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Efficient Velocity-Based Quasi-Linear Model
Predictive Control for Wind Turbine Side-Side
Tower Periodic Load Reductions

Maria de Fonseca™, Atindriyo K. Pamososuryo

Abstract—Advancements in wind turbine technology
have made wind energy more cost-competitive. While taller
towers use less material, they are more susceptible to
fatigue. This letter introduces a convex model predictive
control scheme to actively counteract side-side periodic
loads using a velocity-based approach, which captures the
system’s nonlinear behavior without requiring extensive
prior operating points. A quasi-linear parameter-varying
dynamic model for wind turbine towers is established
through model demodulation transformation. Simulation
results show a 96% reduction in net force in the side-side
direction at the tower top under turbulent wind conditions.

Index Terms—Energy systems, linear parameter-varying
systems, predictive control for nonlinear systems.

[. INTRODUCTION

ECENT advancements in wind energy, particularly the

increase in size and power capacities of wind turbines,
have significantly improved its cost-competitiveness. Taller
towers and larger rotors enable wind turbines to tap into
superior wind resources at higher altitudes and capture more
power, driving down overall costs [1]. However, the realization
of such taller towers necessitates a reduction in material
usage [2], which makes the towers more susceptible to side-
side periodic loads and resonant behavior due to the resulting
flexibility, leading to accelerated material degradation. Rotor
mass and aerodynamic imbalances, either inherent in the
manufacturing process or developed over time, give rise to
these susceptibilities. Research has been done to estimate these
imbalances [3], as safe operations of wind turbines require
well-balanced rotors.

Conventionally, to actively control turbine side-side tower
motion induced by wind excitations, either generator
torque [4], [S] or individual blade pitching [6], [7] can
be used. Generator torque affects power quality as it is
directly coupled with power generation, while individual pitch
increases the wear and tear of the pitch mechanism. A
more passive method aiming to prevent prolonged resonance
excitation—in the literature referred to as ‘frequency-skipping’
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by imposing speed exclusion zones—can be helpful when
the rotational frequency (1P) or blade passing frequency (3P,
for a three-bladed turbine) excites a structural resonance
at a particular operating point [8]. As a result, the rotor
speed passes through the critical speed range without severely
exciting the natural frequency by modifying the speed-torque
curve [9], [10]. However, such methods may not be able to
systematically balance objectives nor take into account system
constraints. To address this issue, advanced control strategies
such as Model Predictive Control (MPC) have been proposed
as they take in constraints and objectives.

The current advanced predictive methods for mitigating
tower side-side periodic loads are mainly focused on pas-
sive, frequency-skipping approaches. For instance, [11] takes
advantage of a quasi-Linear Parameter-Varying (quasi-LPV)
model of the wind turbine derived through the use of Model
Demodulation Transformation (MDT) techniques followed
by Jacobian linearization to obtain a convex optimization
problem. The model is then controlled by a quasi-Linear MPC
(qLMPC) controller. While this effectively prevents extended
operation at critical rotational speeds, it lacks the ability
to actively alleviate periodic loads as the periodic side-side
loading is often unknown in practical situations. To address
this limitation, [12] introduces a Kalman filter for online
estimation of the periodic loading.

The work in [13] explores a velocity-based linearization
approach for obtaining a quasi-LPV model of the wind turbine
dominant dynamics for fore-aft damping control using a
velocity-based qLMPC scheme. The advantage of velocity-
based compared to Jacobian linearization is the elimination of
the need to store equilibrium input and state vectors.

This letter proposes an active control scheme for miti-
gating side-side periodic disturbances by combining MDT
and velocity-based techniques into a computationally efficient
qLMPC algorithm. The two main contributions are:

1) integrating MDT techniques with velocity-based lin-
earization to create a unified quasi-LPV model of the
wind turbine tower and aerodynamics;

2) designing a velocity-based qLMPC scheme to actively
cancel periodic loads targeting side-side motion.

The developed framework offers significant technological
advantages and operates online. It eliminates the need to
store operating points, unlike in [11], and is less demanding
than nonlinear control techniques like nonlinear MPC, which
can be complex for real-time applications [14]. Additionally,
it accounts for physical and saturation constraints, allows
intuitive calibration of the cost function through weight
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assignment, and yields optimal solutions, contrasting with
empirical methods based on fundamental control theory [6].

This letter is organized as follows. Section III introduces
LPV systems and their benefits for controlling nonlinear
systems affected by unknown external signals, including
predictive control through quasi-LPV representation and
velocity-based linearization. Section IV summarizes MDT
theory. Section V presents the wind turbine aerodynamics
and tower demodulated model and proposes a side-side load
mitigation framework. Section VI includes simulation results,
and Section VII concludes and offers recommendations for
future research.

Il. PREREQUISITES AND ASSUMPTIONS

This letter uses a series of assumptions outlined in this
section. Although certain assumptions can be eased, this letter
primarily emphasizes the fundamental working principles of
the implemented control algorithm.

Assumption 1: The turbine is considered to function solely
within the partial-load region,! controlled by generator torque,
and maintaining a constant fine pitch angle.

Assumption 2: The rotor acceleration, the wind speed and
the side-side periodic load are assumed to be available and
measured deterministic signals.

Assumption 3: Disturbances such as wind speed and side-
side periodic load are assumed to be invariant over the
optimization prediction horizon at each simulation time step.

Assumption 4: A baseline and optimally calibrated torque
controller provides optimal power production performance.

I11. VELOCITY-BASED QUASI-LINEAR MODEL
PREDICTIVE CONTROL

A nonlinear system can often be described around an
equilibrium by a Linear Time-Invariant (LTI) model through
Jacobian linearization. This allows for the use of linear control
design techniques, but the model validity is limited to a
small region around that equilibrium. When control across a
wider range is desired or the system’s dynamics depend on
an external parameter, a more complex mathematical model
framework is necessary. Such a framework is referred to as
an LPV model [15], which still presents a linear relationship
between the input and output, but this relationship may now
depend on exogenous non-stationary parameters:

x(1) =A@ ))x(®) + BO(1)u(1),

y(1) = CO0)x(1) + DO (1) u(1), 1
where A € R**" B e RW*M C e R and D € R™*"
are continuous maps, u € R™ is the input, y € R is the
output, x € R™ is the state variable, and 6 € R™ is an
external parameter that can depend on time [16]. The latter is
also referred to as external scheduling variable. The parameter
vector 6 (t) belongs to a compact set of admissible values, i.e.,
0(t) € ® C R™ Vr > 0 [17]. Hereafter, the time dependence
of 6(t) will be omitted for brevity’s sake.

A. Quasi-LPV Systems

When 6 is defined as an external signal characterized by
unknown and unpredictable future values, it falls under the
category of a gemeral LPV system. In contrast, when 6 is
used to model nonlinear dynamics, becoming a function of the
system’s states and inputs, it is possible to predict its future
values. This is known as a quasi-LPV system [18].

]Region of operation where wind speeds are lower than rated.

A quasi-LPV system meets the LPV system definition
outlined in (1), where the time-varying parameters are deter-
mined by functions of inherent signals (i.e., states and inputs):
0 = v (x(1), u(r)). Here, ¢ : R™ x R™ — R is a continuous
function on the compact set of admissible values ©.

B. Conventional gLMPC Algorithm

A recent study has introduced a predictive algorithm known
as qLMPC [19] to control quasi-LPV systems summarized
here. Consider the following discrete-time state evolution:

X1 = AOk)xk + B(Or)ux, @)
where ¥ € R™ is the input, x € R™ is the state,
Or = U (xy, ugx) € R™ is the scheduling variable, and ¢+ € R™,
A € R and B € R™ ™ are continuous maps. Let it
be assumed that 6y € ®,Vk > 0. Furthermore, the pair
(A(9), B(9)) is stabilizable V0 € ©.

The sequence of actions Uy inside the prediction horizon N
is defined as the following column vector:

T
Ur = I:”lj gy “1?+N—1] e R™, 3
which is determined by solving the given problem:
min Ji(Uy)
Uk

s.to Xkti = AOk+i—1)%k+i—1 + BOkti—1)Uk+i—1,
Ugri—1 €U, Xxpyi1 € X Yie[l,...,N],
Xi+N € Af, 4
where J is the finite horizon cost. It is assumed that
(X x U) C O [19]. Moreover, the following are defined:

.
T T T Nn,
Xie = [xk+l K2t 'xk+N] e R™,
T T
n=o([d o) u)=[o ol ol ] er )

where X} is a column vector of states and 7} is the collection
of scheduling variables at each time step over the prediction
horizon N. Definitions (3) and (5) give the prediction model:

X = A(T)xx + S(T) Uy, (6)
with the matrices {A, S} being
A(O)

AOr-1)AOk)
A(Ty) = .

LAGrrN—1) - -A6k)

- B(6k) 0
A(Ok+1)BO) B(6k11)

S(Ty) =

L AOen—1)--A(0)BO)  AOken—1)~A(Os2)B(0s1)
Using this, the cost function Ji(Uy) can be written as

Ji(Up) = (AT + ST U T QA Tk + ST U)
+ U! RUi + Vy (i), 7

with Q = diagy(Q) € RV*N and R = diagy (R) € RV, Note
that Q = Q7 > 0 e R™*™ R=RT > 0 € R™*™ are weight-
ing matrices penalizing the states and control inputs,
respectively. The terminal cost is given as V.

At each time step, the scheduling sequence T,ﬁ is iteratively
updated to reach its optimal value 7} = 9 (X}, U}). In each
iteration step [, an optimization problem resembling (4) is
solved. The stopping criteria can be defined, for instance, as
|T,€ — T,i*1| < €, where € is a predefined error threshold.
Once this condition is satisfied, the input sequence U,l( is used
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as an approximation of the optimal solution U] to (4). The
obtained X,l( and U,IC are applied in the subsequent time step
k + 1 to compute T,? 1= DXL, U,l() while the iteration count
[ is reset to zero. This approach, known as warm-start, aids
in achieving faster convergence. For more information and

pseudo-algorithm the reader is referred to [19].

C. Velocity-Based Linearization Towards a Quasi-LPV
Model

Velocity-based linearization of the nominal plant readily
provides a quasi-LPV model. Let the following nonlinear
system dynamics be given:

x(0) =f(x@), u®),  y@) = h(x@), u®), ®)
where f(x(?), u(r)) : R™*" — R"™ and h(x(?), u(f)) : R=>"m
— R are some nonlinear functions that can depend on the
input # € R™ and state x € R™, and y € R'” is the output. For
simplicity, it is assumed that the output is only influenced by
the states. These dynamics can be described by the relationship
between the state and input derivatives:

X(0) = Vof (x(1), u(@)) X(t) + Vo (x(0), u(0)) u(2),
— —
Ac(x(1),u(®)) Be (x(t),u(®))
Y1) = Vih(x(1)) x(2). €))
—_———
Ce (x(1),u(1))
The subscript ‘c’ indicates continuous-time. An important
remark is that the steady-state information is lost during the
process of differentiation when using velocity-based lineariza-

tion [17]. Nevertheless, the steady-state information on the
output can be recovered by state augmentation:

YO | Z |0 Cex@, u®) | |y | 0 i)
X0) | 7 [0 Acx(@), u@®) | | X(0) | [ Be(x(0), u(n)) ’
—— —_—— ————

Ac,ext (x(0),u(t))

— (1)
y(@) =[I 0] [m)] .

Cc Lext

Xext () Xext (£) Bc,ext (x(t),u(t)

(10)

Xext (1)
This can be written as a quasi-LPV model by settin§
=Hx(®)",u(®)T]" € R"™, where H is a selector matrix.
Discretizing (10) gives:
Xt 1,ext = Adext(Ok) Xk ext + Bdext (Ok) Aug,

Yk = Cd,extxk,ext, (11)
with Xpext = [y,—{r Ax;,]T, Aup = u; — up—1, and the
subscript ‘d’ stands for discrete-time. The discretized model
can be obtained through a variety of well-known methods [21].

D. Velocity-Based qLMPC Algorithm

This section combines the established theory of the conven-
tional qLMPC algorithm with velocity-based linearization to
create a velocity-based qLMPC algorithm.

When working in velocity space, all equilibrium or operat-
ing points are mapped to the origin. This characteristic makes
the velocity-based qLMPC framework parameterization-free,
as there is no need to calculate steady-state values for the
state vector and input. This contrasts with the technique used,
for example, in [11]. Moreover, stability can be guaranteed
without the need for complex offline computations. First,

2A selector matrix is characterized by having one entry of 1 per row, at
most one entry of 1 per column, and all other entries 0 [20].

the optimization problem formulation for the velocity-based
qLMPC is provided:

min Ji(Au)

Au

s.t. [ i ] = Ad(9k+i—1)[ Jheri-l } + By (Okti—1) Augri—1,
Axpti Axpti-

1
Ujti—1 = Ug—1 + Z Aupyj-1 €U,
Jj=1

Xiyri—1 €X Vie[l,...,N], Axgsn =0, (12)
with the cost function being defined as
N
by =37 (1rior = veetlly, +11A%4i-1113,
i=1
+ 1 Aucrict 1) + lvkew = veetllB, (13)

Note that the cost function in (13) includes a penalization on
the extended state vector xex; with the weighting matrix Q; €
R™ > acting on y and Qy € R"ax*"Ax on Ax. There is also a
penalty for the control input Au given by the weighting matrix
R € R"w*auand a terminal cost that penalizes reference
deviations at the end of the horizon.

In (12), the constraint defined as Axy+y = O guarantees
that the state corresponding to yi4+y is a steady state. With
this, the recursive feasibility of the optimization problem can
be achieved for a set of feasible initial conditions, which is a
necessary condition for stability. Also, the cost function is a
decaying sequence, Ji4+1 < Ji, due to the terminal cost, and
thus the closed-loop is stable. For the complete proof, please
refer to [22].

Having these concepts, the following section gives
insights into the MDT technique mentioned earlier in this
letter.

IV. MODEL DEMODULATION TRANSFORMATION

This section provides the main results for the MDT
technique which is used in this letter to provide the
frequency-dependent dynamical behavior as a steady-state
signal. For a more detailed derivation, the reader is referred
to [23].

Let a periodic signal x;j(f) be represented as:

xi(t) = ai(r) cos(wt + ¢ (7)). (14)
Given that the amplitude a; and phase ¢ exhibit a slower rate
of change, a new time coordinate is introduced, denoted as t.
A function f(7) is considered slow when compared to a rapidly
varying periodic function g(¢) with period T if the following
property holds [23]:

T T
/ S(T)gH)de ’A“«f(f)/ g(nde.
0 0
The periodic signal can be re-written using Euler’s formula:
xi(t) = Rai(1)el?® e, (16)
———
Xi(7)

with Xj(tr) € C being a slow-varying function. Taking the
first-time derivative gives:

i) = 9 (%0 + jorxi(o) e . (17

The amplitude and phase of the original periodic signal in (14)
can be reconstructed using the following relations:

ai(7) = [IRGO)), MK D)2, ¢i(r) = atan( FHD}).

15)
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Having these insights into the MDT technique, the following
section provides the steps to obtain the wind turbine aerody-
namics and tower demodulated model.

V. APPLICATION IN WIND TURBINE CONTROL

The MDT technique previously introduced is used here
to demodulate the tower dynamics and also augment the
model with a wind turbine aerodynamic model to enable
self-scheduling via the quasi-LPV model structure. The
resulting model is then linearized using velocity-based lin-
earization and controlled with a velocity-based qLMPC.
Hence, the proposed framework combines approaches
from [11] and [13].

A. Nominal Model

The nominal tower dynamics are given as the following
spring-mass-damper second-order linear model [24], [25]:

no) -5 = &m0l (=
[562(0] _[ o ][xz(t)]+[0](F5d+CATg+CTg)7
(18)

with {m, d, k} € Rt being the constant modal mass, modal
damping, and modal stiffness. The tower dynamics are affected
by the generator torques Ty and ATy, which are considered
as the control actions in this letter. The torque Ty is used
mainly in power production, while the additive torque AT,
is used to mitigate the side-side periodic load Fgy. The
constant ¢ = 3/2H defines the ratio between the angular
and translational displacement of the tower motion under
the assumption that the tower is a prismatic beam [26]
and H is the tower height. The states xj(f) and x»(f)
represent the tower’s top velocity and displacement, respec-
tively, in the side-side direction. Here, Fyq and AT, are
modeled as:

Fyq = asa(t) cos(Y (1)), ATy = ag(t) cos(¥ (1) + ¢g (7)),

with agq(t) € RT being the amplitude of the excitation,
ag(t) € R the amplitude of the control signal, ¥ (¢) € [0, 27)
the rotor azimuth angle, and ¢y(7) € [0, 27) the phase of
the control signal. Also relevant is the representation of the
complete wind turbine aerodynamics:

LoGOetAl) 7, — Lo RVACy(h, B), Ty = Ko},
with T, € R being the aerodynamic rotor torque, G > 1 the
gearbox ratio, and J; € R™ the total rotor inertia. The optimal
mode gain K is defined as K = npRSCp(A*, ﬁ*)/ZA*S e R*.
Furthermore, p € RT is the air density, R € RT the rotor
radius, V € RT the wind speed, o, € R* the rotor speed,
Cq € R the aerodynamic torque coefficient, and C, € R
the power coefficient as a function of the designed tip-speed
ratio A* = wR/V and the fine pitch angle g*.

wr =

B. Demodulated Model

Assuming a constant rotor’s angular velocity over one
revolution T; = 27 /wy, the following holds:

v = / wordt ~ wr,

The side-side periodic load and the (total) generator torque
signals can be decomposed into their semi-harmonic compo-
nents and re-written as follows [12]:

19)

Fsa 4 ATy + Ty = m{asd(r)eiwrf + cag(t)e?e™ el

oo
+e ) T (e } , (20)
n=0

Applying (16), (17) and (20) to the state-space in (18) and
multiplying by &/r" followed by integration over an oscillation
period gives:

T, .
/ sn[ (Xl(r> +jorX1 (1) + £X1(7) + 5X2(7) — hasa(T)
0
~ (D) dt — ZTQ”%r)eJ"”"}ejwr’dr =0,
n=0

T, . .
/ 9%{ (X2(1) +jorXa(r) — Xi (r))ejwf’}ej‘”f’dt =0.
0

Note that the t notation is dropped for the remainder of this
letter for brevity. Applying the result from (15) leads to:

X _ —jwr—i — krx, < i 1
[XJ_[ T B R ) e )

Ag
In the above equation, the 1P contribution of T, in the tower

dynamics, i.e., Tg), is neglected (c.f. [12]) as it is minor
compared to the 1P disturbance from rotor imbalance.

Setting [q1. 92, g3, g417 = [R{X1}, X1} KX} ST,
and adding the representation of the complete aerodynamics,
the system can be defined as the following:

f1=fi = —gan +ogy — s + AL+
p=f=-oq — Lq0 — Equ+ £3{Ag),

B=H=q +wq4, §s=f1=q — wgs,
Ta—G(To+ATy)

r

o =f5= 2

where
, ~ A,
ATy = |[9HAg}, S{Ag} ]2 cos(wrt—i— atan(%))
is the previously mentioned periodic torque signal set as the
control input to mitigate the side-side load.

C. Velocity-Based qLMPC for Side-Side Periodic Load
Mitigation

This subsection mathematically formalizes the velocity-
based qLMPC used for side-side periodic load mitigation.
First, the model presented in (21) is linearized using the
velocity-based linearization technique described in (9). Hence,
by defining:
x=[g1 @ g g4 o V asd]T€R7X1,

u=[MA) S eR¥L y=[g @ @ 4 o] eR™

(22)
the following can be derived:
R T
—or —4 0 -5 g 0 0
1 0 0 wr qa 0 O
Xx=1 0 1 —or O —g3 0 0]x
0 0 0 U
0 0 0 0 0 0 0
L 0 0 0 0 0 0 o0
Ac(x, u)
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Torque controller

o v agqcos(y) Ty

Nominal wind turbine model
(demodulated nominal tower

Op,q1,
142,934 model and rotor aerodynamics)

. Opyd1:02,03.94 AT
v,V ]

Velocity-based qLMPC

controller

ay, dy

Yref R{Ag}, I{A,

ol

Fig. 1. Block diagram of the closed-loop control scheme used in the
simulation case. The nonlinear wind turbine model includes the demod-
ulated nominal tower model, rotor aerodynamics, and the generator
torque and velocity-based qLMPC controllers.

— 0
(.
0 0
+| 0 0 1i,
36y 36y
IMAg]  I3{Ag)
0 0
L 0 0
B (x, u)
y=[Isxs 0Osx2]x,
~—
Ce

with

dox _ prR*ICLB), 2K
dor = 2 on VT T O

dop _ pTRCqUP)y,  prRE 9Co(1B)
T

v = 27; Y
oo _ _G dor _ _G o
AL I cos(awrl), ™A — 7 sin(w;t), (23)

and where A (x, u) € R7*7 and B.(x, u) € R7*2 are the state
and input matrices, respectively, and C. € R3*7 is the output
matrix. Note that in the partial derivative of @, with respect
to wy, the terms corresponding to the influence of the control
action are zero due to the assumption of a constant rotor’s
angular velocity over one revolution in (19).

Now a velocity-form state-dependent linear model is defined
in continuous time as in (10). Note that here the output
y € R>*! is chosen to be {91, 92, g3, q4, w;}. Also, the
state and input matrices depend on those parameters and the
wind speed. Therefore, this can be written as a quasi-LPV
model by setting 0 =[q1 g2 g3 g4 o V]' € RO,
The continuous state-space is then discretized with sampling
time #; using the forward Euler method. The discrete-time
wind turbine model is described as in (11).

The optimization problem outlined earlier in equation (12)
aims to minimize the cost specified in equation (13) and
is applied to the model derived in this section. It can be
deduced that, taking into account the whole prediction horizon,
Y — Vet @1 aims to minimize periodic fatigue loads, whereas
||Au||12e is a combination of impact on energy production
minimization and penalization on the control input. With this
cost function, a trade-off is possible between the influence in
power production and load reductions.

VI. SIMULATION CASE

This section presents simulation results using a nonlinear
aerodynamic wind turbine model to assess the performance of
the proposed framework.? Fig. 1 depicts the simulation setup.

3The MATLAB Simulink implementation is made available in [28].

TABLE |
PARAMETERS OF THE (MoODIFIED) NREL 5-MW REFERENCE WIND
TURBINE IN THE PARTIAL-LOAD OPERATING REGION [5], [27]

[ Parameter [ Symbol ] Value [ Units |
Gearbox ratio G 97 -
LSS equivalent inertia Jr 4.0802 x 107 kg m?
Rotor radius R 63 m
Tower height H 90 m
Tower modal mass m 3.6200 x 10° kg
Tower modal damping d 2.4588 x 102 kg s71
Tower modal stiffness k 1.7677 x 10° kg s—2
Tower natural frequency wn 0.7071 rad s~ 1
10
A
= o IR T~ QLMPC enabled —— qLMPC disabled| ~ "~ """ """ "]
= 200F
% 0
2 fzook 1
— 40
£z
B g
“Ef i
00 @0 Mo a0 40 500 520 510 500 550 00
Time (s)

Fig. 2. Rotor speed, tower top displacement amplitude, net force
applied to the tower, and total generator torque when the velocity-based
gLMPC controller is disabled and when it is enabled. The designed
controller significantly influences the rotor speed by superimposing a
periodic signal. However, it effectively reduces the net force, consider-
ably diminishing the tower top displacement amplitude.

According to Assumptions 2 and 3, the states, wind, and
disturbance are known; however, in realistic conditions these
should be estimated [12].

The parameters of the (modified) NREL 5-MW reference
wind turbine in the partial-load operating region can be
found in Table I. Originally, the tower of this reference
turbine was classified as soft-stiff but here altered into soft-
soft by adjusting the modal parameters, representing wall
thickness reductions. The controller parameters are defined
as follows: £, = 0.1 s, N = 25, Q1 = diag(l, 1,5, 5, 0) x 103,
Q> =diag(1,1,1,1,0,0,0) x 103, R = diag(1, 1) x 1078,
and P = 20 . Hence, the prediction horizon is set to 2.5 s. The
side-side periodic load amplitude is driven by a rotor-speed-
dependent centrifugal force agg = mrwrz, where mr = 300
kgm models a 0.06% imbalance of one blade with respect to
two other blades. To evaluate the performance of the designed
algorithm, the model is subjected to a realistic turbulent
case with a mean wind speed at hub height of 6.5 m/s and
turbulence intensity of 20% for 600 s. Turbulence intensity
determines the standard deviation of the longitudinal wind
speed given a hub-height wind speed as detailed in [29]. In
one simulation, the controller remains disabled for the entirety
of the simulation time, whereas, in the other, the controller is
enabled from the start. The side-side periodic load is applied
at t = 10 s. As the controller aims for complete attenuation
of the side-side load, the tower top displacement reference is
set to zero (Ypr = 0).

Results of this turbulent case are presented in Fig. 2, shown
for t = 400 — 600 s. The uncontrolled wind turbine signals
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are shown by the orange lines and those with the designed
velocity-based gLMPC controller are shown by the green lines.
It can be noticed that the velocity-based qLMPC controller
considerably influences the rotational speed by superimposing
a periodic torque signal. Nevertheless, the controller shows
its efficiency in reducing the effects of the side-side periodic
load by bringing the net force down by 96% on average, in
effect leading to significant tower top displacement reductions.
This is particularly relevant when the rotor speed acts around
the tower’s resonance frequency. However, it is important
to realize that these results show the maximum potential of
the developed control scheme; in practical scenarios, a trade-
off needs to be made for load attenuation and actuation.
Additionally, the velocity-based qLMPC algorithm converges
to the optimal scheduling sequence in a maximum of two
iterations, taking an average of 0.02 s to solve the optimal
control problem per time step.

VIlI. CONCLUSION

This letter introduces a novel approach to wind tur-
bine tower load control, focusing on mitigating side-side
periodic loads through a velocity-based qLMPC frame-
work. By employing strategic coordinate transformations,
such as MDT and velocity-based linearization, the method
enhances wind turbine control strategies and effectively
reduces load impacts. A simulation in realistic turbulent
wind conditions validates the algorithm’s effectiveness and
practicality. While the proposed control algorithm may require
more complex tuning compared to traditional solutions, its
performance and computational benefits make it a valuable
alternative.

Due to the high influence of the control action’s periodicity
on the rotor speed, this method also highly influences power
production as there is a direct relation with the (total) generator
torque, considered as the control input here. Future work may
focus on changing the optimization problem to partially reduce
the tower-top displacement in a trade-off with actuation effort,
rather than complete attenuation of the periodic load as in this
letter.

REFERENCES

[1] (Intergovt. Panel Climate Change, Geneva, Switzerland). Renewable
Energy Sources and Climate Change Mitigation—IPCC. May 2024.
[Online].  Available:  https://www.ipcc.ch/report/renewable-energy-
sources-and-climate-change-mitigation

[2] K. Dykes, R. Damiani, O. Roberts, and E. Lantz, “Analysis of ideal tow-
ers for tall wind applications,” in Proc. Wind Energy Symp., Jan. 2018,
pp- 1-11.

[3] J. Niebsch and R. Ramlau, “Simultaneous estimation of mass and
aerodynamic rotor imbalances for wind turbines,” J. Math. Ind., vol. 4,
p- 12, Sep. 2014.

[4] Z. Zhang, S. R. K. Nielsen, F. Blaabjerg, and D. Zhou, “Dynamics and
control of lateral tower vibrations in offshore wind turbines by means
of active generator torque,” Energies, vol. 7, no. 11, pp. 7746-7772,
Nov. 2014.

[5] A. K. Pamososuryo, S. P. Mulders, R. Ferrari, and J.-W. van Wingerden,
“On the analysis and synthesis of wind turbine side-side tower load
control via demodulation,” IEEE Trans. Control Syst. Technol., vol. 32,
no. 5, pp. 1865-1880, Sep. 2024.

[6] D. Duckwitz and M. Geyler, “Active damping of the side-
to-side oscillation of the tower,” in Proc. DEWEK, 2010,
pp. 1-4.

[71 A. K. Pamososuryo, Y. Liu, T. G. Hovgaard, R. Ferrari, and
J. W. van Wingerden, “Individual pitch control by convex economic
model predictive control for wind turbine side-side tower load allevia-
tion,” J. Phys., Conf. Ser., vol. 2265, May 2022, Art. no. 32071.

[8]

[9]

[10]

(1]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

B. Fischer and M. Shan, “A survey on control methods for the
mitigation of tower loads,” Fraunhofer-Inst. Wind Energy Syst. Technol.,
Bremerhaven, Germany, Rep. 01/104256, 2013.

P. Schaak, G. Corten, and E. Van der Hooft, “Crossing resonance rotor
speeds of wind turbines,” Energy Res. Centre The Netherlands, Petten,
The Netherlands, Rep. ECN-RX-03-041, 2003.

J. Licari, J. B. Ekanayake, and N. Jenkins, “Investigation of a speed
exclusion zone to prevent tower resonance in variable-speed wind
turbines,” IEEE Trans. Sustain. Energy, vol. 4, no. 4, pp. 977-984,
Oct. 2013.

S. P. Mulders, T. G. Hovgaard, J. D. Grunnet, and J. W. van Wingerden,
“Preventing wind turbine tower natural frequency excitation with a
quasi-LPV model predictive control scheme,” Wind Energy, vol. 23,
no. 3, pp. 627-644, Mar. 2020.

A. K. Pamososuryo, S. P. Mulders, R. Ferrari, and J.-W. van Wingerden,

“Periodic load estimation of a wind turbine tower using a
model demodulation transformation,” in Proc. ACC, 2022,
pp. 8-10.

A. Dittmer, B. Sharan, and H. Werner, “A velocity quasiLPV-MPC
algorithm for wind turbine control,” in Proc. ECC, Jun. 2021,
pp. 1550-1555.

E. F. Camacho and C. Bordons, “Nonlinear model predictive
control: An introductory review,” in Assessment and Future
Directions of Nonlinear Model Predictive Control, R. Findeisen,
F. Allgower, and L. T. Biegler, Eds., Berlin, Germany: Springer, 2007,
pp. 1-16, doi: 10.1007/978-3-540-72699-9_1.

J. S. Shamma and M. Athans, “Analysis of gain scheduled control
for nonlinear plants,” IEEE Trans. Autom. Control, vol. 35, no. 8,
pp. 898-907, Aug. 1990.

J. Mohammadpour and C. W. Scherer, Control of Linear Parameter
Varying Systems with Applications. New York, NY, USA: Springer,
2012.

G. Cisneros and P. Sebastian, “Quasi-linear model predictive con-
trol: Stability, Modelling and implementation,” Ph.D. dissertation, Inst.
Control Syst., Technische Universitit Hamburg, Hamburg, Germany,
2021.

W. J. Rugh and J. S. Shamma, “Research on gain scheduling,’
Automatica, vol. 36, no. 10, pp. 1401-1425, 2000. [Online]. Available:
https://www.sciencedirect.com/science/article/pii/S0005109800000583
P. S. G. Cisneros, S. Voss, and H. Werner, “Efficient nonlinear model
predictive control via quasi-LPV representation,” in Proc. IEEE CDC,
2016, pp. 3216-3221.

R. Toth, H. S. Abbas, and H. Werner, “On the state-space
Realization of LPV input-output models: Practical approaches,”
IEEE Trans. Control Syst. Technol., vol. 20, no. 1, pp. 139-153,
Jan. 2012.

D. Griffiths and D. J. Higham, Numerical Methods for Ordinary
Differential Equations: Initial Value Problems (Springer Undergraduate
Mathematics Series). London, U.K.: Springer, 2010. [Online]. Available:
https://books.google.nl/books?id=HrrZop_3bacC

P. S. G. Cisneros and H. Werner, “A velocity algorithm for nonlinear
model predictive control,” IEEE Trans. Control Syst. Technol., vol. 29,
no. 3, pp. 1310-1315, May 2021.

A. K. Janbahan, M. S. Tamer, J. W. van Wingerden, J. F. L. Goosen,
and A. van Keulen, “A comprehensive model for transient behavior of
tapping mode atomic force microscope,” Nonlin. Dyn., vol. 97, no. 2,
pp. 1601-1617, 2019.

E. A. Bossanyi, “The design of closed loop controllers for wind
turbines,” Wind Energy, vol. 3, no. 3, pp. 149-163, Jul. 2000.

M. A. Evans, M. Cannon, and B. Kouvaritakis, “Robust MPC tower
damping for variable speed wind turbines,” IEEE Trans. Control Syst.
Technol., vol. 23, no. 1, pp. 290-296, Jan. 2015.

K. Selvam, S. Kanev, J. W. van Wingerden, T. van Engelen, and
M. Verhaegen, “Feedback—feedforward individual pitch control for wind
turbine load reduction,” Int. J. Robust Nonlin. Control, vol. 19, no. 1,
pp. 72-91, Jan. 2009.

J. Jonkman, S. Butterfield, W. Musial, and G. Scott, “Definition of a
5-MW reference wind turbine for offshore system development,” Nat.
Renew. Energy Lab., Golden, CO, USA, Rep. NREL/TP-500-38060,
Feb. 2009.

M. de Fonseca, A. K. Pamososuryo, and S. P. Mulders (Zenodo,
Geneve, Switzerland). Software Implementation: Efficient Velocity-
Based Quasi-Linear Model Predictive Control for Wind Turbine
Side-Side Tower Periodic Load Reductions. 2024. [Online]. Available:
https://doi.org/10.5281/zenodo.14004355

Wind Turbines—Part-1: Design Requirements, IEC Standard 61400-1,
Aug. 2005.

Authorized licensed use limited to: TU Delft Library. Downloaded on December 16,2024 at 13:44:02 UTC from IEEE Xplore. Restrictions apply.


http://dx.doi.org/10.1007/978-3-540-72699-9_1


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


