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This paper investigates the dynamic modeling and robust control of an underactuated
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to estimate and counteract unknown disturbances, where the load induced by wave
is considered as a mismatched disturbance while the load caused by wind is treated
as a matched disturbance. The hierarchical sliding mode controller regulates the
states of such an underactuated nonlinear system. In particular, the first-order sliding
mode differentiator is used to avoid the tedious analytic computation in the sliding
mode control design. The stability of the whole closed-loop system is rigorously ana-
lyzed, and some sufficient conditions are derived to guarantee the convergence of
the states for the considered system. Numerical simulations deployed on both the
design model and the National Renewable Energy Laboratory 5-MW wind turbine
model are provided, which demonstrate great effectiveness and strong robustness of

the proposed control scheme.
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1 | INTRODUCTION

Wind power has drawn more and more attention in recent years,'® with an increasing number of offshore wind turbines installed. This is because
offshore wind resources are of higher quality than the onshore case.*> According to types of foundations, offshore wind turbines can be roughly
categorized as fixed-bottom ones and floating ones. The fixed-bottom turbines are often placed in water with depth up to 60 m. The floating wind
turbines are usually installed in the ocean from 60 m to upwards of 900 m or beyond. Moreover, the floating structures are more economical in
deep water regions and much less dependent on the seabed conditions than the fixed-bottom ones. However, the floating wind turbines are
susceptible to the adverse effect of the loads induced by wind and wave, which would lead to the considerable vibration fatigue damages on the
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wind turbine structures. Therefore, vibration suppression of floating wind turbines becomes a significant topical area of research in order to
reduce their maintenance costs and increase their life cycle.

During the past decade, many efforts have been made to suppress the vibrations of wind turbine by reducing tilt motions of the tower top or
the floating platform. The representative methodologies mainly include passive, semi-active, and active structural control. Passive structural
control systems do not require the power supply with constant parameters, such as tuned mass damper (TMD). An advantage of TMD-based
control is that it does not disturb the power generation while its disadvantage is that it needs extra mass. This disadvantage can be minimized if
an existing turbine component can serve as the mass component, such as the reservoir in a hydrostatic wind turbine.” By comparison with passive
structural control systems, semi-active structural control systems have time-varying parameters that can be tuned during operation, such as semi-
active TMD® and magnetorheological dampers.” Unlike passive control systems, active structural control designs use an actuator to produce a
control force on the mass and structure; its advantage is that a greater impact on the platform pitch or the tower bend angle can be achieved.'®
This paper focuses on active control. Active structural control designs with TMDs installed in the nacelle were considered for vibration suppres-
sion of the floating offshore wind turbines,!! where the H,, multivariable loop-shaping method was used to design an active structural controller.
To simplify the control architecture, a generalized H,, approach was proposed for a TMD on the platform.'2 The TMD-based floating wind turbine
was regarded as a simplified linear model with small angle approximations in other studies.}>'2 However, the floating wind turbine is an
underactuated nonlinear coupled system with both mismatched and matched disturbances. Therefore, it is useful to develop an advanced control-
ler to handle the nonlinearity effectively.

Sliding mode control is a popular robust nonlinear control technique due to its strong robustness against parameter variations and external
disturbances.® Over the past two decades, sliding mode control has been successfully applied to many practical underactuated physical systems,
such as inverted-pendulum systems,'* planar vehicles,'®> mobile robots,*® underwater vehicles,’” and hypersonic vehicles.'® Different from the
existing sliding mode control structures,***® Wang et al.1? proposed a hierarchical sliding mode control scheme, which can be accommodated to

|'19

most second-order underactuated systems. With the aid of the proposed hierarchical sliding mode control,”” an adaptive controller was devel-

t.2° However, the above papers do not consider adverse effects of mismatched disturbances.

oped to stabilize four states of the spherical robo
Although Xu et al.2* considered this issue, their sliding mode control approach was only effective for diminishing disturbance rejections. The
TMD-based floating offshore wind turbine is a more complex underactuated nonlinear coupled system with both matched and mismatched
disturbances. To the authors' knowledge, there is no results reported to design a sliding mode controller for such a system.

Motivated by the aforementioned discussions, a more complete nonlinear dynamic model is established for the TMD-based floating offshore
wind turbine system without linearization. A disturbance observer-based adaptive hierarchical sliding mode control algorithm is proposed to regu-
late both actuated and unactuated degrees of freedom for this nonlinear coupled system with nondiminishing disturbances. Two disturbance
observers are independently designed to estimate both matched and mismatched disturbances respectively, where the estimated accuracy of
each disturbance observer can be adjusted by only one parameter. The established model is divided into two subsystems; several sliding variables
are constructed to develop a hierarchical sliding mode controller for such a system. To reduce the computing burden, the first-order sliding mode
differentiator is used to estimate the derivative of the designed disturbance observer. Finally, strong robustness and excellent control perfor-

mance of the proposed control algorithm are shown by the simulation tests.

2 | SYSTEM DESCRIPTION AND PROBLEM FORMULATION

In this section, we briefly introduce the floating wind turbine with the TMD configuration and establish an underactuated nonlinear coupled

dynamic model.

21 | A TMD-based National Renewable Energy Laboratory 5-MW floating wind turbine

We start with a description of the structure of a TMD-based floating wind turbine as depicted in Figure 1, which is primarily composed of a
rotor-nacelle assembly (RNA), a tower, an ITI Energy platform, a mooring system, and a TMD. The nacelle houses a few mechanical and electrical
components such as the drivetrain, generator, and converters. The tower is mounted on the ITI Energy barge platform. The rigid barge platform is
moored by eight catenary lines to alleviate drifting. The TMD is placed on the barge platform. As shown in Figure 1, the platform has six motion
degree-of-freedoms (DOFs), which includes three translational DOFs (i.e., surge, sway, and heave) and three rotational DOFs (i.e., roll, pitch, and
yaw), where X, Y, and Zrepresent the set of orthogonal axes with their origin denoted by O. The X-axis designates the nominal downwind direc-
tion, the XY-plane represents the mean sea level, and the Z-axis points upward opposite to gravity along the centerline of the unbending tower

2223 is used for

when the platform is undisplaced. In this study, the National Renewable Energy Laboratory (NREL) 5-MW baseline wind turbine
the analysis and control design. The physical parameters of the NREL 5MW baseline wind turbine and the ITI barge platform are listed in

Table 1.24
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FIGURE 1 Schematic of a floating offshore
wind turbine with a tuned mass damper (TMD)
configuration in the platform
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TABLE 1 Parameters of the National Renewable Energy Laboratory 5-WM

wind baseline turbine and the ITI barge platform

Description

Rating power

Rotor orientation

Baseline control

Rotor diameter

Hub height

Cut-in, rated, cut-out wind speed

Cut-in, rated rotor speed

Value

5MW

Upwind

Variable speed, collective pitch
126 m

90m

3m/s, 11.4m/s, 25 m/s

6.9 rpm, 12.1 rpm

Platform size (LxWxH) 40x40x10 m
Rotor mass 110000 kg
Nacelle Mass 240000 kg
Tower Mass 347 460 kg
Platform Mass 5452000 kg
Anchor Depth 150 m

2.2 | Dynamic modeling of a TMD-based floating wind turbine

Note that the fore-aft direction has the largest loading from winds and waves. It is obvious that the highest fatigue damage on the tower is from
this direction. Three most-relevant DOFs originated from the tower first bend mode, the platform pitch motion, and the TMD motion. For model-
ing purposes, the tower is regarded as an inverted pendulum with the structural damping and stiffness, which are modeled as a rotary damper and
rotary spring at the base of the rigid body. The effect imposed on the barge platform from the mooring lines and the hydrodynamics is considered
as a linear spring and a linear damper. Therefore, the kinetic and potential energies of the TMD-based floating offshore wind turbine can be
expressed as

2.1 2.1
o0 + = lop0 + =M 1)

Top = 2 2Me%a>

1
2

1 1
Skip (0 6p)° + 5(Chs+ Crni)05 + mygLicoso; —mpgL,cost),

1
+ Eka (hcsind; —x,,)2 —M48XaSinbp,

Vop =
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where T,, is the total kinetic energy, V,, is the total potential energy, 6; is the bend angle of the pendulum tower from the Z-axis, 6, is the pitch
angle of the platform, x, is the longitudinal displacement of the TMD, I, represents the inertia moment of the tower & RNA, I, is the platform
pitch inertia, m, is the mass of the TMD, ky, is the equivalent pitch restoring coefficient of the tower and RNA, C,; is the hydrostatic pitch restor-
ing coefficient, C,; denotes the linearized pitch restoring coefficient from mooring lines, m; is the total mass of the tower and RNA, g is the gravi-
tational acceleration, L; is the distance from the mass center of the tower and RNA to the reference point O, m,, is the mass of the platform, L, is
the distance from the mass center of the platform to the reference point O, k, denotes the stiffness of the TMD, and h. is the distance from the
mass center of the TMD to the reference point O. The nonconservative forces acting on the tower first bend mode, the platform pitch motion,
and the TMD displacement can be described by

pr = _Aradép - (Brad + Bvis)ép + dfﬁ (Ht _ép) +My, (3)
Fi, = = dup (00— 0p) + Foltr —Cahe (el ) ~ heFactve, @
fLa =Cq (hcét —Xa) + Factivev (5)

where A,,q is the added pitch inertia associated with hydrodynamic radiation, B,,4 is the pitch damping coefficient with respect to hydrodynamic
radiation, B,;s is the linearized pitch damping coefficient with regard to hydrodynamic viscous drag, dy, represents the equivalent pitch damping
coefficient of the tower & RNA, M,, denotes the total wave-excitation pitch moment from diffraction applied at the reference point O, F, is the
aerodynamic rotor thrust acting on the hub, and L, is the height of the hub, c, is the damping coefficient of the TMD, and F. is the force
delivered by the active control system. According to the Lagrange's equation approach, we have

d (oo dlop

dt (aé,,) T, fios (6)
d (3lop\ lop

9 (dtop) _Lop _ 7
dt(ae)) ETA fus )
d (Olop\ Lo _

&(axa ) "X o ®)

where Ly,=Top—Vop. By virtue of (1)-(8), the overall vibration dynamic model of the TMD-based floating offshore wind turbine can be expressed as

(Arad + ’bp)ép == (Chs + le + ktp)gp - (Brad + Bvis + dtp)ép + dtpét
+kip0t + Magxqcos0, —L,gmpsing, + M,,,

@)

lipfs = dipfp — (dip + Cah?)0s + CaheXa + KipOp —kipB:
—kgh?cos;sinG; + kahexacos8; + Ligm; sing; (10)
_Factivehc +Fa'—hhv

MgXq = —CaXa + CahcOt —kaXa + MagSing, +kahcsing; + Factive. (11)

For control purposes, we define state variables as x, = 6, xo = é’p, X3=04 Xa = 04, X5 = Xa, X6 = Xa, and rewrite the whole system (9)-(11) as

X1 =Xz,
) ) (12)
X2 = —0p1X1 —0p2X2 t dp3X3 + dpaXs + Ap5X5 COS X1 —dps SINX1 + dy,
X3 =X4,
X4 = 0Ap X1+ ApoXo —A13X3 —ApaX4 — A5 COS X3 SIN X3 + At Xg + A7 SIN X3 (13)
+ digX5 COS X3 —by U +d,
X5 =Xe,
(14)

X6 =0m1SiNX1 +dm2 SINX3—dm3Xs + AmaXa —AmsXe + bm1U,
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where

1= Chs + le +ktp Ay = Brad + Bvis +dtp 3= ktp Gpa = dtp
pl — ’ p2 — ’ p3 — ’ [ ’
Arad + Ibp Arad + ’bp Arad + Ibp Arad + ’bp
2
. mg8 _ Ly,gm, ke _dyp _dyp +cah?
5= 3 ——F Op6=45 ;7 u=a3=—, 0a2=7—, 044=———,
Amd + Ibp Arad + ’bp ’tp Itp Itp
2
_ ahc _ Cahc _ Ltgmt _ kahc by = hc _ _ kahc
ats = , a6 = y  G7 = , a8 = ) t1=7— Odm1=§, dm2= ,
Itp ’tp ’tp ’tp ’tp mg
_ Ka _ Cahc _GCa boq = _ do = Mw _ thFa
am3 = —, ama = ’ am5 = —, ml = — u_FaCﬂVEv wT A g iz~ .
mgq mgq mgq mg Arad + ’bp ’tp

Note that x5 and x, are the displacement and velocity of the TMD. The TMD is placed on the platform; its displacement and velocity are necessary
to be restricted in scope due to the limited space of the platform (as shown in Table 1). Note that d,, and d, are the external excitations from the
effects of wave and wind. Assume that d,, and d, are the bounded disturbances, which are required to satisfy the conditions |d,,| < D,, and |d,| < D,,
where D,, and D, are positive constants. u is the control input. The control objective is to design a single controller u to guarantee the convergence

of X4, X2, X3, and x4 for the underactuated floating offshore wind turbine in the presence of both mismatched and matched disturbances.

Lemma 1. 2°: The first-order sliding mode differentiator is given by

¢o=ﬂo= —EO\CO—h(t)\%Sign(Co—h(t))+Cl, (15)
{1 = —esign(¢y—no),

where ¢, {1, and 5o are the states of the system (15), ¢ and ¢4 are the design parameters of such a sliding mode differentiator, and h(t) is a known
function. Then, 579 can approach the differential term h(t) with arbitrary accuracy if the initial deviations ¢o—h(to) and 5 —ﬁ(to) are bounded.

Lemma 2. 2% Consider the continuous and differentiable bounded function wi(t), Vt € [to, t4], if wit) satisfies |w(t)| < D, then w(t) is bounded,
where D is a positive constant.

3 | MAINRESULTS

From (12)-(14), it is clear to see that the floating offshore wind turbine with the TMD configuration is a complex underactuated nonlinear coupled
system with both matched and mismatched disturbances. The conventional sliding mode control cannot be directly applied in such a system due
to the existence of underactuated strong coupled features and mismatched disturbances. In this section, we will present both the controller
design and the stability analysis.

3.1 | Disturbance observer-based hierarchical sliding mode control design

Note that the nondiminishing disturbances cause big difficulty in the design of the sliding mode control system, especially for the presence of mis-
matched disturbances. To deal with both matched and mismatched disturbances, two prescribed performance observers are separately developed
to estimate their values for disturbance rejections. According to the assumptions |d,| < D,, and d, < D,, it is obtained from Lemma 2 that both dw
and d, are bounded. It is reasonable to assume that d,, < D,, and d, < D,, where D,, > 0 and D, > 0. Define

_ T
9y =[—ap1, Ap3, Apa, ps, —aps]

fp = [X1, X3, X4, X5 COS X1, sinxl]T,
_ T
®p = [Pp1: Pp3s Ppas Pps: Pps]

Then, it is indicated from (12) that

X2= —Gp2X2+19; fp+dw. (16)
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Using (16), we construct the disturbance observer &w to estimate the mismatched diturbance d,, in the following form:
du = ep + B, X2 + ) 9, (17)
ép = —Bpep + PplpaXa — X2, (18)
¢p = _ﬁp(/’p _/jp fp' (19)
where g, > 0.
Lemma 3. By applying the disturbance observer (17)-(19), the estimation error dy, = dy, —d,, satisfies
Jim dy = A, (20)
where A4 can converge to an arbitrarily small constant.
Proof. Choose the following Lyapunov-like function candidate
1-2
V= 5dW. (21)
The time derivative of V,, can be calculated as
Vi =dy(dy—dy) < —dydy +Dy|dy | (22)
Substituting (16)-(19) into (22), we have
Vi < —diGhy + D[]
= _ﬁp w(dw_&'p _ﬁpx2_§0;8p)+5w‘dw| (23)
= — Byt (dw—d) +Du|d|
~2 o~
= —p,d,, +Dy|dy]|.
Applying Young's inequality,?” based on (23) we have
. ~2  — o~
Vw = —pyd, +Dy|d|
Pp 2 Po2 = |3
=t (‘fde’DW'dW') (24)
—2
Pp2 D,
—Pd + W
2 Ay 24,
From (24), we have
~2 2 D’
b < [ (0) —d (0)) e /ot + =2 (25)
Po
According to (25), we derive
.~ Dy
Jim [l [ < 5 (26)

p

Therefore, the estimation error d,, can converge to any arbitrarily small constant by appropriately selecting one adjustable parameter. In other

words, we can choose a large f, to ensure the excellent estimation performance.
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Similarly, a disturbance observer with prescribed performance is designed to estimate the matched disturbance d, for disturbance rejections.

Define
_ T
9, =[au1, a2, — a3, —ats, Ae, Gt7, Agg]
f2 = [X1, X2, X3, COS X3 SiN X3, X¢, SINX3, X5 cosx3]T,
_ T
Pz = [(/)zl’ P22+ V23> P25 Pz6> P27+ (ﬂZS] .
Then, we rewrite (13) as

X4 = —at4X4+19;' f,—bpu+d,. (27)

In this case, the disturbance observer can be given by

dy=e,+pxa+gld,, (28)
£, = —ﬁzez +/}zar4X4 +/izbt1u —/))§X4, (29)
¢z = _ﬂz(ﬂz _ﬁz va (30)

where 3, > 0.
Lemma 4. The disturbance observer (28)-(30) is designed to guarantee that the estimation error d,=d, —az satisfies

gﬂlaz=A2, (31)
where A, can converge to an arbitrarily small constant.

Proof. Consider the following Lyapunov-like function candidate

(32)

With the similar derivation process as the proof of Lemma 3, the time derivative of V, can be computed from (27)-(30), which can be

expressed as

y ﬁz D
Vi 2d + 2ﬂ (33)
By virtue of (33), we have
~2 A2 D’
d, <[d,(0)~d,(0)] e/ +-Z, (34)
b,
which implies
.~ D
fimd.| < % (35)

Therefore, we can select a large f, such that the estimation error d, converges to any arbitrarily small constant.
As a matter of fact, if both the mismatched and matched disturbances like most reported literatures?®2? satisfy the conditions I|m dw =0 and

I|m d, =0, it is indicated from (26) and (35) that the disturbance observers d and d can track the disturbances d,, and d, of the con5|dered system

t—oo

asymptotically, respectively. It means I|m dw =0and I|m d,=0.

t—oo
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According to the property of the considered system (12) and (13), we split the overall system into two subsystems, where one is (x4, X2, X3,
X4)-subsystem given by (12)-(13) and the other is (x3, x4)-subsystem described by (13). It is important for us to construct proper sliding variables

to regulate the states of two subsystems for vibration suppression. We define the errors

e1 =X, (36)
e =Xo, (37)
€3 = —Ap1X1 —0p2X2 + Ap3X3 + ApaXs + ApsX5 COS X1 —Ape SINX1 + &W, (38)
€4 =X3,, (39)
€5 =X4. (40)

The sliding variable of the (x4, x5, X3, X4)-subsystem is selected as

S1=C1e1 +Cxep teg, (41)

where ¢, and ¢, are positive constants. The time derivative of s, is given by

$1 =c1é1+Caér+és
=C1X1 +CoX2 —0dp1X2 —sz)'(z +ap3x4 + a,,4)'<4 +dps (Xé COS X1 —X5 X2 Sin Xl) (42)

—0peX2 COSX1 +dy.

Substituting (12) and (13) into (42) yields

Sy = (C1 —Gp1)X2 + (Cz —apz)(—ap1x1 —0p2X2 t Ap3X3 + ApaXg + Ap5X5 COS X1 —dpe sinxq

+ dw) +dp3X4 + dp5Xe COS X1 —Ap5X5X2 sinxy —0dpeX2 COSX1 + dy + dpa (at1x1 +0aiX2 (43)
—at3X3 — AraXa — A5 COS X3 SIN X3 + AgsXe T+ Ar7 SINX3 + AigX5 COSX3 —byu+d;).

Then, we have
S1= €1x1+E€x0 + €3X3 +€4xg + €5X5 + LXg — (C2 —GpQ)apé sinxq + (C2 —a,,z)dw +d,, (44)
— 0padys COS X3 SINX3 + Apadt7 SINX3 — dpabiiU + dpady,

where

€1 =apaai1 —(C2—ap2)ap1,

€2 =c1—0p1 —(C2—0p2)dp2 —ApsX5 SIN X1 —Aps COS X1 + Apadyy,
€3 =(c2—ap2)ap3 —apaay3,

€4 =(C2—0p2)aps +ap3 —Apadia,

€5 =(C2—0p2)dps5 COSXq +Apadig COSX3

€5 =0d,5C0OSX1 +dpadis.

Let $=0. The equivalent controller of the (x4, x5, X3, X4)-subsystem can be written as

1
[61X1 +€oXp +€3X3 + €4Xq + L5X5 + €eX6 — (C2 —sz)apé sinxq + (C2 —apg)dw
Gpabyy (45)

Uteq =

+dy —padis COS X3 SiNX3 + dpaqr7 SiNX3 + dpad,),

Note that the controller (45) cannot be used in practice. It is necessary for us to replace the disturbances d,, and d, with their estimations dhw

and az, respectively. Thus, we obtain
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1 .
Uleq = W[61X1 + Xy +€3X3 + €4Xg + €5X5 + LsXg — (Cz —apz)apéslnxl + (Cz —a,,z)dw
p4ltl

+dy — Apadi5COSX3SINX3 + Apad7SinXg + apady).

To avoid the tedious analytic computation of the disturbance observer &w, the first-order sliding mode differentiator is introduced to estimate
HW. Applying Lemma 1, the first-order sliding mode differentiator can be given by

Eo=110= —colto—du[tsign(Zo—d) + &1, (47)

{1=—e1sign({1—1g),

where ¢, {1, and 5o are the states of the system (47) and eg and ¢4 are positive constants. By virtue of Lemma 1 and (47), we obtain

dw=ng +Ag, (48)

where Az is an estimation error of the first-order sliding mode differentiator. It implies from Lemma 1 that |A3| < A3 with A3 > 0. Replacing d,, with

1o, the equivalent controller of the (x4, X, X3, X4)-subsystem can be expressed as

1 .
Ugeq = ﬁ[eixl +€oXp +€3X3 + €4X4 + €5X5 + € X6 — (C2 —sz)apf, Sinxq + (Cz —apz)dw
p4lt1

(49)
+1]0 — Apadts COS X3 SINX3 + Apady7 SINX3 + dpady].
The sliding variable of the (x3, x4)-subsystem can be chosen as
Sp =C3es t+és, (50)
where c3 is positive constant. The time derivative of s, can be computed as
Sy =C3és+es
. (51)
=C3X4 +Xgq.
Substituting (13) into the above expression, one gets
So = C3X4 + Ay X1 + AioXo —At3X3 — ApaX4 —Ais COS X3 SIN X3 + e Xe + Ai7 SIN X3 (52)
+ digX5 COS X3 —by U+ d,.
Let s, =0. The equivalent controller of the (xs, x4)-subsystem is described as
1 . .
Ugeq = F (C3X4 + a1 X1 + AipXo —Ap3X3 — Qg X4 — Ais5 COS X3 SIN X3 + AieXe + At7 SIN X3 (53)
t1

+aigX5 COSX3 +d;).

Note that only one control input can be used to control four state variables. This means that we need to use one control input to ensure two
sliding surfaces can be reached (i.e., s; = 0 and s, = 0). The conventional sliding mode control method cannot be used for this underactuded

nonlinear coupled system. To achieve this goal, a second-layer sliding variable is developed as

S=a151 t azSy, (54)

where a4 and a, are the sliding mode parameters, which satisfy a; > 0 and a, > 0. According to the variable structure theory, the switching control
part is required to be designed to ensure the states can reach and thereafter stay on the sliding surface. Thus, the complete controller must

include some portion of the switching control part, which can be expressed as

U= Uteq t U2eq t Us, (55)
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where u,, is the switching term of the sliding mode controller, which can be given by

a a1q sign(s s
Usw = — 2 Uleq— 1op U2eq + oe ( ) + ’ (56)
a10ps + a2 a10ps + a2 (10pa +a2)ber  (@10ps + az)bp

where ¢ and 1 are positive design parameters, which will be given later. Substituting (56) into (55) gives

a a; sign(s As
19ps 2 + osign(s) n

leq + U2eq .
a10p4 + a2 (a10pa +a2)byr  (a10ps +a2)byt

57
a10p4 + a2 (57)

To reduce the chattering, in practice, some smoothing functions such as —*— and tanh(s) are introduced to replace the discontinuous sign

[s[+o

function in the sliding mode controller (57), where ¢ is a small positive constant.

3.2 | Stability analysis

The following theorem presents the design procedure and analysis of the proposed disturbance observer-based hierarchical sliding mode control-
ler for the TMD-based floating offshore wind turbine (9)-(11) in the consideration of both mismatched and matched disturbances with the
nonlinear disturbance observers and the sliding mode control technique.

Theorem 1. Consider the TMD-based floating offshore wind turbine system (9)-(11) with both mismatched and matched disturbances. Under
the nonlinear disturbance observers given by (17)-(19) and (28)-(30), if the sliding variables are defined in (41), (50), and (54), then the dis-
turbance observer-based hierarchical sliding mode controller (57) guarantees the convergence of x4, X2, X3, and x4, where both x4 and x,
converge to an arbitrarily small value.

Proof. Consider the Lyapunov function candidate

V= %52 (58)
With (54), the time derivative of V can be computed as
V =s(a1$1 +a282). (59)
Substituting (44) and (52) into (59), we have
V =ays51 +apssy
=a15[€1X1 + €2Xo + €3X3 + €4X4 + €5X5 + €Xe — (C2 —Ap2)dpe SINX1 + (C2 —dp2)dy + glw (60)

—0pats COSX3 SINX3 + Apadi7 SINX3 — Apabi1U + Apady;] + a25(C3X4 + A X1 + AroXo —Ar3X3
—0dtaXa — Qg5 COS X3 SIN X3 + AteXe + Ar7 SIN X3 + digX5 COSX3 —bru +dy).

Rearranging (60), we derive

V= a15[€1X1 +€oXp +€3X3 + €4X4 + €5X5 + €eXg — (Cz —apz)ap6 sinxq + (C2 —sz)dw +d,,
—0payts COS X3 SINX3 + Apad7 SINX3 + Apad;] + a2S(C3X4 + Ap1X1 + AroX2 — A3X3 — AraXa (61)
—0t5 COSX3 SiNX3 +aAreXe + aAr7 SIN X3 + digX5 COSX3 +d,) —S(a1apab + azbs )u.

Inserting (48), (49), (53), and (57) into (61), we have

V= a15(Cy—0p2)(dy — ) + a15(dw —10) + (@150p4 + a25) (d; — d,) — o3| — A5
= a15(Co—ap2)dw + a15A3 + (a10pa + a2)5d; —o|s| — 452 (62)

= 5[6(1 (Cz —apz)&w +a1Az+ (a10p4 + 0{2)&2] —Q|5| —/152.
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Let w =a1(Co—ap2)dw + a1 A3 + (@10pa + a2)d,. Next, it is essential for us to prove the boundedness of y. Note that |As| <Az from (48). From

Lemmas 3 and 4, it implies from the limit definition that both d,, and d, are bounded. Hence, it is reasonable to assume [w] < D.

Vs —(o—D)|s|-1s2
= —pls|—4s?,

where p = ¢ — D > 0. Integrating both sides of (63), we have
t t
JVdr < J —pls|—s%dx,
0 0

which indicates

V(t) 52

IA

1

2

V(0) - [ (pls| +15?)de
0

\%

IA

(0) < oo.

From (65), we have s € L. By virtue of (63), we obtain

V= s
< —pls|—4s? < co.

(63)

(65)

(66)

It is concluded from (66) that s € L,,. According to Barbalat's lemma, we have lim s=0. From (50), we get s, = c3x3+x4. Note that x3 and x4

t—oo

represent the angular displacement and velocity of the tower, respectively. Thus, we have s, €L.,. The time derivative of s, is S, =c3x4 + X4,

where x4 is the angular acceleration of the tower. Hence, this indicates that $, € L. By virtue of (54), we obtains; €L, and $1 €L, duetose Ll

and s € L. It is noted that the stability of the system does not depend on the parameters a4 and a,. It is reasonable to define two different sliding

variables as follows:

Sg =a1g51 Y @252,  Sh = a1pS1 t @252,

(67)

where a;4 and a4, are positive constants with a4 # aqp. Without loss of generality, we assume that I['g"sﬁ dr < .]'S"s; dr < 0. By using (65), we have

o o
0< J($§ —s2)dr = J(a%g —a3,)s2 +2(a1g —a1p)@2515207 < 0.
0 0

Then, it implies from (67) that

[ (52 s21de= | ~(ang —asn st [20ass ~amsssy >
0 0 0

Applying (65), we have

J(p|sg\ +1s2)dz < V(0) < co.
b

It follows from (70) that p [ |s¢|dz < oo, which indicates s; € L. From (69), we obtain

(68)
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(a1g —aap)?s2dr

—

0
o 71
< J‘ 2(a1g —aih)515gd7.' ( )
0
2 2|arg—an] - ||s1ls - [Ig]ly < 0.
Thus,
Jsidr < 00. (72)
0
Similarly, we have
S%dr < 00. (73)
0
From the above analysis, we have s, € L, N Ly, $1 € Lo, S2 € Lo N L, and s, € L. It follows from Barbalat's Lemma that
tlim 51 =0, tlim sp=0. (74)

Note that s, = caes + €5 = c3X3 + X4. As a result of x4 = X3 in (13), it implies that we have tlim x3 =0. According to (12), (38), and (41), the original
system can be expressed as

Ey=AE; +E;, (75)

where

0 1 ~ T
Ei=les,es], A=( ) ) E>=[0,51+dh] -

—C —C

Let Q = Q" > 0, then it implies from A is Hurwitz that the Lyapunov equation AP + PA = —Q has a unique solution P = P" > 0. Choose the

Lyapunov function candidate
V1 =EIPE;. (76)
The time derivative of V4 can be given by

Vi =E|PE;+ElPE;
=EJ(ATP+PA)E; + 2EIPE,

T T (77)
= —E;QE1 +2EPE,
< —Jmin(Q)|[E1[? + 24max(P)||Ea| [|Ex I,
where Amin and Anax represent minimum and maximum eigenvalues, respectively. By virtue of (77), we have
: 1 2 1 < 2)max(P) )2 222, (P), _ 2
V1< =i E1||” = = Ami Eq]|— E + M2 | |E, <. 78
1= = 5 Amin (QIEL|I” = 5 Amin (Q) { [/E4l (@) [E2]| Zmin(Q) lIE2]| (78)

It follows from V= E]PE3 < Amax(P)||E1||* that

Vi< —kVq+6, (79)
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where
Kk = Amin(Q)
2max(P)’
° - Zﬁ,zmi:fg) IEx 2.
Then, we have
Vi<Vi(0)e ™ + 5(1—Ke—lct) )

Note that 6 can converge to an arbitrarily small value from (20) and (74). It implies from (80) that e; and e, can converge to an arbitrarily small
value by appropriately choosing the design parameters. In other words, it indicates that both x4 and x, will converge to an arbitrarily small value.

This proof is completed.

4 | SIMULATION STUDY

In this section, the proposed dynamic model is verified by using NREL 5-MW wind turbine model, and the developed disturbance observer-based
hierarchical sliding mode controller is tested on both the design model and the NREL 5-MW wind turbine model within FAST code.

4.1 | NREL computer-aided engineering tools

The NREL FAST code is used to simulate the loads and the dynamic responses of the NREL wind turbine models. The NREL FAST code introduces
the aerodynamics, structural (elastic) dynamics, hydrodynamics, control, and servo dynamics, which is primarily composed of InflowWind,
HydroDyn, AeroDyn, ElastoDyn, ServoDyn, MoorDyn, and SubDyn modules. InflowWind is used to compute wind velocities with the help of the
time series of wind speed vectors. ElastoDyn represents a structural-dynamic model that outputs displacements, velocities, accelerations, and
reaction loads to AeroDyn and ServoDyn. ServoDyn involves control and actuator models. For structural control purposes, two independent
single degree-of-freedom TMD systems are incorporated into the FAST code (i.e., FASTv8).2® In this paper, the performance of the designed
controller will be evaluated by using FAST (version 8).

4.2 | Model validation

To verify the proposed dynamic model for the floating offshore wind turbine, we let the design model (9)-(11) and the NREL 5-MW wind turbine

model in FAST oscillate freely from an initial platform pitch angle of 52/180rad, and other initial conditions are all set to be 0. For the design

FAST Model
= = =Design Model

0.4 T T T

§ 0.2r
<= -02r .
-0.4 1 | 1 |
0 20 40 60 80 100
0.03 T T T T
il
= 0
-
-0.03 | | | |
0 20 40 60 80 100
15 F T T T T =
E -
xm O /\/\/\/-_*L\‘/‘\i
FIGURE 2 The response comparison between

the design model given by (9)-(11) and the -15 =
National Renewable Energy Laboratory 5-MW 0 20 40 ] 60 80 100
wind turbine model within the FAST code time (s)
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d FIGURE 3 The estimation of the mismatched
2 . . . . - = —d, disturbances and the estimated errors

0 20 40 60 80 100

=107

0 20 40 60 80 100
time (s)

model, both M,, and F, are set to be 0. Similarly, we disable the effects of both wind and wave for the NREL 5-MW wind turbine model. As shown
in Figure 2, the simulation results of the platform pitch angles, the tower bending angles, and the TMD displacements in both models demonstrate

a good match between them.

4.3 | Simulation results with the design model

In this section, the disturbance observer-based hierarchical sliding mode control architecture is implemented on the design model (12)-(14) in the
presence of both the matched and mismatched disturbances. In the simulations, the initial conditions are given by [x1(0), x2(0), x3(0), x4(0), x5(0),
x6(0)] = [0.57/180, 0, 0.82/180, O, O, O]. The mismatched disturbance is described by d,, =0.0015sin (0.8zt), and the matched disturbance is given
by d,=0.0012sin (0.6xt) . The design parameters of the controller is chosen as c1=36, c,=12, c3=40, a1 =1, a,=80000, =2, g,=1800,
B,=1200, ¢ = 0.04, ¢, = 0.03. The mismatched disturbance estimation results and estimated errors are plotted in Figure 3, and the matched distur-

bance estimation results and estimated errors are depicted in Figure 4. It implies from both Figures 3 and 4 that the excellent estimation accuracy

%107 d.

amplitude
o

0 20 40 60 80 100

0 20 40 60 80 100 F|GURE 4 The estimation of the matched
time (s) disturbances and the estimated errors
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FIGURE 5 Platform pitch angle and velocity T T i
. . 0.05 R
of the wind turbine

6 (rad)

-0.05 i

0.05 b

0, (rad/s)

-0.05 - i
0 20 40 60 80 100
time (s)
FIGURE 6 Tower bend angle and velocity of 0.05F ' ' ' ]
the wind turbine '
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_0-05 B 1 Il 1 1 ]
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oo Without the noise |—d,
o : ‘ ' = = Estimation of ciw
©
=
= o AR AARY
E
(]
-0.01 ; ;
0 20 40 60 80 100
With the noise —éiw
0.01 ‘ T . . s
o = = Estimation of d,,
o]
3 I\ i
= 0
e
©
. . . . _0.01 1 1 1 L
FIGURE 7 The estimations of d,, with and 0 20 40 60 80 100

without the measurement noise under the sliding

mode differentiator time (s)
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is achieved with the proposed disturbance observer structures. The pitch angle displacement and velocity of the platform are provided in
Figure 5, and the bend angle displacement and velocity of the tower are plotted in Figure 6. Figures 5 and 6 demonstrates that good control per-
formances are achieved with the designed controller.

To evaluate the performance of the first-order sliding mode differentiator (47), the simulations are conducted with and without measurement
noises, where the function randn is introduced to produce the measurement noises. The estimation results are plotted in Figure 7, and the
estimated errors are shown in Figure 8. It indicates from Figure 8 that the estimated accuracy is degraded due to the adverse effect of the
measurement noises.

In addition, multifrequency disturbances are also introduced in the simulations to further illustrate the advantage of the designed disturbance
observers, where the mismatched disturbance and the matched disturbance are respectively described by

dy= 0.0002sin (0.257t) +0.0004 sin (0.32xt) +0.0006 sin (0.15xt),
d,= 0.0003sin (0.167t) +0.00025sin (0.10zt) +0.0004sin (0.24xt).

«1 0—3 Without the noise FIGURE 8 The estimated errors of d,, with
T T and without the measurement noise under the

sliding mode differentiator

estimated error
o

-5 L
0 20 40 60 80 100
. _ x107 With the noise
e 5 T T
@
L}
9
©
£
3
0 20 40 60 80 100
time (s)
%1073 —
2 T T T T - - dAw
(]
o]
2
= 0
€
@
-2 I | .
0 20 40 60 80 100
5 %107 . . .
E]
3
I 0
El
=
_5 1 1 1 1
0 20 40 60 80 100 FIGURE 9 The estimation of the
. multifrequency mismatched disturbances and the
time (S) estimated errors
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FIGURE 10 The estimation of the 10_3 d
multifrequency matched disturbances and the 1 x T T T T _ cf
estimated errors () z
e
2
= 0
e
©
_1 1 1 1 1
0 20 40 60 80 100
5 >< 10_5 T T T T
o'
Il 0
=
_5 L 1 1 1
0 20 40 60 80 100
time (s)

The initial conditions are given by ¢,(0) = 2.4 x 107° and &,(0) = —2.8 x 107>, The multifrequency disturbance estimation results are depicted in
Figures 9 and 10. It implies from the disturbance estimation errors in Figures 9 and 10 that the developed disturbance observers can still maintain

excellent estimation accuracy even if both the multifrequency disturbances and the initial errors are considered.

44 | Simulation results with the NREL 5-MW wind turbine model

To verify the active control performance, the proposed disturbance observer-based hierarchical sliding mode control algorithm is tested by
the NREL 5-MW wind turbine model based on the FAST code, where the optimal parameters of the TMD are given by m, = 400 000 kg,
ko = 103019 N/m, and ¢, = 60393 N/(m/s).}2 The wind conditions in all the cases are generated based on the IEC Kaimal spectral model
with normal turbulence model in TurbSim. The wave conditions in all the cases are generated by the HydroDyn module based on the
JONSWAP spectrum. The peak-spectral period of the incident waves in all the cases is set to 10s with the significant wave height being

5.5m. In the first case, the mean hub-height longitudinal wind speed is 18 m/s (above-rated), and the turbulence intensity is Category A. The

— — — Without TMD
= —— With Passive Control
With Active Control

0.1

0.05

-0.05

Platform-pitch angle (rad)

-0.1 e
FIGURE 11 Time responses of the platform 50 100 150
pitch angle with the mean hub-height longitudinal .
wind speed of 18 m/s. TMD, tuned mass damper time (s)
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— — “Without TMD FIGURE 12 Time responses of the tower
0.02 S With Passive Control bend angle with the mean hub-height longitudinal
With Active Control wind speed of 18 m/s. TMD, tuned mass damper

0.015

0.01

0.005

-0.005

tower-bend angle (rad)

-0.01

-0.015
50 100 150

time responses of the wind turbine with the proposed controller are shown in Figures 11 and 12 (for comparison purposes, both no TMD
and passive control cases are considered), which shows that the proposed active controller has achieved significant improvement on the
vibration suppression of the wind turbine compared with the passive control even if there exist model uncertainties and various disturbances
such as winds and waves. To evaluate the energy consumption, it can be computed that the consumed average active TMD power accounts
for 10% of the rated wind turbine power. A sensible design is that passive control works most of the time while the active control (basically
adding an active force on top of the passive control) is activated only if the vibration is over certain limit. This can largely help reduce power
consumption. To further validate the advantage of the proposed controller, the mean hub-height longitudinal wind speed of 24 m/s
(above-rated) is chosen to conduct the simulation, and the turbulence intensity is Category B. As shown in Figures 13 and 14, the time
responses of both the platform pitch angle and the tower bend angle are provided to demonstrate the vibration suppression performance. In
this case, the average active energy consumption accounts for 12% of the rated wind turbine power. The simulation results without TMD

and with passive control are plotted in Figures 13 and 14, which indicate that the great effectiveness and strong robustness of the proposed
controller are achieved.

— — —Without TMD
| ——— With Passive Control
— With Active Control

0.1

0.05

-0.05

Platform-pitch angle (rad)
o

-0.1

-0.15 :
50 100 150

time (s)

FIGURE 13 Time responses of the platform
pitch angle with the mean hub-height longitudinal
wind speed of 24m/s
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FIGURE 14 Time responses of the tower — — —Without TMD
bend angle with the mean hub-height longitudinal — e — With Passive Control
wind speed of 24m/s 0.02 - ——— With Active Control

0.015

©

o ©
& o
U] —

-0.005

tower-bend angle (rad)
o

-0.01

-0.015

-0.02 '
50 100 150

5 | CONCLUSION

In this paper, a nonlinear dynamic model for a TMD-based NREL 5-MW floating offshore wind turbine was derived. A disturbance observer-based
hierarchical sliding mode control algorithm was proposed to stabilize such an underactuated nonlinear coupled system with both matched and
mismatched disturbances. Two prescribed performance disturbance observers were independently constructed to estimate the matched and
mismatched disturbances, and each estimation error can be adjusted by only one design parameter. With the disturbance observers, a hierarchical
sliding mode controller was designed to suppress the vibration of the floating offshore wind turbine. Some sufficient conditions were derived to
ensure the stability of the closed-loop system. The simulation results verified the accuracy of the developed design model and demonstrated the

strong robustness and great effectiveness of the proposed control algorithm.
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