM theory allows, for
example, to study the behavior of these at start-up when they are stopped. However, one
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of the most important issues achieved with this work is having the possibility of designing
different control systems simply by replacing the control system shown in Figure 9 with a
different one.

In this work, a first control system was developed based on two PID controllers that
control the rotor speed of the turbine by controlling the generator torque and controlling the
collective blade pitch angle. Because the floating hybrid system presents a clearly nonlinear
behavior, a gain scheduled was implemented for the torque and pitch PID controllers of
the wind turbine and the marine current turbines. This is a relatively simple control system
with which the speed of the turbines is controlled. When the three turbines are running,
the controllers operate simultaneously but not in a coordinated manner.

For this reason, future works will address cooperative control strategies that allow
for the establishment of coordinated control actions in order to optimize the energy per-
formance and the structural stability of the floating hybrid system. Based on this idea
and using FHYGSYS, multivariable control systems—multi-input multi-output (MIMO)
systems—can be designed, thus improving the operation of the floating hybrid system. In
addition, control strategies can also be designed that allow for the use of marine current
turbines as actuation elements, making them work as a twin propulsion system actuator, to
help in the stability of the system in adverse weather conditions.

As with the control system, the modeling of the actuators that intervene on the floating
hybrid system can also be modified (see Figure 9). This allows for the application of other
approaches different from the one described in Section 2.4 for the modeling of the actuators.

Another important possibility offered by turbine modeling using BEM theory is to
predict the behavior of turbines for which operating data are not available. This allows
future works to evaluate other marine current turbine designs with different dimensions,
different hydrodynamic profiles, etc.

Finally, it is intended to conclude this series of works describing the mathematical
model implemented in FHYGSYS from the point of view of the computer techniques used.
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Acronym list
ANSYS
BEM

CFD

DOF
FAST
FHYGSYS
HAWC2
HAWT
MCT
MIMO
NREL
0oC3
OLAF
OWT

PID

PLC
RTHS
SHYFEM
SOWFA
WRP
Symbol List

anif(t)
anif v (t)
ATurbine
axif(t)
axif(ay)(t)

ﬂXifmax
“rotor(t)
14

Cp

CL
Cno(t)

CoMpwTirpine (BODY) (t)

Cp(t)
Cr(t)
Cro(t)

D(h)

Azpni (MCT)

.
dF pade ij (BoDY) (1)

.
AF thrust ij (BoDY) (1)

dFtorque
dFtorque ij (t)

Swanson Analysis Systems

Blade Element Momentum theory

Computational Fluid Dynamics

Degrees Of Freedom

Fatigue, Aerodynamics, Structures, and Turbulence
Floating Hybrid Generator SYstems Simulator
Horizontal Axis Wind turbine simulation Code 2nd generation
Horizontal Axis Wind Turbine

Marine Current Turbines

Multi-Input Multi-Output

National Renewable Energy Lab

Offshore Code Comparison Collaboration
cOnvecting LAgrangian Filaments

Offshore Wind Turbines
Proportional-Integral-Derivative

Programmable Logic Controller

Real-Time Hybrid Simulation

System of HYdrodynamic Finite Element Modules
Simulator for Wind Farm Applications

WAMIT Reference Point

angular induction factor of the wind turbine

(or marine current turbine)

mean value of angular induction factor

area of the wind turbine (or marine current turbine)

axial induction factor of the wind turbine

(or marine current turbine)

mean value of axial induction factor

value of Glauert correction whose value is 1/3

low-speed shaft angular acceleration of the turbine rotor
power law exponent

aerodynamic (or hydrodynamic) drag coefficient
aerodynamic (or hydrodynamic) lift coefficient
aerodynamic (or hydrodynamic) normal coefficient
center of mass of the wind turbine

center of mass of the wind turbine expressed in the mobile
coordinate system

power coefficient

thrust coefficient

aerodynamic (or hydrodynamic) tangential coefficient
tgwer diameter to calculate the vector

U WIND tower—shadow (BODY) (h)

value that corrects the Z component of the p,,; (pcr) () To
calculate the shadow effect in a marine current turbine
resultant of the differential forces of blade element i of blade j
expressed in the mobile coordinate system

differential of thrust force

differential of thrust force of blade element i of blade
differential of thrust force vector of blade element i of blade j
expressed in the mobile coordinate system

differential of torque force

differential of torque force of blade element of blade j
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=
dF torque ij (BODY) (t)
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AM piage ij (BoDY) (F)

deitching
de'
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e(t)
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Ea—min
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F piade j (BODY) (1)

Fcenterfshadow

Fdown—shadow

FHubfloss(t)
— WIND TURBINE

Fe(BopY) (t)

Floss(t)

Eihrust
N
F Thyust (BODY)(t)

FTip—loss (t)
Ftorque
FTrigg
FTrigg(%)
Fup—shadow
i

Irotor
TwTurbine

IMCTurbine

InicTurbine (sum)

Iwrxxs IWtyy, IWTzz

Ivmerxe Imetyy, IMCT22
IvcTax (sum) Imcyy (sum)

IncrTzz (sumy

Lenora
INERTIAL
MBODY
N
M 4ero (BODY) (t)

differential of torque force vector of blade element i of blade
expressed in the mobile coordinate system

resultant of the differential moments of blade element i of blade j
expressed in the mobile coordinate system

differential of pitching moment

blade elements or blade differentials

direction of the wind velocity vector

error value of a PID controller

direction of the sub-surface current velocity vector

value of the percent relative error to calculate the values of axif (t)
and anif (t)

minimum value of the percent relative error whose

value is 5-10~°

resultant of the forces of blade j expressed in the mobile
coordinate system

factor that represents the shadow effect of the central tube of the
marine current support

factor that represents the shadow effect of the lower tube of the
marine current support

hub-loss factor

vector of wind turbine forces and moments expressed in the
mobile coordinate system

total turbine losses

thrust force

total thrust vector produced by the wind turbine expressed in the
mobile coordinate system

Prandtl’s tip-loss factor

torque force

pitch controller trigger offset factor

trigger offset factor

factor that represents the shadow effect of the upper tube of the
marine current support

symbol to refer to a specific blade element

total inertia of the wind turbine rotor

wind turbine moment of inertia about this x axis (Iyy1yy)
marine current turbine moment of inertia about this

x axis (Iycrax)

marine current turbine moment of inertia about this x axis
(ImcTxx (sum)) to calculate added mass

wind turbine moments of inertia

marine current turbine moments of inertia

marine current turbine moments of inertia to calculate

added mass

symbol to refer to a specific blade

term of anif (t) equation

term of axif () equation

proportional gain of a PID controller

proportional gain of the torque PID controller

proportional gain of the collective blade pitch

angle PID controller

chord length of a blade element

transformation matrix that allows changing between the inertial
coordinate system and the mobile coordinate system

total moment caused by the aerodynamics on the turbine
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Muerofshaft (t)
—
M biage (BoDY) (1)

—
M biade j (BoDY) (£)

Mgen(t)

MGEN —shayt(t)
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M yup (BoDY) (1)

—
M hup i (BoDY) ()

INERTIAL
MHT gopy

MIT (WTurbine)
M (MCTurbine)

Mt (MCTurbine (sum))
Mpitch

—
M yitching (BoDY) (t)
Mpitching ](t)

—

M itching j (BoDY) (1)

Mrotor (t)

.
M 1ot0r (BODY) ()

.
M Tprust (BoDY) (£)

—
M Thrust j (BoDY) (1)

wgen(t)

(t)
Qrotor(t)
Qsp(t)
wsp
Pagro(t)
Pere(t)
Paec(t)
Pni

Wrotor

Pni(BLADE)
Pni(BODY)

Pni(INERTIAL)
Pnoj (BoDY)(t)

Puij (BoDY) (t)

low-speed shaft aerodynamic torque or moment (torque) about
the shaft of the turbine

moment vector caused by the blades on a turbine

resultant of the moments of blade j expressed in the mobile
coordinate system

high-speed shaft generator torque

low-speed shaft generator torque

total moment vector originated by the force vector from the bases
of the blades to the center of mass of the turbine

moment vector originated by the force vector l? blade j (BODY) (1)
from the bases of the blades to the center of mass of the turbine
homogeneous transformation matrix that allows for changing
between the inertial coordinate system and the mobile coordinate
system

wind turbine rotor inertia tensor

marine current turbine rotor inertia tensor

marine current turbine rotor inertia tensor to calculate

added mass

resultant of pitching moment on a turbine

pitching moment

total pitching moment vector

pitching moment originated in blade j

pitching moment vector originated in blade j expressed in the
mobile

coordinate system

low-speed shaft torque

low-speed shaft torque vector expressed in the mobile
coordinate system

total moment vector produced by the wind turbine at the origin
of the mobile coordinate system expressed in the same
coordinate system

moment produced by the resultant of the forces of blade j at the
origin of the mobile coordinate system expressed in the same
coordinate system

difference between the angular speed to be reached () and
the high — speed shaft angular speed ()

high-speed shaft angular speed of the generator

low-speed shaft angular speed of the turbine rotor
low-speed shaft angular speed of the turbine rotor

expressed in rpm

set point of low-speed shaft angular speed expressed in rpm
set point of high-speed shaft angular speed

rotor aerodynamic power

electrical generator power

mechanical power or low-speed shaft power

center of each of the blade elements

center of each of the blade elements expressed in a blade
coordinate system

center of each of the blade elements expressed in the mobile
coordinate system

center of each of the blade elements expressed in the inertial
coordinate system

center point at the base of blade j

center of blade element i of blade j expressed in the mobile
coordinate system
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P Attack (t)

P Attack (AV) (t)
@pitcn(t)
PTwist

lprotar (t)
Quaero(t)

Y Turbine
RtAeroF

RtAeroM

PAIR

PSEA WATER

4

Ty

Tigen
ipitch

TThrust(t)

TSR(t)

o(1)

u(t)

UMeen (t)

ipitch(t)

U Bj thrust

N

U Bj thrust (BODY)

N

U Bj torque (BODY)

-
iM] pitching (BODY)
ishaft

U shaft (BODY)
Vo(t) or Vo j(t)

Vo (av) (1)

Vi—a(t)

Vrel(t)

th(t)

Vw _REF

Vwinp ()

.
U i EFF—Bj thrust(BODY) (t)

o
U i EEE=WIND(BODY) (1 1)

;pni (Bopy) (t)

—
0 pui (INERTIAL) (£)

N
v sscur(opy) (h)

—
U SSCUR support—
shadow (BODY)(h)

—
U WIND(BODY) (h)

—
U WIND(INERTIAL) (h)

angle of attack between velocity V,;(t) and the chord line of
each blade element

mean value of angle of attack

collective blade pitch angle

twist angle of a blade element

angular position of the turbine rotor

magnitude of vector

turbine radius

total rotor aerodynamic forces (thrust)

total rotor aerodynamic moments (torque)

density of air whose value is 1.225 kg/m?

density of seawater whose value is

local solidity

derivative time of a PID controller

integration time of a PID controller

integration time of the torque PID controller

integration time of the collective blade pitch angle PID controller

magnitude of vector 1? Thrust (BODY) (£)

tip-speed ratio

angle between V,,;(t) velocity and a blade vertical plane
control action of a PID controller

control action of the torque PID controller

control action of the collective blade pitch angle PID controller
thrust

thrust unit vector or vector perpendicular to blade expressed in
the mobile coordinate system

torque unit vector expressed in the mobile coordinate system
pitching

pitching expressed in the mobile coordinate system

shaft unit vector

shaft unit vector expressed in the mobile coordinate system

. —
magnitude of vector v ,; grr—p; thrust(BoDY) (f)
mean of the magnitude of the effective wind velocity vector
normal velocity to the vertical plane of each blade
magnitude of the wind velocity reaching each blade element
tangential velocity to the vertical plane of each blade
magnitude—or mean wind speed—of the wind velocity vector at
the reference height
wind speed at the height of the center point of each
blade element (p,,;)
effective wind velocity vector at node i of expressed in the mobile
coordinate system
effective wind velocity vector at node i expressed in the mobile
coordinate system
velocity vector of the center point of each blade element (p,;;)
expressed in the mobile coordinate system
velocity vector of the center point of each blade element (p,,;)
expressed in the inertial coordinate system
sub-surface current velocity vector of the vector field rotated by
the corresponding angle ¢ expressed in the mobile
coordinate system
sub-surface current velocity vector considering the support
shadow effect
wind velocity vector of the vector field rotated by the
corresponding angle ¢ expressed in the mobile coordinate system
wind velocity vector of the vector field rotated by the
corresponding angle § expressed in the inertial coordinate system
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—
U WIND tower—

shadow (BODY)(h)
Xpnir Ypnir Zpni

wind velocity vector considering the tower shadow effect

x, y and z components of p,,;gopy) (t) point

Kpni (MCT)/ x, y and z components of p,,;pcr) (f) point

Ypni (MCT)7 Zpni (MCT)

ZREF reference height of the wind velocity vector

zwinD (1) height to calculate the magnitude of the wind velocity vector
Appendix A

This appendix presents the central points (p,;) of each blade element as well as the
points that allow for the calculation of the unit vectors associated with the blades and used
on multiple occasions throughout this work. Table A1 shows the central points of the wind
turbine blades. The points expressed in the mobile coordinate system are in their initial

position for a wind direction (6) equal to zero degrees.

Table A1. Central points of the wind turbine blades.

Node

PuiLADE) (M)

Prigopy) (@)
(Blade 1)

Puigopy) (@)
(Blade 2)

Priopy) (m)
(Blade 3)

0 (blade base)
1

IO U= WD

9

10

11

12

13

14

15

16

17

18 (blade tip)

19 (Surge positive unit)
20 (Sway negative unit)
21 (Heave positive unit)

0,0, 0) (—5.126, 0, 91.52) (—5.322, —1.299, 89.28) (—5.322, 1.299, 89.28)
(0,0, 1.3667) (—5.067, 0, 92.88) (—5.441, —2.482, 88.60) (—5.441, 2.482, 88.60)
(0,0,4.1) (—4.948, 0, 95.61) (—5.679, —4.846, 87.25) (—5.679, 4.846, 87.25)
(0,0, 6.8333) (—4.828, 0, 98.34) (=5.917, —7.211, 85.90) (=5.917,7.211, 85.90)
(0,0, 10.25) (—4.679, 0, 101.8) (—6.214, —10.17, 84.21) (—6.214,10.17, 84.21)
(0,0, 14.35) (—4.500, 0, 105.9) (—6.571, —13.72, 82.19) (—6.571,13.72, 82.19)
(0,0, 18.45) (—4.322, 0, 110.0) (—6.927, —17.26, 80.16) (—6.927,17.26, 80.16)
(0, 0,22.55) (—4.143,0,114.1) (—7.284, —20.81, 78.14) (—7.284,20.81, 78.14)
(0, 0, 26.65) (—3.964, 0, 118.1) (—7.641, —24.36, 76.12) (—7.641,24.36, 76.12)
(0,0, 30.75) (—3.785, 0, 122.2) (—7.997, —27.90, 74.09) (—7.997,27.90, 74.09)
(0,0, 34.85) (—3.606, 0, 126.3) (—8.354, —31.45, 72.07) (—8.354, 31.45, 72.07)
(0,0, 38.95) (—3.427,0,130.4) (—8.711, —35.00, 70.04) (—8.711, 35.00, 70.04)
(0,0, 43.05) (—3.249, 0, 134.5) (—9.067, —38.55, 68.01) (—9.067, 38.55, 68.01)
(0,0, 47.15) (—3.070, 0, 138.6) (—9.424, —42.09, 65.99) (—9.424, 42.09, 65.99)
(0,0, 51.25) (—2.891, 0, 142.7) (—9.781, —45.64, 63.97) (—9.781, 45.64, 63.97)
(0, 0, 54.6667) (—2.742, 0, 146.1) (—10.08, —48.60, 62.28) (—10.08, 48.60, 62.28)
(0,0, 57.4) (—2.623,0, 148.9) (—10.32, —50.96, 60.93) (—10.32, 50.96, 60.93)
(0, 0, 60.1333) (—2.503, 0, 151.6) (—10.55, —53.33, 59.58) (—10.55, 53.33, 59.58)
(0,0, 61.5) (—2.444, 0, 153.0) (—10.67, —54.51, 58.91) (—10.67, 54.51, 58.91)
(1,0,0) (—4.127, 0, 91.47) (—4.329, —1.337,89.17) (—4.329, 1.337, 89.17)
0, -1,0) (=5.126, —1,91.52)  (—5.398, —0.7990, 88.41) (—5.247,1.799, 90.14)
0,0,1) (—5.082, 0, 92.52) (—5.409, —2.164, 88.78) (—5.409, 2.164, 88.78)

The calculation of the unit vectors u p; tpyust, U Bj torque, A0A U pj pitching Was carried
out using Equations (A1)—-(A3), respectively.

.
U Bj thrust = Pn19 (BODY) — Pn0 (BODY) (A1)
.

U Bj torque = P20 (BODY) — Pn0 (BODY) (A2)

.

U Mj pitching = Pu21 (BODY) — Pn0 (BODY) (A3)

These points rotate along with the blades and the subtraction at each moment produces
the unit vector in the desired direction.

Figure A1 shows the floating hybrid system in its initial position as well as the num-
bering of each blade.
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Blade 1
Clockwise
Blade 3
Blade 2
Blade 1
Clockwise LY Blade 1
Blade 2 %\ Counterclockwise
Blade 2

Initial Position (t = 0)
Figure A1. Floating hybrid system in its initial position.

Table A2 shows the central points of the clockwise marine current turbine blades.
The points expressed in the mobile coordinate system are in their initial position for a

sub-surface current direction (¢) equal to zero degrees.

Table A2. Central points of the clockwise marine current turbine blades.

PuioDy) (M)

PuioDy) (M)

Node PuiLADE) (M) (Blade 1) (Blade 2)
0 (blade base) (-1.1,0,0) (-09,17.1, —19) (-09,17.1, —21)
1 (—-1.1,1.075, 0) (—=0.9,17.1, —18.93) (—=0.9,17.1, —21.08)
2 (-1.1,1.3607,0)  (—0.9,17.1, —18.639)  (—0.9,17.1, —21.36)
3 (—1.1,1.7821, 0) (—=09,17.1, —18.22) (—0.9,17.1, —21.78)
4 (—1.1,2.2036, 0) (—=0.9,17.1, —17.80) (—=0.9,17.1, —22.20)
5 (—1.1, 2.625, 0) (—0.9,17.1, —17.38) (—0.9,17.1, —22.63)
6 (—1.1,3.1342,0) (—0.9,17.1, —16.87) (—0.9,17.1, —23.13)
7 (—1.1,3.7313,0) (—=0.9,17.1, —16.27) (—=0.9,17.1, —23.73)
8 (—1.1,4.3283, 0) (—=0.9,17.1, —15.67) (—0.9,17.1, —24.32)
9 (—1.1,4.9253, 0) (—0.9,17.1, —15.08) (—0.9,17.1, —24.93)
10 (—1.1,5.5223, 0) (—=0.9,17.1, —14.48) (—=0.9,17.1, —25.52)
11 (—1.1,6.1193, 0) (—=0.9,17.1, —13.88) (—0.9,17.1, —26.12)
12 (—1.1,6.7164, 0) (—0.9,17.1, —13.28) (—0.9,17.1, —26.72)
13 (—1.1,7.3134, 0) (—=0.9,17.1, —12.69) (=0.9,17.1, —27.31)
14 (—1.1,7.9104, 0) (—=0.9,17.1, —12.09) (—=0.9,17.1, —27.91)
15 (—1.1, 8.5074, 0) (—=09,17.1, —11.49) (—0.9,17.1, —28.51)
16 (—1.1,9.1045, 0) (-=0.9,17.1, —10.89) (—=0.9,17.1, —29.11)
17 (—1.1,9.7015, 0) (—0.9,17.1, —10.30) (—0.9,17.1, —29.70)
18 (blade tip) (-1.1,0, 10) (—0.9,17.1, —10) (—0.9,17.1, -30)
19 (Surge positive unit) (—=0.1,0,0) (0.1,17.1, —19) (0.1,17.1, =21)
20 (Sway negative unit) (-1.1,-1,0) (—0.9,16.1, —19) (—0.9,18.1, —21)
21 (Heave positive unit) (-1.1,0,1) (-09,17.1, —18) (—=0.9,17.1, —22)
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Table A3 shows the central points of the counterclockwise marine current turbine
blades. The points expressed in the mobile coordinate system are in their initial position
for a sub-surface current direction (&) equal to zero degrees.

Table A3. Central points of the counterclockwise marine current turbine blades.

PuiBopy) (M)

Puiopy) (M)

Node PuiBLADE) (M) (Blade 1) (Blade 2)
0 (blade base) (-1.1,0,0) (=09, —-17.1, —19) (=09, —17.1, —-21)
1 (—1.1,1.075, 0) (=09, -17.1,-1893) (0.9, —17.1, —21.08)
(—09, —171,
2 (—1.1,1.3607, 0) —18.639) (—=0.9, -17.1, —21.36)
3 (—1.1,1.7821, 0) (-09, —-17.1, —18.22) (0.9, —17.1, —21.78)
4 (—1.1,2.2036, 0) (=09, -17.1, -17.80) (0.9, —17.1, —22.20)
5 (—=1.1,2.625,0) (=09, -17.1,-17.38) (0.9, —17.1, —22.63)
6 (—1.1,3.1342,0) (=09, -17.1, -16.87) (—0.9, —17.1, —23.13)
7 (—1.1,3.7313, 0) (=09, -171, -16.27)  (—0.9, —17.1, —23.73)
8 (—1.1,4.3283, 0) (=09, -17.1, -15.67) (=09, —17.1, —24.32)
9 (—1.1,4.9253, 0) (=09, —-17.1, —15.08)  (—0.9, —17.1, —24.93)
10 (—1.1,5.5223, 0) (=09, -17.1, —14.48) (-09, —17.1, —25.52)
11 (—1.1,6.1193, 0) (=09, —-17.1,-13.88) (—0.9, —17.1, —26.12)
12 (—1.1,6.7164, 0) (=09, -17.1, —-13.28) (0.9, —17.1, —26.72)
13 (—1.1,7.3134,0) (-09, —17.1, —12.69)  (—0.9, —17.1, —27.31)
14 (—1.1,7.9104, 0) (=09, -17.1, -12.09) (-0.9, —17.1, —27.91)
15 (—1.1, 8.5074, 0) (=09, -17.1,-1149) (09, —17.1, —28.51)
16 (—1.1,9.1045, 0) (=09, -17.1, -10.89) (—-0.9, —17.1, —29.11)
17 (—1.1,9.7015, 0) (=09, -17.1, -10.30) (—0.9, —17.1, —29.70)
18 (blade tip) (—-1.1,0, 10) (—-0.9, —-17.1, —10) (—-0.9, —17.1, —30)
19 (Surge positive unit) (—=0.1,0,0) 0.1, —17.1, —-19) 0.1, —17.1, —21)
20 (Sway negative unit) (-1.1,1,0) (0.9, —16.1, —19) (—=0.9, —18.1, —21)
21 (Heave positive unit) (-1.1,0, -1) (—0.9, —17.1, —20) (—-0.9, —17.1, —20)

Appendix B

To validate the mathematical model of the turbines using the BEM theory developed

in this work, two tests are presented: the first with a wind speed (Viy_ggr) of 11 m/s in
which, as indicated in Table 4, only the generator torque PID controller is in operation,
and the second with a wind speed (Viy_rgr) of 15 m/s, in which, as indicated in Table 6
and explained in Section 2.4, both the generator torque PID controller and the collective
blade pitch angle PID controller are in operation. Both tests do not include the effect of
sub-surface currents or the effect of waves.

To carry out a code-to-code comparison between the results obtained with FHYGSYS
and those obtained by FASTv8 under the same conditions, the version of OC3-Hywind
implemented in FHYGSYS was used.

In this appendix, in all of the figures in which the results obtained using FHYGSYS
were compared to those obtained with FASTv8 appear (Appendices B.1 and B.2), both the
titles of the figures and the nomenclature included were the same as those used by FASTvS.

Appendix B.1. Test B1. Wind Speed 11 m/s and Direction 70 Degrees

The adjustment of the FASTv8 parameters to carry out a simulation with the same
conditions as FHYGSYS, was the same as that indicated in the introduction of Appendix E
in [36], with the differences shown in Tables A4 and A5. In the Supplementary Materials,
there is a video with the simulation of Test B1.
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Table A4. Changes in “NRELOffshrBslinesSMW_InflowWind_12mps.dat”.

Section Parameter Original Value Modified Value
PropagationDir 0 -70
Parameters for steady wind conditions HWindSpeed 0 11

Table A5. Changes in “NRELOffshrBslineSMW_OC3Hywind_ElastoDyn.dat”.

Section Parameter Original Value Modified Value
. . RotSpeed 11.89 0
Initial conditions NacYaw 0 70

Figure A2 illustrates the orientation of the floating system toward the direction of the wind.

Initial Position (t = 0)
Y 270° > @ c 90
’I ]
- "‘ :'

Wind Thrust
11 m/s

Figure A2. Test B1 conditions. Wind speed 11 m/s and direction of 70 degrees.

Platform Translational Surge, Sway, and Heave Displacements Platform Rotational Roll, Pitch and Yaw Displacements
30 2 6 a
—FAST8 Test 5 | —FASTS Test
25 —FHYGSYS Test 4 - —FHYGSYS Test
PtfmSwa; = 3
20 4 B PtfnPitch
E 3 24
E15 _§ 1 -GI/\/¥
3 R IvaN fi b
% 10 - S PtfmYaw
2 PtfmSurge =
<) g2 -
5 g
<-3
0 T~~~ — > —4 1
PtfmHeave =5 A PtfmRoll
S P
0 50 100 150 200 250 300 350 400 450 500 550 600 0 50 100 150 200 250 300 350 400 450 500 550 600
Time (s) Time (s)

(a) (b)

Figure A3. Linear and angular degrees of freedom of Test Bl: (a) linear degrees of freedom;
(b) angular degrees of freedom.
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(f)

Figure A4. Torque and power of Test Bl yielded by the wind turbine modeling: (a) rotor aerody-
namic torque; (b) rotor aerodynamic power; (c) low-speed shaft torque; (d) low-speed shaft power;
(e) electrical generator torque; (f) electrical generator power.
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Figure A5. Thrust and rotor speed of Test Bl yielded by the wind turbine modeling: (a) rotor thrust;

T ™

(b) rotor speed.
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Figure A6. Collective blade pitch angle and outstanding coefficients of Test Bl yielded by the wind
turbine modeling: (a) blade pitch angle; (b) power coefficient; (c) tip-speed ratio; (d) thrust coefficient.
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500 500,000 -
b —FASTS Test ? —FASTS Test
400 —FHYGSYS Test 400,000 4 —FHYGSYS Test
300 4 —FASTS Test 300,000 |
200 - A FHYGSYS Test E 200,000 HydroMyi
Z 100 - Z 100,000
) " P~ = -
3 HydroFxi € HydroMzi
= —100 E*IO0,000 1
~200 < 200,000 |
=300 HydroFyi —300,000 -
—400 —400,000 - A
HydroMxi
-500 ¥ ~500,000 ¥
0 50 100 150 200 250 300 350 400 450 500 550 600 0 50 100 150 200 250 300 350 400 450 500 550 600
Time (s) Time (s)
(a) (b)
Total Integrated Hydrodynamic Loads from both Potential Flow and Fairlead Tensions T[1], T[2], T[3]
Strip Theory at the WRP. Heave Force 2,000 3
82,000 4 1,800 1
81,800 | 600
§1,600 | ’ T3]
1,400 -
81,400 |
81,200 - Z 11200
Z =2
3 81,000 - g 1,000 ]
g o
£ 80,800 - - e e e T £ 800 4
HydroFzi 600 -
80,600 - T[2]
| 400 -
80,400 —FASTS Test
80,200 200 1 —FHYGSYS Test
80,000 T T T T T T T T T r r g 0 T T T T T T T T r T T >
0 50 100 150 200 250 300 350 400 450 500 550 600 0 50 100 150 200 250 300 350 400 450 500 550 600

Time (s)

()

Time (s)

(d)

Figure A7. Total integrated hydrodynamic loads from both the potential flow and strip theory at the
WRP point and mooring system fairlead forces of Test B1: (a) surge and sway forces; (b) roll, pitch,
and yaw moments; (c) heave force; (d) force on the fairleads of the floating platform of each mooring
line. T[1], T[2], and T[3] are the nomenclature used by FASTvS for the fairlead tensions in mooring
lines 1,2, and 3.

In Figure A7, the WRP point (WAMIT reference point) is named; this point corresponds
to the origin of the inertial coordinate system (see Figure 1) [53]. In Figures A4a and A5a,
the FASTVS results shown corresponded to the modulus of the total rotor aerodynamic
loads, where we applied Equation (A4) for Figure A4a and Equation (A5) for Figure Aba.

RtAeroM = \/ RtAeroMxh? + Rt AeroMyh? + Rt AeroMzh? (A4)

RtAeroF = \/ RtAeroFxh? + Rt AeroFyh? + Rt AeroFzh? (A5)

Appendix B.2. Test B2. Wind Speed 15 m/s and Direction 0 Degrees

As in the previous case, the adjustment of the FASTv8 parameters to carry out a
simulation with the same conditions as with FHYGSYS was the same as that indicated in
the introduction of Appendix E in [36], with the differences shown in Tables A6 and A7. In
the Supplementary Materials, there is a video with the simulation of Test B2.
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Table A6. Changes in “NRELOffshrBslinesSMW_InflowWind_12mps.dat”.

Section Parameter Original Value Modified Value
PropagationDir 0 0
Parameters for steady wind conditions HWindSpeed 0 15

Table A7. Changes in “NRELOffshrBslineSMW_OC3Hywind_ElastoDyn.dat”.

Section Parameter Original Value Modified Value
.\ - RotSpeed 12.1 0
Initial conditions NacYaw 0 0

Figure A8 shows the orientation of the floating system toward the direction of the wind.

X
Initial Position (t = 0)
—
Wind Thrust
15 m/s

Figure A8. Test B2 conditions. Wind speed 15 m/s and direction of 0 degrees.

Platform Translational Surge, Sway, and Heave Displacements Platform Rotational Roll, Pitch and Yaw Displacements
30 4 10 4
b —FASTS Test 9 f —FASTS Test
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g 0 PtfmSurge [ PtfmPitch
3 £
[ B2
| <1 PtfmRoll
PtfmHeave 0
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5y oY
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Time (s) Time (s)

(a) (b)

Figure A9. Linear and angular degrees of freedom of Test B2: (a) linear degrees of freedom;
(b) angular degrees of freedom.
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Figure A10. Torque and power of Test B2 yielded by the wind turbine modeling: (a) rotor aerody-
namic torque; (b) rotor aerodynamic power; (c) low-speed shaft torque; (d) low-speed shaft power;
(e) electrical generator torque; (f) electrical generator power.
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Figure A11. Thrust and rotor speed of Test B2 yielded by the wind turbine modeling: (a) rotor thrust;
(b) rotor speed.
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Figure A12. Collective blade pitch angle and outstanding coefficients of Test B2 yielded by the wind
turbine modeling: (a) blade pitch angle; (b) power coefficient; (c) tip-speed ratio; (d) thrust coefficient.



J. Mar. Sci. Eng. 2023, 11, 1634

60 of 62

Total Integrated Hydrodynamic Loads from both Potential Flow and
Strip Theory at the WRP. Surge and Sway Forces

Total Integrated Hydrodynamic Loads from both Potential Flow and
Strip Theory at the WRP. Roll, Pitch, and Yaw Moments

300 —FASTS Test 800,000 3 —FASTS Test
4o T FHYGSYS Test 700,000 7 —FHYGSYS Test
300 —FASTS Test 600,000 -
200 Mﬁﬂ FHYGSYS Test F 500,000 |
2 100 . % 400,000
%’ 0 4+— s i~ AQA’AHE,.’ g 300,000 - HydroMyi
£ -100 Q 5 200,000 |
~200 = 100,000 - HydroMxi
=300 oU
-400 HydroFyi 100,000 - HydroMzi
-500 ~200,000 ¥
0 50 100 150 200 250 300 350 400 450 500 550 600 0 50 100 150 200 250 300 350 400 450 500 550 600
Time (s) Time (s)
(a) (b)
Total Integrated Hydrodynamic Loads from both Potential Flow and Fairlead Tensions T[1], T[2], T[3]
Strip Theory at the WRP. Heave Force 2,000 4
82,000 5 —FASTS Test
’ 1,800 —FHYGSYS Test
81,800 -
1,600 - —FASTS8 Test
81,600 1,400 | FHYGSYS Test
$1,400 |
81200 | 21,200 T
= 81,000 | . 31,000 4 i el
2 50,800 _J\[\/\/\f\f\/\/\/\/v\«\ww £ 800 \/\/\/_\/—\
80,600 - 600 - (1]
80,400 - 400 1
$0,200 - 200
BO00 -+ S e
0 50 100 150 200 250 300 350 400 450 500 550 600 0 50 100 150 200 250 300 350 400 450 500 550 600
Time (s) Time (s)
(c) (d)
Figure A13. Total integrated hydrodynamic loads from both the potential flow and strip theory at the
WRP point and mooring system fairlead forces of Test B2: (a) surge and sway forces; (b) roll, pitch,
and yaw moments; (c) heave force; (d) force on the fairleads of the floating platform of each mooring
line. T[1], T[2], and T[3] are the nomenclature used by FASTvS for the fairlead tensions in mooring
lines 1, 2, and 3.
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