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Abstract—The floating wind turbines equipped with permanent
magnet synchronous generators are complex nonlinear physical
systems with multiple degrees of freedom. However, the com-
plexity of these systems, the presence of unmodeled dynamics,
and external disturbances pose challenges in maximizing power
extraction during low-wind periods. This paper focuses on
addressing this challenge for a grid-connected spar-buoy type
floating offshore wind turbine (FOWT) operating in Region II.
We evaluate the performance of the adaptive sliding mode control
and the twisting algorithm to maximize power extraction in the
low-wind region and deliver generated electricity to the grid
considering the dynamic models of these systems. The controllers’
performance is compared against the existing simplified adaptive
super-twisting algorithm under identical operating conditions of
the FOWT. The co-simulation of the National Renewable Energy
Laboratory (NREL) FAST software and the MATLAB/Simulink
demonstrate the robustness of the proposed controllers across
different conditions regardless of disturbance inputs.

Index Terms—Nonlinear robust control, co-simulation, FOWT,
permanent magnet synchronous generator, grid connection.

I. INTRODUCTION

Floating wind turbines offer several economic advantages
over fixed-bottom offshore wind turbines, which are typically
installed using monopiles anchored to the seabed in water
less than 20 meters deep and unlocking new opportunities for
offshore wind power. These advantages include economies of
scale, faster turnaround on investment, and reduced aesthetic
impacts, as discussed in studies such as [1]. Various floating
foundation technologies, each with its merits and demerits, are
illustrated in Fig. 1 of [2]. These technologies are deployed to
harness significant wind energy in offshore areas characterized
by water depths exceeding 60 meters, as noted in [2]. Platform
movements of the spar-buoy type wind turbine shown in Fig. 4
of [3] engender six degrees of freedom motion, facilitated by
a multi-physics-based integration of aerodynamics, electrical
control systems for grid connection, hydrodynamics, and the
dynamics of mooring lines. These movements are caused by
wind speed, wave, and current in the offshore sites.

Over the years, various linear control algorithms have been
developed to address uncertainties in offshore wind systems.
Some of these controllers, such as the linear quadratic regu-
lator, linear parameter varying, gain scheduling proportional

integral, model predictive control, and feed-forward control
[4]-[7] have been utilized to optimize FOWT operations. How-
ever, these linear control algorithms require extensive tuning
effort to compensate for perturbations with unknown bounds
during the operation of spar-buoy floating wind turbines.

Furthermore, the back-stepping control [8] has been em-
ployed for maximum power point tracking (MPPT) by tip-
speed-ratio in low-wind regions. It entails a more complex
analysis and exhibits significantly high tracking errors that
may compromise maximum power point tracking, primarily
due to its dependence on the system model, [8]. Therefore,
there is a need to explore nonlinear control strategies that can
dynamically enhance power generation during low-wind con-
ditions, ultimately contributing to a more favorable levelized
cost of electricity from spar-buoy wind turbines.

This paper presents and evaluates adaptive sliding mode
control and the twisting algorithm for maximizing power
generation by the FOWT generator and facilitating seamless
grid connection within a low-wind region, commonly referred
to as Region II. The aerodynamic power piece-wise equation
(1) delineates the operation of offshore wind turbines into four
distinct regions based on wind speed, as referenced in [5], [7],
[8]. It is formulated as follows
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Here, P, and P,yeq represent the operational and nameplate
aerodynamic power in Watts respectively, D denotes the blade
diameter in meters, p signifies the air density in kgm =3, 3 is

the blade pitch angle in radian, V is the wind speed in ms™!,

A= ‘*’{/R and 7, (A, B) stand for the dimensionless tip-speed-
ratio and power coefficient respectively, R is turbine radius.
This paper addresses Region II where the wind speed is
within the range of the cut-in V iy (4.5ms™ 1), and be-
low the rated values Vigeq (11.4ms~1), [9]. In Region III,
research activity focuses on wind speeds within Viyeq <
V < Vewrow(25ms™1) for power regulation and to reduce the

platform oscillation, [3]. Conversely, Region IV lacks enough




literature, but [10] suggested online and offline active load
reduction control methods for wind speeds above the cut-out
value.

II. MODEL OF THE SYSTEM
A. Spar-buoy type FOWT

The main physical components considered in the dynamic
models of the SMW OC3 Hywind spar-buoy and grid systems
in this study includes the drive train system, the FOWT
generator, and the grid subsystems [4], [9], [11], [12]. The
floating wind turbine linearized model operated within Region
II [13] is written as

i = Az + By, 7, + Bs(B,)B + Bado 2)
z=[¢ ¢ w " €)

where d is the disturbance input to the system, the platform
pitch and the pitch rate are ¢ and QS respectively, 3, is a
constant reference blade pitch angle, such that B = 0, and
the generator torque 7, is required to be maximum to achieve
the control objective. Definitions of the matrices A, By and the
constant coefficient B;, are detailed in [13]. If all the states
are available and measurable, system (2) can be rewritten in
the form

&= f(x) +g(x)-v @)

where f(x) = Az + Bydo with the disturbance input d,
and g(v) - v = By, Ty, the generator torque being the control
input, designed via the generator g-axis stator current subset.
Both f(z) and g(z) contain uncertain functions, hence it
is imperative to design a robust control that will guarantee
maximum generator torque. The dynamic models of both the
generator and the grid are elaborated in the subsequent section.

B. Generator model

The FOWT generator and the drive train models are repre-
sented from [13], [14] for power maximizing power extraction
in Region II with wind speed V. <V < Viged
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where R, represents the generator resistance (§2), 74 and i,
denote the dq stator currents (A), p indicates the number
of pole pairs, Ly and L, are the dq axis inductance (H),
¢y signifies the magnetic flux (Wb), © = [vg v,|T stand
for the generator dq control inputs voltage (V) vector, N,
0N, @ (RPM) denotes

T

represents the gearbox ratio, wy

the generator speed, and 7, % represents the aerodynamic
torque (Nm). When considerinrg a surface mount PMSG,
the generator inductance L, = L, . Incorporating a loss
term P, the generator active power P, and the reactive

loss?

Qe pov;er alte exprf':sseans P, = % (vqiq + Ugid — %PZOS’E),
Qe = 3 (v4ia —vaiq — 3P,,,) and P, = 3R, (ig+ij).

The generated active power is transmitted to the grid for
further distribution to substations and load centers. Details of
nominal values of the generator parameters are in the study
[3]. We consider the grid model [11], [12] in the sequel.

C. Grid model

The grid model when the voltage vector is oriented in the
g-xis, and neglecting the converter losses is represented from
[11]
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denote the grid dq-axis control inputs voltage (V) vector,
respectively. I?, stands for the converter resistance (R), g,
¥, represent the grid dg axis root-mean-square voltage (V),
L, signifies the inductance of the grid-side converter (H), and
w = 2w f, denotes the grid angular frequency. v, denotes
the DC link voltage, C represents the capacitance (F) storing
power flowing in and out of the DC link, P, and @), are the
grid active and reactive power, respectively. The value of the
DC link reference parameter is from [11] and the nominal
values are shown in the sequel.

III. CONTROL OBJECTIVES

The control objective is to maximize power production in
Region II regardless of external disturbances while ensuring
a stable floating platform. To achieve the control objectives,
the control system focuses on optimizing the generator q-axis
current 44, and its reference value 449 is chosen as a function of
the generator speed, allowing for dynamic adjustment of the
current, a function of the electromagnetic torque, to maximize
power extraction. Furthermore, a small constant reference
blade pitch angle of Sy = 0.04 radian [13] at an optimum
efficiency of 7, = 0.48 [9] is maintained to stabilize the wind
turbine operation in Region II.

Generator current references

The control is designed such that the stator currents ¢4 and
14 track their references iqq and 740, respectively defined as
1go = 0 [14] and iy = WI{’W [11], where P, in this study
is the spar-buoy wind turbine rated power related to the partial
load of low wind region. This choice of reference guarantees
maximum power tracking point by maximum torque. The d-
axis current reference i49 = 0, aiming to minimize the drive



train oscillation [3], [14], thereby contributing to the overall
performance and reliability of the wind turbine.

Grid references

The objective of the direct current subsystem is to ensure a
constant grid voltage, as required by the grid code standards
discussed in [11]. This is achieved by controlling the DC link
voltage vq. to track a constant reference v, , as in [11]. The
DC link provides its virtual input 7440 as a reference to the grid
g-axis current 744, and the grid d-axis current ¢gq is controlled
to track its reference igqo = 0; while the grid voltage vector
is oriented in the g-axis to guarantee maximum active power.

IV. CONTROL DESIGN

The dynamic system given by (4) is nonlinear, described as

&= f(x)+g(x)- v
y = h(z). (8)

Here, the terms f(z) and g(z) represent bounded and un-
known nonlinear functions of the state x, v denotes the control
input, and y signifies the system output. The sliding variable
S = S(z,t) is defined such that when S = 0, the system
output converges to zero. A first-order sliding mode occurs
when S = 0, and a second-order sliding mode occurs when
S = S = 0 in finite as discussed in [3], [15], [16] regardless of
the disturbance inputs, if certain conditions which are shown
subsequently are satisfied.

Assumption 1

The sliding variable S(z,t) is defined with respect to the
system output y and assumes a relative degree of unity. Then,
we suppose that S-dynamics reads as [16]

S =T(x,t) + &(z, t)v )

where I'(z, t) and £(z,t) are unknown and bounded functions
such that [I'| < T,,, 0< &, <& <¢,, and &(z,t) # 0
for all x € X t > 0, with Ty, &, and &,s being positive
constants.

Assumption 11

The S-dynamics expressed as

.08 0S8 oS
S = a+%f(x,t)+%g(x,t) v (10)
—_— N —
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with 'y and &, representing known functions, while I',, and
&, denote unknown and bounded uncertainties, respectively. In
the case of the spar buoy-type FOWT subject to uncertainties
and perturbations from various sources, including structural
elasticity in towers, blades, environmental factors, and pa-
rameter variation are represented in the functions f(x,t) and
g(x,t). Despite these disturbances, the control objective is to
design v that ensures that S-dynamic in (12) is forced to a

vicinity of 0. The linearized state feedback for the S-dynamics
is given by

v gio (=To(-) +u) .

In the sequel, the first-order and second-order sliding mode
control [3], [15] respectively, will be applied to u to guarantee
robustness and finite time convergence of the system states
regardless of the disturbance inputs.

(13)

A. Robust controllers
Super-twisting algorithm [15]

The super-twisting algorithm (STW) for control is defined as

U= f’yl\Sﬁ - sign(S) + @

d = —y - sign(9). (14)

Here, u represents the STW control input, subject to the
following sufficient conditions: 7, > % and 722 > 4“&%’# .

13
’Ylfgij, which ensures S = S = 0. The use of fixed gains

i¥11 the STW significantly reduces high-frequency chattering, a
common issue in first-order sliding mode control, as noted by
[16] by its continuous control function, ensuring the conver-
gence of the sliding variable to the sliding surface within a
finite time, regardless of perturbations. The challenge remains
in determining the bounds of perturbations, necessitating sig-
nificant control efforts.

Simplified adaptive super-twisting SAST [17]

To address the aforementioned challenges, the gains 7, and -,
in the STW algorithm (14) are dynamically adjusted online to
counteract disturbances and minimize tuning effort as detailed
in [3], with v, = —2L and v, = —%2. L is adapted online as

L(|S] = ),

L,

. if L> L
I= (15)
if L < L.

Here, ¢ and L,, are small positive constants, with the p
contributing to the accuracy of the system. Studies in [3],
[15], [16] utilize second-order super-twisting algorithm to
demonstrate the stability criterion.

Twisting control [15]

The twisting control (TWT) is a discontinuous controller suit-
able for systems with a relative degree of unity to the sliding
variable, as discussed in [16]. The algorithm is defined as
(16). Details regarding the stability conditions of the positive
constants (; and (5 can be found in the study by [15], [16]

u = —(18ign(S) — (asign(S). (16)



Sliding mode control [16]

The sliding mode control (SMC) is well known for its insensi-
tivity to bounded perturbations and finite time convergence of
complex dynamic systems such as the spar-buoy type FOWT.
The sliding mode control [16] is formulated as

u = —Ksign(9). (17)

K being the control gain ensuring S = 0 in finite time if the
condition K > Cu+n s satisfied. The n-attractive condition
validates a strict rgquirement for finite time convergence of
the sliding variable S towards the origin, SS < —n|S|,
with n > 0, [16]. However, the first-order sliding mode
control has limitations due to chattering challenges engendered
by high-frequency switching functions, potentially affecting
system performance efficiency. To address this, the second-
order sliding mode control, which depends on the sliding
variable S and reduces the chattering effect was introduced.

Adaptive sliding mode control ASMC [18]

The adaptive gain for the sliding mode control (17) of nonlin-
ear systems with disturbances of unknown bounds, ensuring
finite time convergence without over-estimation of gains, are
developed in studies by [18]. The adaptive SMC reads
K|S|sign(|S| — 1), if K > ¢
K= (18)
€, if K <e

where K, € and /i are small positive constants with /i being
responsible for accuracy of the system.

The gain scheduling PI [5] reference controller is used to
compare results obtained from the proposed controllers.

B. Generator control design

The generator g-axis stator current sliding variable

Sq =g — g0 (19)
Sq =g —iq0
- Rs . Ld . f . 1
Sq =——lg —P7—Welg —Pp—Wg — tgo+ — g (20)
q Lq q Lq g Lq g q Lq q
3, ~~
Ty(z,t) Eq(z,t)

where I'y(z,t) = T'go+Tqu. §g(x, t) = &0 +&qu as previously
detailed in (9)-(13). This implies the resistor Ry = Ry +
Ry, the inductors Lg = Lqo + Lgy, Ly = Lgo + Lgy and
the magnetic flux ¢y = ¢,  + ¢,,. Rs0, Lao, ¢,, and Ly
representing the nominal values provided by the nameplate
of the wind turbine is gotten from [3]. Rsy, ¢,,, L4y and
L, denote the uncertainties of the generator parameters. The
sliding variable S, has a relative degree of unity with respect
to vq and its Sy-dynamic is written as in (20). The generator
g-axis control input v, that forces the sliding variable S, — 0

is expressed as in (21)
1
Vg = 7 (_qu(.) + uq)
€00

Vg = Ryoig + pLaoweia + PP ,owe + Laoiqo + Leou,. (21)

where u,, denotes the g-axis robust control law.

C. Grid control design
Direct current link control

The direct current sliding variable

Sde =V, = Vyeo (22)
Sde = Vae = Vaco
. P. 30
S _ e o _ gq 23
dc Ovdu Vgeo 9 Cvdc 9q ( )
Sie ——— Y=
Cac(z,t) Eac(z,t)

where I, (l‘, t) =D, +1,, and &, (1‘, t) = gduO + fdcu as
detailed in (9)-(13) implying the capacitor C = C, +C),; with
C, and C,, being the nominal and uncertain parts respectively.
If igq = igqo is set to design a virtual input for the direct current
link, which is subsequently used as the grid g-axis reference
and the relative degree of Sy with respect to 74q is 1. Then,
the Sg.-dynamic is defined as in (23). The DC link virtual
input (" which forces Sg. — 0 is written as

1
Yoo = ? (7cho(') + udc)
dco

72Peingv 726’1}

0 “de “dcO 0 “de
b = 3 3
Vgq

The u,, denotes the DC link robust control law. It is notewor-
thy that a negative coefficient appears in the DC link control
law, implying a virtual inner loop that ensures i,, serves
as a reference for the grid g-axis current i,. This approach
contrasts with existing procedures detailed in (9)-(13). At the
direct current subsystem, the relationship vgcige = vgqigq holds
[12], where i4. is the DC link direct current in amperes.

ac (24)

Vgq 3 v,

Grid current control

The sliding variable of the grid g-xis is written as

qu = igq - iqu (25)

qu = qu - Zg

. —R,i R . 1

Spq = —28 — Wigg — =L — g0+ — Ugg.  (26)
gq Lg g Lg £q Lg 94

qu

Tyq(z:t) Egq(®,t)

with Uyq(z,t) = g0 + Dgqu and gq(z,1) = &ge0 + gqu
following details in (9)-(13). Hence, R; = Ry + Rgu, Ly =
Lgo+ Lgy. The Syq-dynamic is written in (26) and its relative
degree in relation to the control input v is 1. The control
input v, which forces Sgq — 0 becomes

Voq = : (_ngO(')+u9q)

94 é‘gqo

v,, = Ryoi,, +wLyoiga + ¥, 4+ Lgoieq + Lgou,,

g9q

27)

g4, denotes the grid g-axis robust control law. The nominal
values of the grid parameters are R, = 0.0002 Q, fg =60Hz,
w = 377.04rads™!, ¥ (RMS) = 220V, L, = 0.006 H,
C, = 4.15 x 10~*F, while L,,, Ry, and C, represent the
uncertainties.



V. SIMULATIONS AND RESULTS

This study features the NREL SMW OC-3 Hywind spar-
buoy type floating offshore wind turbine in the FAST software
and MATLAB/Simulink co-simulation. It incorporates 24 de-
grees of freedom of the FAST software, conducted with a fixed
step size of 12.5ms and employs the Euler integration algo-
rithm. To assess the effectiveness of the proposed controllers,

Wind speed (m/s)
—

| | | | |
50 100 150 200 250 300 350 400 450 500
Time (sec)

Fig. 1: Wind speed condition (Region II).

they are compared against established control methodologies,
specifically the simplified adaptive super-twisting and the gain
scheduling proportional integral controllers under identical
conditions including an irregular wave with a significant
elevation of 1.08 meters and a peak spectral period of 9.7
seconds. A mean stochastic wind speed condition 8 ms~!
shown in Fig. 1 and a 15% turbulence intensity characterized
perturbations.

The ASMC and the SAST algorithm parameters are tuned
4 =0.01, e=001, K=01and u=09, L, =0.0001
respectively, to get better performance for both the generator
and the grid control designs. The fixed-gains twisting, super-
twisting and the gain scheduling proportional integral control
parameters are (1 = 2.5, (2 = 2.5, v, = 2.5, v, =24, K, =
2.9 and K, = 2.5, respectively for the generator side control.
The constant gains used for the twisting, super-twisting and
the gain scheduling proportional integral grid side control are
Cix = 30, C2s = 90, 7, = 30, 7,, = 90; K,, = 30 and
K,, = 92 respectively, while the FOWT parameter values are
obtained from [9]. The following bands +5% uncertainties is
considered for the Lg,, Lg, and ¢y, respectively, and £2%
is considered for the Ry, Lgu, Rgu and C respectively.
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Fig. 2: Wave height.

Figure 2 depicts the wave height evolution of ASMC
(red line), SAST(magenta line), TWT(blue line), and the
gain scheduling PI(green line), respectively. The normalized
Damage Equivalent Loads (DEL) for the FOWT mooring lines
forces and the blade root moments are used to compare the
controllers in the sequel.

350
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Fig. 3: Comparison of generator current.

A. Generator side control

Figure 3 shows the tracking performance of ASMC(red),
SAST(magenta), TWT(blue), and the gain scheduling
PI(green) controllers to their reference ¢49(black), which guar-
antees maximum electromagnetic torque. Consequently, max-
imum power is generated within Region II. The generated
power is depicted in Fig. 4 tracking the nameplate reference
power P, associated with the spar-buoy wind turbine partial
load operation.

nerated Power (MWatt)

Al
Wi

I
0 50 100 1 500
Time (sec)

Ge

Fig. 4: Comparison of generated power.

B. Grid side control

The DC link control balances the wind turbine generator
and the grid power. The control guarantees the DC link voltage
control and gives a reference to the grid g-axis current. The
grid current g-axis tracks its reference from the DC link.
Indeed, the controllers exhibit an efficient energy conversion,
facilitating optimal current transfer from the generator-side
subsystem to the grid-side subsystem. Hence, the active power
of the grid is depicted in Fig. 5 for various controllers.

4 !M‘“ e r ASMC
g35 i 15 '_;\' I ,\ ."v‘ ‘,‘,U —z‘Z‘fz‘
ézz f“ﬁﬁ (!! 03 V\ iy W v T4l B o II“Ji
s W 1 | B 220 230 fo |10 70, :‘“

LR (I LY “ﬂ.ﬁ L}ﬁiwx ;‘rl* U
AP T Y L BT
% ‘ H‘,;.gu ,’{ ! iy Lvnwlw il { ,‘L

. I . I I .
50 100 150 200 250 300 350 400 450 500
Time (sec)

Fig. 5: Comparison of grid active power.

Analysis of Blade Moments

Fig. 6 (top) shows the normalized DEL (Damage Equiv-
alent Loads) for the blade root moments, specifically Root-
Mxbl, RootMybl, RootMxb2, RootMyb2, RootMxb3, and



RootMyb3. The DEL values are normalized to a reference
gain-scheduling PI load, typically set to unity for com-
parison. All three methods (ASMC(blue), SAST(orange),
TWT(yellow)) show very similar normalized DEL values,
close to 1, indicating that the differences in blade root mo-
ments among these control strategies are minimal.

" [EEmASVC EESAST [ I ASMC EESAST JTWT]

[ Spup— - - ——
- II II
o B 4 ]

RootMxb1 RootMyb1 RootMxb2 RootMyb2 RootMyb3

Normalized DEL

RootMxb3

I ASMC I SAST [ TWT

Normalized DEL

AP,

Fig. 6: Normalized structural DEL values: (Top) Blade root
moments, and (Bottom) Mooring lines forces.

Analysis of mooring line tension forces

The fairlead (FAIRTEN) points FL1-FL3 and the anchor
(ANCHTEN) points AP1-AP3 shown in Fig. 6 (bottom) repre-
sent the mooring lines tension forces on the floating platform
and seabed attachments respectively. The controllers exhibit
efficient performance hovering within the reference controller.
The SAST has improved performance for FL2 compared to
ASMC and the fixed gain-twisting controllers.

VI. CONCLUSION

The proposed controllers were evaluated using the full
degree of freedom of the FAST multi-physics software in var-
ious scenarios and were compared against simplified adaptive
super-twisting and gain scheduling proportional-integral con-
trollers in terms of power maximization and floating platform
characteristics. Results from performance indicators and sim-
ulations demonstrate the robustness of the controllers across
different conditions. Future studies will focus on implementing
the proposed controllers in other floating wind turbines with
higher nameplate power, such as the DTU 10 MW and IEA 15
MW models, as well as on the OC4 platform [13]. In addition,
developing and applying large-eddy simulation techniques [19]
to assess dynamics behaviors of wind and waves on a wind
farm efficiency is an interest.
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