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Nomenclature

v perturbed wind speed

v average wind speed

n kind of the mechanical eigenswing excited by the rotation movement
An magnitude of the eigenswing n

[ eigenfrequency of the n eigenswing

Py mechanical power of the wind turbine with dynamic perturbations

Pyp mechanical power captured by the wind turbine without dynamic perturbations
o air density

R radius of the area cover by the blades, OB part

Cp power coefficient

c pitch angle of the turbine blades

IR tip speed ratio, at radius R

Ir local speed ratio, at radius r

r radius of the rigid part of the blades, OA part

m order of the harmonic of an eigenswing

Anm normalized magnitude of g,

Zam distribution of the m-order harmonic in the n eigenswing

hn modulation of the n eigenswing

GPum phase of the m-order harmonic in the n eigenswing

n wave elevation for x, y position as a function of time

g vector of harmonic wave amplitudes

9 vector of harmonic wave frequencies

€ vector of harmonic wave phases (random)

¢ vector of harmonic wave numbers

v vector of harmonic wave directions

My one and two-mass models, wind turbine mechanical torque

M three-mass model, wind turbine flexible blade part mechanical torque
M three-mass model, wind turbine rigid part of the blades mechanical torque
Mstp all models, tower and platform stiffness torque due to floating surface motion
M, two-mass model, turbine bearing resistant torque

Mian two-mass model, hub and blades viscosity airflow resistant torque

My, two-mass model, shaft stiffness torsional torque

Mpe two and three-mass models, generator bearing resistant torque

Miqe two-mass model, generator viscosity airflow resistant torque

M. all models, electric torque

Mz three-mass model, flexible blades part bearing resistant torque

Mg, three-mass model, shaft stiffness torque between flexible blades part and hub
M,y three-mass model, hub bearing resistant torque

Mipe three-mass model, shaft stiffness torque between hub and generator

Ow marine wave frequency

Wpe two-mass model, angular sped between turbine and generator

Wy one and two-mass models, angular speed of the turbine

We all models, angular speed of the generator

Wpph three-mass model, angular speed between flexible blades and hub

W three-mass model, angular speed of the flexible blades

Wyph three-mass model, angular speed of the rigid part of the blades plus hub
Whpe three-mass model, angular speed between hub and generator

kstp all models, stiffness elastic coefficient due to tower and platform in deep water
ki two-mass model, turbine bearing friction coefficient

Kran two-mass model, hub and blades viscosity airflow coefficient

Ksp two-mass model, shaft stiffness elastic coefficient

Kre two and three-mass models, generator bearing friction coefficient
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Krae two-mass model, generator viscosity airflow coefficient
ks three-mass model, blades flexible part bearing friction coefficient
Kfpn three-mass model, shaft stiffness elastic coefficient between flexible blades and hub
ki three-mass model, hub bearing friction coefficient
Kshe three-mass model, shaft stiffness elastic coefficient between hub and generator
Ope two-mass model, angular deviation
Op two-mass model, turbine shaft angular position
Be two and three-mass models, generator shaft angular position
Oph three-mass model, flexible blades angular deviation to the rigid blades plus hub
O three-mass model, flexible blades shaft angular position
Orpn three-mass model, hub shaft angular position
One three-mass model, rigid blades plus hub angular deviation to the generator
] one-mass model, moment of inertia for blades, hub, tower, platform and generator
Iy two-mass model, blades, hub, tower and platform moment of inertia
Je two and three-mass models, generator moment of inertia
Jp three-mass model, flexible blades part moment of inertia
Jrbn three-mass model, rigid blades part plus hub, tower and platform moment of inertia
isg, Isq stator dq currents
Ly, Ls;  stator dq inductances
Rsa, Ry stator dq resistances
Ugg, Usg  Stator dq voltages
p number of pairs of poles
L mutual inductance
Tor equivalent rotor current
Uer equivalent rotor voltage
igy electric grid injected current
P. electric power
Re electric grid resistance
Lg electric grid inductance
Ugy filter voltage
uy electric grid voltage
Usy converter voltage
iy converter current
U, reference voltage
Ugct capacity bank C; voltage, i.e., continuous rectifier output voltage
Udeo capacity bank C, voltage, i.e., inverter input voltage
Ryc submarine cable resistance
Lyc submarine cable inductance
Cye submarine cable capacity

submarine cable current

1. Introduction

The global energy demand in 2040 is expected to be about 30% higher than that of 2010 [1], so is
predictable that more challenges such as increased environmental problems, depletion of fossil fuels
and unstable oil prices will intensify [2]. The majority of the energy used by the society comes from
the use of conventional fossil fuels [3], but the use of fossil fuels, accounts for 80% of anthropogenic gas
emission [4]. The use of renewable energy sources is crucial in order to decarbonize the energy indus-
try [5] and in recent years there has been a rapid increase in power capacity and energy conversion
from these sources. Mostly, in what regards the use of wind energy [6,7]. Although, onshore wind
energy conversion is less expensive than offshore, for instance, the costs of operation and maintenance
for offshore wind energy conversion are approximately 2-4 times to that of the onshore [8], finding
new suitable available onshore sites is becoming difficult, particularly in Europe [9]. Particularly,
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developments in offshore wind power were achieved with the research and exploitation on floating
wind turbines [10], taking advantage of vast areas of available sea and of favorable wind conditions
which are reported as tending to be considerably better and less variable than onshore ones [11].

Offshore structures are influenced by marine wind and wave dynamics. For instance, the authors in
[12] consider the influence of the floating support structure motion on the strength of the blades and
shaft, and the force induced by the combined rotational, translational and angular motion of the
blades due to the coupling effects of the dynamics. Hence, there is a need to access how important
are the loads in disturbing the conversion in what regards electric energy quality.

Offshore deployment for conversion of wind energy allows the use of higher rotor dimension due to
less restrictions of scale which enables the use of larger turbines. This fact leads to a need for a proper
design of the drive train of the wind turbine besides higher requirement of turbine reliability [13]. So,
the model for an offshore wind turbine system (OWTS) has to take into account the flexibility of the
mechanical structure, due to the height and the tendency to oscillate [14] and will be highly nonlinear.
Oversimplification on the modeling of the OWTS could introduce significant error in the value of the
results.

As wind energy is increasingly integrated into power systems, electric energy quality is becoming a
concern of utmost importance [15]. One of the indices that measure the electric energy quality is the
total harmonic distortion (THD). The standard IEEE-519 imposes a maximum limit of 5% for the elec-
trical current THD. While the application of the standard IEEE-519 is not mandatory for OWTS this
THD value is followed as a guideline for evaluation purpose.

Variable speed operation technology based on the use of permanent magnet synchronous generator
(PMSG) as an alternative to conventional synchronous generators as the advantages generally stated for
wind power applications: the higher efficiency, due to null copper losses in the rotor [16]; the exclusion
of the gearbox, due to ability to operate at low speed [ 17]. A variable speed wind turbine equipped with a
PMSG needs an electronic full-power converter in order to convert the energy captured from the wind
into electric energy at a non-constant frequency into constant one [ 18]. The type of power transmission
technology in offshore depends on the distance between the floating platforms and the grid connection
point. For shorter distances, below 50 km, alternated current (AC) can be used, but for longer distances
direct current (DC) becomes the most suitable solution, since reduced energy losses are presented [19].

This paper presents a model for the simulation of an OWTS. The model considers an offshore
variable-speed turbine with a power output of 2 MW in deep water equipped with a permanent mag-
net synchronous generator using full-power two-level converter (TLC). Also, a submarine cable is con-
sidered to guide electrical energy through a DC link from the variable frequency source to the injected
energy into the electric grid with constant frequency. The wind turbine part of the system rests on a
tri-column triangular floating platform partially submerged with the wind turbine located on top of
one of the columns, and the other two columns have more ballast to stabilize the entire platform.
The platform is moored using a conventional catenary mooring system [20] linking the floating plat-
form to structures made of concrete, which are in turn anchored to the marine soil. The mooring sys-
tem is needed for the floating platform in order to hold the device in place [21]. The layout of the
OWTS is shown in Fig. 1.

The mechanical drive train, the structure and the moving floating surface dynamics is considered by
three approaches, respectively, one-mass, two-mass or three-mass in order to discuss which are more
appropriated in detaining the THD. The three-mass model is considered in order to isolate the aerody-
namics influence on the flexible part of the blades from the rigid one. This isolation is associated with
the two mechanical torques acting on the respective parts of the blades. The controllers used in the con-
verters are proportional integral (PI) ones. Also, pulse width modulation (PWM) by space vector mod-
ulation (SVM) associated with sliding mode (SM) is used for controlling the converters.

The rest of the paper is organized as followed: Section 2 presents the mechanical modeling, taking
into consideration the dynamics associated with the action excited by wind on all physical structure
on a two-mass modeling for the rotor of the wind turbine and generator. Section 3 presents the elec-
tric modeling, taking into consideration the TLC, the submarine cable and the electric grid. Section 4
presents the fractional calculus theory. Section 5 presents the control modeling: PWM by SVM
associated with SM for controlling the converter. Section 6 presents the case studies and the simula-
tion results, using Matlab/Simulink language. Section 7 presents concluding remarks.
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Inverter

Rectifier

Fig. 1. Layout of the offshore wind energy conversion system.

2. Mechanical modeling

The wind speed has a model consisting in a finite sum of harmonic terms with frequencies range in
0.1-10 Hz, given by:

V=1

1+ A sin(w,,t)] (1

The mechanical power of the wind turbine has a model taking into consideration three perturba-
tions of the dynamics associated with the action excited by the wind on all physical structure [22]. The
mechanical power is given by:

3
Py =Py |1+ Zln(t)] (2)
n=1
where
Py = %anzfﬁc,, 3)

The power coefficient is a function of the tip speed ratio and of the pitch angle. The determination
of this coefficient requires the use of blade element theory and the knowledge of blade geometry. Nor-
mally, numerical approximations are advised as for instance the one developed in [23] followed in this
paper and given by:

¢, =073 <1;ﬂ —0.58¢ —0.002¢%™ — 13.2) ol "

1
where

T — (5)
(-002) ~ (3+1)

The mechanical power in (2) is computed by a multiplicative term (3) given by the well-known
formula for the mechanical power captured by the wind turbine without dynamic perturbations
[22]. The perturbations considered are three, respectively: I; the asymmetry in the turbine, I, the
vortex tower interaction and I3 the eigenswings in the blades. Both perturbations are modeled by
a sum given by:

2
In(t) = Ay (Zanmgnm(t)) ha(8) (6)
m=1
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where

Zum(t) = sin (/0[ ma,(t')dt’ + %m) (7)

The dynamics associated with the asymmetry in the turbine is assessed considering the following
data: Ay = 0.01, a;; =4/5, a1 = 1/5, w1(t) = @(t), 1, =0, ¢, =7/2.

The dynamics associated with the vortex tower interaction is assessed considering the following
data: A, = 0.08, ax = 1/2, ax = 1/2, w,(t) = 3w (t) @y =0, ¢y = T/2.

The dynamics associated with the eigenswings in the blades is assessed considering the following
data: A3 = 0.15, as; = 1, w,(t) = 1/2[gq1(t) + 851 (t)], ¢3; = 0.

The marine wave model [24] for all the drive train models is given by:

nx.y,t) =Y 1a(i) cos (i)t + &(i) — p(i)(x cos( (i) +y sin(y(i))] (8)
i=1

The elastic behavior of the tower and platform due to the influence of marine waves, in deep water,
for all the drive train models causes a resistant torque [25] given by:

Mstp = kstp Wy (9)

The behavior of the mechanical drive train of an OWTS has a model consisting in a set of discrete
inertia masses connected together by springs and dampers. The one-mass drive train model considers
all inertia components lumped together, i.e., modeled as a single rotating mass as shown in Fig. 2.

The mechanical torque of the wind turbine subject to a wind without perturbations, in the case of
the drive train described by a shaft with one or two-mass model, considering (3), is given by:

1 prR°w?

My = 5 ———2¢, (10)
2 ,1%

The equation for the one-mass model is based on the second law of Newton, deriving the state

equation for the rotor angular speed at the wind turbine, given by:

d(l)b 1
FZT(Mmb + Mgy — Me) (11)

The drive train configured by two-mass model has a first mass to concentrate inertia of the blades,
hub, tower and platform; a second mass to concentrate the generator inertia. This configuration is
shown in Fig. 3.

Seabed

Fig. 2. One-mass drive train model.
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Fig. 3. Two-mass drive train model.

On the two-mass model the angular deviation due to the stiffness coefficient between turbine and
generator is given by:

Obe = Op — 0e (12)
So, the angular speed of the stiffness element between turbine and generator is given by:
Wpe = Wy — W, (13)

The resistant torque due to friction on the turbine bearing is given by:

My, = kpyp (14)
The resistant torque due to viscosity with the air flow on the rotor hub and the blades is given by:

Man = Kran @} (15)
The stiffness torsional torque due to the elastic behavior of the shaft is given by:

Mgy = KpOpe (16)

The resistant torque due to friction on the generator bearing is given by:

Mre = krewe (17)
The resistant torque due to viscosity with the air flow on the generator is given by:
Mrae = kraewfzg (18)

The equations for the two-mass model are based on the torsional version of the second law of
Newton, deriving the state equation for the rotor angular speed at the wind turbine and for the rotor
angular speed at the generator, given by:

d(l)b _ 1

7*_(Mmb +Mstp _Mrb _Mrah _Msb) (19)
I
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dw, 1
dt ’j:(

The increase in size of the wind turbines implies that the blades are more flexible and tend to bend.
Since the blade bending occurs at a significant distance from the joint between the blades and the hub
is admissible to model the blades by splitting them in two parts. The blade bending dynamics is
explained by a torsional system as shown in Fig. 4.

The first part, OA is defined from the root of the blade to a point of radius r of his wingspan with a
rigid behavior; the second part AB is defined from the point of radius r to the edge of the blade with a
flexible behavior. The rigid part of the blades is formed by sectors OA1, OA2 and OA3and the flexible
part of the blades is formed by sectors A1B1, A2B2 and A3B3.

One of the aeroelastic problems for large wind turbines is due to the fact that the lead-lag and flap
frequencies of the blades may come closer together during the up-scaling of the turbines. This, in com-
bination with stalled flow can result in aeroelastic instabilities [26]. The damage resulted from severe
aeroelastic instabilities producing longitudinal cracks on the flexible part of the blade near the root.
The lead-lag and flap aeroelastic stability of wind turbine blade sections is simulate as a model result-
ing from the combination of a spring-mass-damper-equivalent structural model [27]. The drive train
configured by three masses has a first mass to concentrate the inertia of the flexible part of the blades;
a second mass to concentrate the rigid part of the blades, hub, tower and platform; a third mass to
concentrate the inertia of the generator similar to the second mass of the two-mass model. The con-
nection between the three masses is made through elastic couplings [28]. The three-mass model is
shown in Fig. 5.

Assume a radius r of 2.5 m for the rigid part of the blades, as shown in Fig. 6.

The modeling analysis uses the following assumptions: (1) the wind speed is the same across the
blade radius; (2) the blade span has a modeling consisting of two different rigid blades associated with
the two blade parts; (3) the blade angular speed in flexible and rigid part is almost the same and have
very small fluctuations over the average angular speed; (4) the power coefficient for both parts as a
function of the respective speed ratios has the same value.

The tip speed ratio /g, defined as the ratio of the blade tip speed to the wind speed is given by:
_ (,I)ﬂ,R
T v

Msb - Mre - Mrue - Me) (20)

IR (21)
The local speed ratio A, define as the ratio of the rotor speed at some intermediate radius to the
wind speed [29] is given by:
_ Wl

o = 22 (22)

)y, ® Pitch angle -

Flexible
Blade

B;

Fig. 4. Blade bending dynamic system.
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Rigid blade +hub M, .+M

Mrh+Mshe
Mmrb+Msjbh

M, +M g

Flexible

blade Seabed
Fig. 5. Three-mass drive train model.
O é Rr B
4 D T T T T T T
~~
g 31
N
Tt
S}
<= 1k
Q
0 ) H H ; 7
0 5 10 15 20 25 30 35 40 45
Radius (m)

Fig. 6. Blade radius r and R.

The relation between the respective speed ratios, taking into account the assumptions, is given by:

Ar T .
e =R with g = Wy (23)

The mechanical power for the blade flexible part is given by:
1
Py = jpn(R2 -1, (24)
The mechanical power for the rigid part of the blades is given by:
Py = %pnr2 ’c, (25)

The mechanical torque of the flexible part of the blades subject to a wind without perturbations, in
the case of the drive train described by a shaft with three masses, considering (21) and (24), is given
by:

T (RZ - r2) w3 R

1
R e (26)

Myp =

The mechanical torque of the rigid part of the blades subject to a wind without perturbations, in
the case of the drive train described by a shaft with three masses, considering (22) and (25), is given
by:
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502
PTT Di

1
Mmrb = E )vf D

(27)
On the three-mass model the angular deviation due to the stiffness coefficient between flexible

blades part and hub is given by:
O = O — Orpi (28)

So, the angular speed of the stiffness element between flexible blade part and hub has to satisfy a
relation given by:

Wpph = Wpp — Wrph (29)
The angular deviation due to the stiffness coefficient between hub and generator is given by:

One = Orpn — O (30)
So, the angular speed of the stiffness element between hub and generator is given by:

Wpe = Wrpp — We (31
The resistant torque due to friction on the flexible blade part bearing is given by:

My = kg (32)

The stiffness torsional torque due to the elastic behavior of the shaft between the flexible blade part
and the hub is given by:

Mspon = KsponOon 33)
The resistant torque due to friction on the hub bearing is given by:
Mih = Kin@rn (34)

The stiffness torsional torque due to the elastic behavior of the shaft between the hub and the gen-
erator is given by:

Mshe = ksheehe (35)
The equations for the three-mass model are based on the torsional version of the second law of
Newton, deriving the state equations for the rotor angular speed at the flexible blade part, the rotor

angular speed at the rigid part of the blades plus hub of the wind turbine and for the rotor angular
speed at the generator, given by:

dwﬂ,i 1

i Iy (M = My — Mpon) (36)
d(l)h 1

F :m (Msfbh + Mmrb + Ms[p - Mrh - Mshe) (37)
dw, 1

dte :T(Mshe - Mre - Me) (38)
e

3. Electric modeling

The equations for modeling a PMSG are shown in [30] and are given by:

di 1 . .

d_std = L_sd (usd + pwequlsq - sdlsd) (39)
di 1 : . .

e [usq - pwe(Lsdlsd + Lmler) - qulsq] (40)

dt Ly



90 M. Seixas et al./International Journal of Marine Energy 14 (2016) 80-100

with the electric power given by:
Pe = [usd usq uer][isd isq ier}T (41)

But in (41) due to the consideration of avowing demagnetization of the permanent magnet in the
PMSG [31], a null reference stator direct component current iy, = 0 has to be imposed.

The AC-DC-AC TLC is implemented with twelve unidirectional commanded insulated gate bipolar
transistors in order to implement the rectifier and the inverter functionality [15]. The configuration
considered in this paper for the OWTS with TLC is shown in Fig. 7.

The TLC is an AC-DC-AC converter, having six transistors identified by S;,, used as a rectifier and
with six similar transistors used as an inverter. The rectifier is connected between the PMSG and a
capacitor bank. The inverter is connected between this capacitor bank and a second order filter, which
in turn is connected to an electric grid. The grouping of two transistors connected to the same phase
constitutes the arm y of the converter. The switching variable y, is used to identify the state of the
transistor h in the leg y of the TLC ascertain the switching function of each transistor. The index h with
h € {a, b} recognize the transistor. The index y with y € {a, b, c} recognizes the arms for the rectifier
and y € {d,e,f} recognizes the arms for the inverter. The valid constrains [32,33] for the 7, of each
arm y are given by:

1, (Sey=1 and Sy, =0)
= .. 42
h={o 51 md oo YEa) 42)
The rectifier input voltage is given by:
1 C
usy = § 2Vy - ZV] Uge1, Y € {a,b,c} (43)

j:ﬂ
i#y

The state equation of the DC voltage at the capacity bank C; terminals is given by:

dudd _ 1 < . .
at e (T “

The impedance of the submarine cable is represented by a 7 equivalent electric circuit model, for
the medium line modeling is used [24]. The current in the submarine cable is given by:

dige. 1 .
d =7 (udcl — Udger — Rdcldc) (45)

dt Ly

y=a,b,c y=d,ef
Lac  Rac iy
-{ o{ YV
Ci C;P ?dl.‘ C ~
0 Cr l 1L e,
TIT
Ugy

| |
| |
| |
| |
| |
| |
Offshore | Submarine cable | Onshore

T HVDC-VSC 1

Fig. 7. OWTS with TLC and submarine cable.
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The state equation of the DC voltage at the capacity bank C, terminals is given by:

dud,_-z _ 1 . J .
dt G+ Ca ("“ - ;M) o

The inverter output voltage is given by:

1 f
Uy =3 27y = >0 |Uaes Y €{dief} @

j=d
iy
The electric grid has a model consisting in an equivalent three-phase active symmetrical circuit
with a series of a resistance and an inductance. Hence, for electric current injected into the electric
grid, see Fig. 7 the state equation is given by:
dig, 1 .
W = E (ugy - Rglgy - uy)v ye {dverf} (48)

4. Fractional calculus

Fractional-order controller strategy is supported by the theory of fractional calculus. Fractional cal-
culus generalizes ordinary differentiation and integration calculus and it can be seen as the extension
of it to include an arbitrary, non-integer order, including a complex order. Applications of fractional
calculus theory in controller field have been proposed for OWTS [15] in order to achieve a less har-
monic content. The use of fractional-order PI* controllers can improve properties and controlling abil-
ities over classical PI controllers [34].

The fractional-order operator denoted by ,D¥ [35] is given by:

. R(w) >0
D =11, (1) =0 (49)

JLdn ™, R <0

where R(p) is the real part of the g, if ®(¢) > 0 then p is the order of the derivative, if ®(u) < 0 then -
p is the order of the integration.

Several approaches are possible for defining a fractional-order derivative and a fractional-order
integral. The Riemann-Liouville definition is the most frequently encountered one. The Caputo defini-
tion for the fractional-order derivative is given by:

wﬁm:rmlﬂhfgfgpmdf (50)
where:

rew = [ ytevdy (51)
while the Riemann-Liouville definition of fractional-order integral is given by:

D0 = s [ (¢- 0 e (52

I'(x) is the Euler’'s Gamma function, a and t are the limits of the integration, and u identifies the frac-
tional order.

In this paper, 1 is assumed as a real number that satisfies the restrictions 0 < u < 1. Also, a = 0 and
the following notational convention (D;* = D;* are assumed.
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Other used approach is Griinwald-Letnikov definition: for the fractional-order derivative given by:

oDIf(t) = limh~ “Z 'f(t —rh) (53)

nhNI a

for the fractional-order integral given by:
DHf(t) llmh“Z “ + " fe - rhy (54)

The fractional-order controller design is characterized in comparison with the classic one by having
the additional advantage of augmenting the freedom for achieving an enhanced behavior [34], due to
the advantage of having more criterion than the classical one, implied by the ability of weighting the
past effects at each action of the controller. A fractional-order controller has a dynamical behavior
described by a fractional differential integral equation with a derivative or an integral having at least
a non integer order.

5. Control modeling

A fractional-order PI* controller implement the controller strategy considered in the simulation for
the variable-speed operation of the wind turbine with PMSG and a TLC. The fractional-order PI* con-
troller differential equation is given by:

f(t) = Kpe(t) + K:D; “e(t) (55)

The fractional-order PI* has the advantage of being more flexible than the classical PI controller.
This advantage is due to the existence of one more adjustable parameter, accounting for the intensity
of integration. The transfer function of the fractional-order controller, using the Laplace transform on
(55), is given by:

G(s) =Kp + Kis™ (56)

Taking the order of integration p equal to one in (56), a classical PI controller is obtained. The
option [36] is followed for assessing the values of the parameters and circumvents the modeling of
a mathematical programming problem, which is a different modeling. This type of option is the one
normal in electric power systems to avoid a cumbersome modeling [37] for a fine tuning of parame-
ters. The values of the parameters are given by a tradeoff compromised involving robustness and
dynamics performance using tuning rules and favoring the range [0.4,0.6] for the order of integration
.

The design of PI* controller follows the tuning rules in [36]. Power converters are modeled as a
pure delay [15] and the left-over dynamics are modeled with a second order equivalent transfer func-
tion, following the identification of a step response. The control strategy of the OWTS with a TLC using
PI* controllers has the block diagram is shown in Fig. 8.

The convenient vector selection to ensure stability for the TLC, after being processed by the hys-
teresis comparator in the block of SM control and SVM are given in [15]. The SM control is a lower
level of control as is normally implemented with the PI* controller, for triggering the converters tran-
sistors is used pulse width modulation (PWM) by SVM supplemented with SM. Physical constraints
due to the power semiconductors have to be considered during design phase and simulation studies.
Particularly, the constraint of power semiconductors due to the fact of having a non-infinite switching
frequency, implying that an error on the electric current between the reference value and the control
value have to be tolerated. For instances, finite value of switching frequency of 2 kHz, 5 kHz or 10 kHz
are normally reported.

Based on the Concordia (o — ) transformation, in order to guarantee that the system follows the
sliding surface A(e,;, t), where e, is the error on the electric currents in the af-plane [32], is necessary
that the error trajectory in the neighboring of the sliding surface observes the stability conditions
given by:
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dA(ey, t
Aeyy, ) M8 (57)

dt

The sliding surface in current practice is chosen in way to allow a small error T > 0 for A(e,;, t). This
is due to power semiconductors switching finite frequency. But, for the simulation studies, an imple-
mentation of the switching strategy considered may be implemented by hysteresis comparators per-
forming accordingly to the condition given by:

—T < A(eyp,t) < +7 (58)

This implementation of the switching strategy is implemented in the SM, SVM block, see Fig. 7. The
outputs of the hysteresis comparators are the integer variables d,5 = (J4, d5) [32]. For the TLC the out-
put voltage vectors lie between level 0 and level 1, vector ao and hq are vectors for level 0 and vectors
from b, trough g; are vectors for level 1. The output voltage vectors in the o8 plane are shown in Fig. 9.

The integer voltage variables 6, and d; are given by:

04,05 € {—1,0,1} (59)

For the TLC, the generic output voltage vector selection [32,33] is shown in Table 1.
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Table 1
Generic output voltage vectors selection for the TLC, with the redundant
inner vectors.

55\ 8 -1 0 1
1 e er; fi fi

&1 ao; ho by
1 I c1; dy d,

6. Case study

The wind speed for the operational range of the OWTS is from 5 m/s to 20 m/s and the switching
frequency for transistors are 10 kHz. The mechanical eigenswings are given in [22]. The significant
wave height and the frequency are respectively 10 m and 0.25 Hz. A rated electric power of 2 MW
is considered for the OWTS, more data is in Table 2.

The dynamics associated with the action excited by the wind on all physical structure is considered
by a wind speed profile without perturbations (blue) or with perturbations (green) as shown in Fig. 10.

The marine elevation is shown in Fig. 11.

The fractional controllers parameters are i = 0.5, K, = 50 and K; = 2.6 following [36]. The Discrete
Fourier Transform is used to compute the total harmonic distortion THD given by:

5(1 XZ
THD (%) = 100 - ="=2"1 (60)

Xr
Table 2
OWTS data.
Turbine moment of inertia 5500 x 10° kg m?
Turbine rotor diameter 90 m
Hub height 80m
Tip speed 17.64-81.04 m/s
Rotor speed 6.9-31.6 rpm
Generator rated power 2000 kW
Generator moment of inertia 400 x 10° kg m?
30
25F

Wind speed (m/s)
o S

=

3
Time (s)

Fig. 10. Wind speed without perturbations (blue) or with perturbations (green).
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Fig. 11. The marine elevation.
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Fig. 12. Three-mass model: flexible blade torque, rigid blade plus hub torque, and electric torque. (a) Wind without
perturbations; (b) wind with perturbations.

where X} is the root mean square (RMS) value of the harmonic H, Xr is the RMS value of the funda-
mental component.

The flexible blade torque (blue), the rigid part of the blades plus hub torque (green) and the electric
torque (red) for the three-mass model of the OWTS, without and with wind perturbations are shown
Fig. 12.

For a wind without perturbations the flexible blade torque, the rigid part of the blades plus hub
torque and the electric torque show a difference due to the kinetic energy to be stored in the respec-
tive masses, but after that both torques converge to almost the same value, i.e., the dynamics enters on
an almost stationary state. For a wind with perturbations the flexible blade torque is significantly per-
turbed by the wind, presenting an oscillatory behavior due to the perturbations associated with the
energy captured, which is a significant portion due to the relative lengths of the flexible blade part
in comparison with the rigid one. The rigid part of the blades plus hub torque is also affected but with
smaller intensity. The electric torque is almost the same as with a case of wind without perturbations,
i.e., an identical behavior towards the stationary state is observed.

The rotor angular speed of the flexible blade (blue), the rotor angular speed of the rigid part of the
blades plus hub (green) and the rotor angular speed of the generator (red), without and with wind per-
turbations are shown in Fig. 13.
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Fig. 13. Three-mass model: rotor angular speed of the flexible blade, rigid blade plus hub and generator. (a) Wind without
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Fig. 14. Three-mass model: reference voltage, continuous rectifier output and inverter input voltages for the submarine cable.
(a) Wind without perturbations; (b) wind with perturbations.

For a wind without perturbations the rotor angular speed of the flexible blade, the rotor angular
speed of the rigid part of the blades plus hub and the rotor angular speed of the generator show that
the mass speeds have a convergence to a value identifying the stationary state. For a wind with per-
turbations the rotor angular speeds have a convergence to a value identifying the stationary state with
added small oscillations in comparison with the wind without perturbations.

The submarine cable results for the reference voltage (blue) in what regard the continuous rectifier
output (green) and the inverter input (red) voltages, without and with wind perturbations are shown
Fig. 14.

For a wind without perturbations Fig. 14a shows that the reference voltage on the capacitor banks
is attained with a satisfactory convergence in a few seconds. For a wind with perturbations Fig. 14b
shows that the wind perturbations are attenuated and almost after a few seconds cease to have influ-
ence on the capacitor banks voltage, i.e., the reference voltage on the capacitor banks is attained with a
satisfactory convergence. The wind perturbations are not a cause of significant influence on the capac-
itor banks voltage, i.e., the voltage on the capacitor banks is almost immune to the perturbations as an
implication of what is seen on the behavior of the electric torque.

The DC currents for the submarine cable for one-mass (blue), two-mass (green) and three-mass
(red), without and with wind perturbations are shown in Fig. 15.
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Fig. 15. One, two and three-mass model: DC current for the submarine cable. (a) Wind without perturbations; (b) wind with
perturbations.
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Fig. 16. Wind with perturbations, two and three-mass model: angular deviation.

For a wind without perturbations Fig. 15 shows that the DC current for the submarine cable pre-
sents an oscillatory behavior, with a more intense behavior for the three-mass model as expected
due to the relevance of the added dynamics. For a wind with perturbations the DC currents have added
small oscillations in comparison with the wind without perturbations.

The angular deviation of the flexible blade (blue), 0, the angular deviation of the rigid part of the
blades plus hub (green), 0., for the three-mass model and the angular deviation of the generator (red),
Ope, for the two-mass model are shown in Fig. 16.

Fig. 16 shows an acceptable mechanical stress in the rotor in what regards the torsional effect, but
the oscillations are better revealed with the three-mass modeling.

The average THD of the current injected in the electric grid for one-mass, two-mass and three-mass
models are shown in Table 3.

Table 3 shows that with the TLC, the THD of the output current is lower than the 5% limit imposed
by IEEE-519 standard [38], for the three mass models. The three-mass model shows more sensitive
due to the system dynamics over the one-mass and the two-mass models in what regards THD values.
The comparison of results for the wind with or without perturbations is primarily asserted with the
three-mass model to conclude about the interested in having a more sensitivity modeling.

The three-mass model results for the submarine cable DC current harmonic behavior without per-
turbations (blue) or with perturbations (green) are shown in Fig. 17.



98 M. Seixas et al./International Journal of Marine Energy 14 (2016) 80-100

Table 3
THD of the current injected into the electric grid.
Output current THD (%)
One-mass Two-mass Three-mass
Without perturbations 2.22 243 2.74
With perturbations 3.01 3.61 3.97

B Withour perturbation
With perturbation

0

Magnitude (% DC current max)

0 IJI_”_IIJIJIJuuuuu._u_.._.._.._.._.._.._.~._.._.
0 5 10 15 20 25 30
Harmonic index (n)

Fig. 17. Wind with or without perturbations, three-mass model: DC current harmonic index for the submarine cable.

Fig. 17 shows that the wind with perturbations introduces a harmonic behavior with larger com-
ponent amplitudes while for the wind without perturbations components are almost negligible and is
associated with the marine wave action.

7. Conclusions

A model for an OWTS is presented in order to reveal the interest in considering more than one dis-
crete mass modeling for the drive train, taking into consideration the dynamics associated with the
action excited by the wind and the marine waves on the physical structure. A TLC topology is simu-
lated to connect the offshore turbine through a DC cable to the electrical grid. The simulations are car-
ried out for one, two and three-mass drive train modeling to conclude on the total harmonic distortion
associated with the energy injected into the electric grid and make an evaluation of how the pertur-
bations on the energy captured due to the wind and the marine waves are attenuated at the injection
point. The total harmonic distortion obtained by the simulations is not in favor of a particularly mod-
eling, but nevertheless the three-mass drive train modeling reveals a more accurate observation of the
stress behavior in what regards the torques and the angular deviations subjected by the rotor. The
simulations are in favor of the model for the OWTS, revealing an adequate performance of the system.
Additionally, the case studies prove that offshore OWTS is able to operate with adequacy enactment to
the action due to the wind and the marine waves on the physical structure.
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