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ABSTRACT
The presented research has the objective of supporting

the integrated conceptual design of floating offshore wind tur-
bines (FOWT). The dynamics of the multidisciplinary coupled
system with the aerodynamics, hydrodynamics, structural dy-
namics, the catenary mooring lines and the controller shall be
represented in simulation models adapted to the current design
stage. Here, a linear model-predictive controller (MPC) as an
optimal multiple input-multiple output (MIMO) controller is de-
signed for a novel concept of the floating foundation for a 10 MW
wind turbine. The performance of this controller is easily ad-
justable by a cost function with multiple objectives. Therefore,
the MPC can be seen as a benchmark controller in the con-
cept phase, based on a simplified coupled simulation model with
only approximate model information. The linear model is veri-
fied against its nonlinear counterpart and the performance of the
MPC compared to a SISO PI-controller, which is also designed
in this work. The developed models show to be well suited and
the linear MPC shows a reduction of the rotor speed overshoot
and tower bending from a deterministic gust.

1 Introduction
Offshore wind power is considered to play a favorable role in

the renewable power production. High and more constant wind
speeds help to guarantee a stable power production. The limita-
tions of fixed-bottom solutions regarding steepness of the coasts
and water depth can be overcome by using floating foundations
for offshore wind turbines. Research on floating offshore wind
turbines (FOWT) has advanced appreciably during the last ten
years. Experience and modeling techniques have been widely
adopted from oil and gas industry and adjusted to the specific

needs of wind power conversion. While a common horizontal
axis wind turbine is mostly mounted on the floating structure re-
search has not agreed yet on a specific concept of the floating
platform. Spar-type platforms seem well suited and have already
been tested in full-scale. The large draft yields a high restor-
ing moment to withstand the aerodynamic thrust force and the
viscous damping from flow separation improves the system dy-
namics. However, more and more existing prototypes are semi-
submersibles. Their low draft implies that the concept might get
a larger share on the market. A drawback of these types is that
the structure mostly requires an expensive welded steel structure
to produce the required restoring moment. As a consequence
concrete as structural material has been considered for floating
wind turbines already, see [1].

For this work a concrete spar-type concept has been de-
signed for a 10 MW wind turbine. The floating structure has
comparable material costs as a steel structure but it has the ad-
vantage of a longer lifetime than the steel counterpart. So far,
parametrized conceptual calculations of hydrostatics, still-water
hydrodynamics and wave excitation forces have been done for
the design. The mooring system is not yet designed and the vis-
cous hydrodynamic forces have not yet been identified.

The implementation of an MPC at this early design stage
shall point out the advantages of an integrated design method-
ology from the beginning. The controller has a significant im-
pact on the system dynamics. The contradicting goals of stabiliz-
ing power for above-rated wind speeds and minimizing platform
motion are a key challenge, as has been reported repeatedly in
the literature. A too aggressively tuned blade-pitch controller re-
sults in unstable platform behavior. This is due to a non-negative
phase zero of floating platforms, which limits the bandwidth of
the blade pitch controller. A nice explanation of this “negative
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damping” problem is given in [2]. For an uncoupled adapta-
tion of the controller the bandwidth of the PI-controller can be
reduced in order not the excite the platform modes, see [3]. An-
other method for a de-coupled tuning of the gains is given in [4].
The different methods have been applied and compared by [5].
Another application of these control design methods to existing
concepts with coupled models is given by [6] and by the au-
thor of this paper under his former name Sandner, see [7]. As
mentioned before, two control goals hold at the same time and
therefore MIMO strategies have been investigated. First, with
only one actuated variable as the blade pitch angle and conven-
tional SISO controller design, see [8] but also with additional ac-
tuators to stabilize the tower have been implemented in [9]. Other
multivariable controllers have been developed by [10] and [11].
An extensive study on individual pitch control (IPC) for floating
wind turbines can be found in the thesis [12]. Recently, also the
inclusion of disturbance preview for floating wind turbines has
been studied. A nonlinear model-predictive controller (NMPC)
with Lidar (Light detection and ranging) wind measurements is
presented in [13] and extended for IPC in [14]. A model devel-
opment and linear model predictive control design can be found
in [15].

In this paper, a linear MPC, which is an optimal controller,
is developed as an approach for an easily tunable controller for
a new conceptual platform. First, the considered design of a
concrete floating platform with a 10 MW wind turbine is pre-
sented before the simplified dynamic simulation models are in-
troduced for the subsequent design of the baseline PI-controller
and the MPC. Finally, the simulation results are presented and
discussed.

2 Design description
The conceptual concrete floating platform design subject to

this study can be classified as a spar with modifications to allow
a reduction of the overall draft. This makes the concept more
flexible to the site and opens markets of shallow coastlines such
as those appearing widely in Europe. A spar-type floater gains
the restoring moment and stability through a center of gravity at
a low position. A large metacentric height of a lightweight plat-
form can achieve enough restoring for resisting the thrust forces
of a 10MW wind turbine. Such a design would be a very slen-
der cylinder of a draft of more than 150 m. The low material
cost of concrete and the requirement to use simple shapes, which
holds for concrete structures, leads to a spar-type platform. The
toroidal shape allows a reduction of the draft combined with an
increase of the radius while ensuring limited vertical wave exci-
tation forces (Froude-Krylov forces). The interface between the
concrete torus and the tower base is realized with four steel struts
for a spatial introduction of the sectional forces to the concrete
body. The torus is always fully submerged with the upper torus
surface at a depth of 10 m. The heave plates at the lower part
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FIGURE 1: Sketch of concrete torus platform.

of the platform are not included yet but considered a feature for
detailed tuning of the hydrodynamic properties in later design
stages. Also the mooring lines are not designed yet but repre-
sented through a horizontal linear stiffness at the overall center
of mass, see Table 2. The unidirectional spring yields a natural
period in surge of Teig,11 ≈ 250s, which is realistic for the plat-
form mass and a catenary mooring system. The application at the
overall center of mass shall not alter the dynamics significantly,
except for the restoring force in x-direction for this design stage.

The wind turbine is the generic 10MW INNWIND.EU ref-
erence wind turbine, see [16], which has been designed and pub-
lished for research on large offshore wind turbines. The design
is made for offshore applications on a jacket foundation. There-
fore, the controller could not be adapted for this work since the
foundation dynamics are not comparable. The main dimensions
of the concept together with the 10 MW reference wind turbine
is shown in Table 1.
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TABLE 1: FOWT design parameters.

Platform: Draft [m] 58.7
Outer diameter [m] 22.0
Inner diameter [m] 15.0
Reinforced concrete &

1.489×107
steel interface mass [kg]
Ballast mass [kg] 2.58×107

Platform center of mass 44.98below SWL [m]
Metacentric height [m] 4.205

Wind turbine: Rating [MW] 10.0
Rated wind speed [m/s] 11.4
Rated rotor speed [rpm] 9.6
Optimal tip speed 7.86ratio (TSR) [-]
Rotor diameter [m] 178.3
Hub height [m] 119.0
Rotor-nacelle assembly

8.84×105
mass [kg]

3 Modeling

Numerous coupled modeling techniques with different lev-
els of detail have been presented in the literature. State-of-the-
art simulation models for load case simulations, applicable for
certification consist of multibody systems (MBS) with blade-
element momentum theory (BEM) for the rotor aerodynamics
and for the hydrodynamics the pre-processed frequency-domain
results of the radiation and the diffraction problem, respectively,
see [17] and [18]. These are then transformed into time domain,
also accounting for radiation memory effects. The mooring lines
are mostly modeled through quasi-static force-displacement re-
lations but also dynamic models are in use. For control-design,
however, simplified models are necessary, which have to be se-
lected and designed carefully in order to neglect all but the rele-
vant effects. Such models have been designed and compared to
verified models, see, e.g., [19] and [20].

Here, a simplified multibody model, initially presented
in [21] and verified in [22] has been adapted for the new system.

3.1 Nonlinear model

The nonlinear equations of motion which are needed for the
design and verification of the controllers are set up for a multi-
body system of rigid bodies applying the Newton-Euler equa-
tions. The model set up for this work has four degrees of free-
dom (DOFs) with the generalized coordinates platform surge xp
and pitch βp motion, the tower top displacement in platform co-

ordinates, xt and the rotor azimuth angle ϕ comprised in q as

q =


xp
βp
xt
ϕ

 . (1)

The considered rigid bodies are the Platform, the Tower, the Na-
celle and the Rotor, see Figure 2.

To set up the Newton-Euler equations following [23] New-
ton’s second law for translational motion is written for each body
as well as Euler’s law for rotational motion. The coupled equa-
tions of motion result for translational and rotational directions
for each body of the p bodies with mass mi and inertia tensor Ii
as


miE ·JTi

...
Ii ·JRi

...

 q̈+


miE ·ai

...
Ii ·α i + ω̃iIiωi

...

=


fi
...
li
...

+Q ·g. (2)

Equation (2) has the dimension of 2 ·3 · p, which is Newton’s
and Euler’s law in each spatial direction for each body i. The
kinematics are derived in a convenient manner for an automated
setup of the equations by applying Jacobian matrices, which
transform the generalized velocities to inertial coordinates. The
translational Jacobian matrices JTi and the rotational Jacobian
matrices JRi are with each body’s position vector ri and each
body’s angular velocity vector ωi defined as

JTi =
∂ri

∂q
ωi = JRi(q) · q̇. (3)

The second term of Eq. (2) is the vector of Coriolis-, cen-
trifugal and gyroscopic forces and moments with the generalized
accelerations q̈ and the local translational and rotational acceler-
ations ai and α i due to the accelerations of each body’s reference
frame. They are calculated for scleronomic systems as

ai = J̇Ti q̇ α i = J̇Ri q̇. (4)

The term including the skew-symmetric matrix of each body’s
angular velocity vector ω̃i results from the time derivative of the
rotation matrix that transforms the local mass moment of iner-
tia matrices Ii of each body i into global coordinates. On the
right hand side of Eq. (2) are all applied forces and moments fi
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FIGURE 2: Multibody system sketch.

and li, respectively and the reaction forces Q · g. These forces
point always into constrained directions and are eliminated in a
next step, according the d’Alembert’s principle, through a multi-
plication of Eq. (2) by the inverse global jacobian matrix J from
the left.

Finally, a state space description can be derived from Eq. (2).
This is symbolically written in C-code and simulated with a
fourth order fixed-step Runge-Kutta solver. With the transformed
equation (2) the new variables result as the mass matrix M, the
vector of applied forces and moments p and the Coriolis-, cen-
tifugal and gyroscopic forces k. The first derivative of the state
vector reads as

ẋ =
∂x
∂ t

=

[
q̇
q̈

]
=

[
q̇

M−1(p−k)

]
. (5)

The hydrodynamic forces as part of the external force vec-
tor p are reduced to the still water hydrodynamics. The hydro-
static coefficients are linearized and constant. For the added mass
coefficients calculations have been done with Ansys Aqwa and
the infinite-frequency limit of the added mass matrix A is used
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FIGURE 3: Steady-state power and thrust coefficients cP and cT
over wind speeds v0 for 10 MW reference wind turbine.

for these coupled simulations. The hydrodynamic viscous damp-
ing has been approximated with the values given in Table 2.

The aerodynamic forces and moments within p are cal-
culated based on the steady-state power and thrust coeffi-
cients cP(T SR,θ) and cT (T SR,θ) over blade pitch angles θ and
tip-speed ratios T SR of the 10 MW reference wind turbine. The
aerodynamic torque is calculated by

Ma =
1
2

ρπR3 cP(T SR,θ)
T SR

v2
rel (6)

with the rotor radius R and the relative rotor-effective wind
speed vrel , see [25]. The aerodynamic thrust force in shaft di-
rection reads as

Fa =
1
2

ρπR2cT (T SR,θ)v2
rel . (7)

The steady-state power and thrust coefficients cP and cT can be
written as function of T SR and blade pitch angle θ . In Figure 3
they are plotted over the wind speeds v0 for the steady-state blade
pitch angles θ . The power coefficient cP decreases for increas-
ing wind speeds, as well as its derivative ∂cP

∂v , which is the main
reason for the common implementation of gain scheduling. The
gain scheduling keeps the selected properties of the closed loop
drivetrain dynamics constant over all operational wind speeds,
see Section 4. In the coupled floating case, also the thrust coef-
ficient behavior over wind speeds v0 is important. It shows an
even higher slope over v0 as the power coefficient cP.

For the blade pitch actuator and additional second order dy-
namic has been included with a natural frequency ω0,act = 1.6Hz
and a damping ratio ξact = 0.8.

3.2 Linear model
A linear model will now be developed from the nonlinear

equations of motion for the design of the PI-controller and for use
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TABLE 2: Hydrodynamic platform properties about platform
center of mass.

Hydrostatic stiffness
C55 [Nm/rad] 2.29×109

(including gravitation)
Added mass A11 [kg] 1.0×107

Added mass A55 [kgm2] 1.3×1010

Added mass A15 [kgm] 5.0×108

Added mass A51 [kgm] 5.0×108

Damping coefficient d11 [Ns/m] 2.277×105

Damping coefficient d55 [Nms/rad] 1.27×109

Damping ratio ξ11 [-] 0.114
Damping ratio ξ55 [-] 0.0023
Linear mooring stiffness Cl,11 [N/m] 6.18×104

Linear mooring stiffness Cl,55 [Nm/rad] 0.0
Linear mooring stiffness Cl,15 [N/rad] 6.18×104

Linear mooring stiffness Cl,51 [N] 0.0

as internal model of the MPC. Therefore, the nonlinear equations
of motion of Eq. (5) are linearized, transforming the states x to
the new differential state vector ∆x as well as the inputs u to the
differential input ∆u

x = x0 +∆x u = u0 +∆u. (8)

Eventually, the position and velocity-dependent terms of the
state-space description, Eq. (5) can be separated resulting in the
linear state-space formulation

∆ẋ =

[
0 E

−M−1 ·Q −M−1 ·P

]
︸ ︷︷ ︸

A

∆x+B ·∆u. (9)

The highly nonlinear aerodynamic kinetics from Eqn. (6)
and (7) part of P and Q. They represented by a first order
linearization with respect to the blade pitch angle θ , the rotor
speed Ω and the wind speed v0. The linearized formulation of
the thrust force Fa and the torque Ma is given in [7].

The dynamics of the open loop system can be seen in the
Bode plot in Figure 4, where the input has been set to the blade
pitch angle θ and the output to the rotor speed Ω. For rated wind
speed at v0 = 11.6m/s a large phase loss can be seen, which is
less pronounced for higher wind speeds. An eigenanalysis re-
veals the modes and the corresponding damped eigenfrequen-
cies ωd , shown in Table 3. The modes are labelled according
to their dominant DOF. For controller design of FOWT the right
half-plane zeros (RHPZ) are of major importance as discussed
in Chapter 1. All zeros of this open-loop system have a fre-
quency ωz,i close to an eigenvalue or pole, which can be seen
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FIGURE 4: Bode diagram for the open loop from blade pitch
angle θ to the rotor speed Ω for v0 = 11.6 . . .16 m/s.

TABLE 3: Results of open loop Eigenanalysis @ v0 = 12m/s.

xp 0.1 0.0 1.0 1.0 0.26 0.26 0.002 0.002
βp 0.0 0.0 0.001 0.001 0.06 0.06 0.001 0.001
xt 0.0 0.0 0.007 0.007 0.25 0.25 1.0 1.0
Ω 1.0 1.0 0.4 1.0 1.0 1.0 0.007 0.007
ωd,i 0.0 0.0 0.02 0.2 0.15 0.15 1.8 1.8
[rad/s]

ωz,i 0.0 0.02 0.02 0.14 0.14 1.8 1.8
[rad/s]

om
eg

a

om
eg

a

su
rg

e

su
rg

e

pi
tc

h

pi
tc

h

to
we

r

to
we

r

in the Bode plot, Fig. 4 and in Table 3. Here, two RHPZ appear
at a period of TRHPZ,1 = 44.1s and TRHPZ,2 = 3.4s, close to the
periods of the pitch- and tower eigenfrequencies, respectively.
These two modes are the ones which move visibly for changing
feedback gains in the closed loop. This will be shown in the next
section on the baseline and MPC controller design.

The validity of this model is shown in the next section,
where time-domain simulations with the same disturbance and
the same controller are performed with the linear and the nonlin-
ear model.

3.3 Model validation
The ability of reduced models to predict the system dynam-

ics of the real system has to be evaluated with respect to accuracy
and state space of the reduced model. In the following, two ex-
treme operating gusts around the wind speeds v0 = [8,16]m/s are
simulated with the nonlinear and the linear model to compare the
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FIGURE 5: Nonlinear model (blue) vs. linear model (green)
for v0 = 8 (left) and 16m/s (right).

system dynamics. Figure 5 shows the platform DOFs xP and βP,
below the tower-top displacement xT and at the bottom the rotor
speed Ω and the blade pitch angle θ . While the latter agree very
well for all wind speeds the platform surge and pitch displace-
ments are overpredicted by the linear model for wind speeds be-
low rated and underpredicted for wind speeds above rated. This
is most likely due to the linearization of the aerodynamics, de-
scribed in Section 3. Regarding the nonlinearity of the aerody-
namic coefficients, however, it can be said that the frequency as
well as the phase results of the two models agree rather well and
thus, the linear model is regarded as valid for the purposes of this
work.

4 Controller
In this section two controllers for the presented FOWT are

developed, a baseline controller and a model predictive con-
troller.

4.1 Baseline controller
The baseline controller follows the standard control strategy

of wind turbines, which divides the area of operation into several
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FIGURE 6: Block diagram of the pitch controller with the gain
scheduling function.

parts with different controllers and control goals. Between the
different regions transition strategies are included for a smooth
switchover. The controller mainly consists of a torque controller
and a pitch controller.

Region 2 controller The region 2 controller aims at maximiz-
ing power output by tracking the optimal tip speed ratio λopt
through the generator torque, while the blade pitch angle θ is
constant. The tip speed ratio T SR is defined by

T SR =
ΩR
v0

, (10)

where Ω is the rotor speed, v0 the wind speed and R the rotor
radius. This is done as described in [24] by setting the generator
torque to

Mg = kΩ
2 (11)

with k = 1
2 ρπR3 cp,max

T SRopt3 , where ρ is the air density and cp,max

the maximum power coefficient. Between region 2 and region 3
a transition strategy applies, which is a linear interpolation be-
tween the generator torque Mg in region 2 and Mg,rated .

Region 3 controller In region 3 the torque controller is set to
be constant to Mg,rated =

Prated
Ωrated

. This is done to stabilize the nega-
tive coupling between pitch controller and platform pitch motion
as described in Chapter 1. The pitch controller is a standard PI-
controller for blade pitch control, with a PI-feedback of the rotor
speed error. In Figure 6 the closed loop block diagram is shown.

Conventional SISO methods are applied using the developed
linear coupled model. Therefore, the open and closed loop pole-
zero map is plotted for various proportional and integral gains.
The range of the proportional gains kp is selected such that the
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movement of the poles from the open loop pole towards the open
loop zero is visible and also some platform poles with a pos-
itive real part result. As in [7] the underlying idea is that in-
creasing proportional gains generally improve the performance
of the rotor speed tracking, while they can lead to instability of
the floating platform. Thus, a well suited controller can be de-
signed by selecting stable closed loop platform poles, close to
the imaginary axis, with their corresponding gains kp and Ti.
This method for baseline controller design of FOWT assumes
that with the described pole placement the compromise between
rotor speed tracking and stable platform motion is close to the
optimum. Subsequently, a nonlinear simulation model with re-
alistic disturbances is used to find the optimal combination of
proportional gain and integral gain time constant Ti.

Once a reasonable range of gains kp has been selected the
pole-zero map shows clearly the poles, which move significantly
with the proportional gains kp. For the PI-controller devel-
oped here these modes λi have been constrained to a reason-
able value with a real part 0 > Re(λi) > Re(λOL) for all wind
speeds vrated < v0 < vcutout . Subsequently, all gains kp and time
constants Ti fulfilling the condition of the real part Re(λi) give
the design space for a further brute-force optimization under tur-
bulent wind, simulated with the nonlinear model.

The pole-zero map is shown in Figure 7 for the dynamics
from wind speed v0 to rotor speed Ω in case of the closed-loop
and from blade-pitch angle θ to rotor speed Ω in the open-loop
case. The plot shows the poles and zeros with positive imag-
inary part for two different wind speeds v0 = [11.6,15.0]m/s in
the upper to plots. The third plot is a detail on the first wind
speed. It can be seen how the tower mode and the platform
pitch-mode move significantly to the right. As already men-
tioned in Chapter 3 these are the modes with associated zeros
at neighboring frequencies. For low wind speeds, slightly above
rated (11.6m/s) especially the platform pitch-mode moves to the
right, whereas for higher wind speeds the tower-mode becomes
the critical mode. The platform surge-pole, represented by the
blue line in the third plot of Fig. 7, with no associated RHPZ
does not move significantly for varying kp. At rated wind speeds
two RHPZ can be seen, whereas only one remains at v0 = 15m/s,
which explains why the tower-mode becomes critical for higher
wind speeds. With the set limit of the real part of the closed
loop poles for all wind speeds the stable combinations of the PI-
controller gains have been determined. Figure 8 shows how the
proportional gains kp, which satisfy the selected constraint on the
real part Re(λi), evolve over the wind speeds v0.

Through nonlinear simulations the optimal set of controller
gains kp and Ti has been found in one-hour simulations at wind
speeds v0 = [15,18,20]m/s. As a cost function the variance of the
rotor speed Ω and the variance of the tower top displacement xt
has been used. Eventually, the optimal time constant Ti = 40s
has been selected, see Figure 8. The nonlinear gain scheduling is
realized with a lookup table.
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In a next step a model predictive controller is developed,
based on a cost functional including the relevant dynamics, and
analyzed for its applicability to improve the dynamics compared
to the PI-controller.

4.2 Model predictive controller
The basic idea of model predictive control is to solve the

optimal control problem, apply only a defined time span of the
solution, measure the current states and solve the optimal con-
trol problem again with the measured states as initial condition.
The feedback is induced by solving the optimal control prob-
lem repetitively. Furthermore, input and stage constraints can
be taken into account as well as multi-input and multi-output
(MIMO). The inputs are the commanded collective blade pitch
angle θc and the generator torque Mg, u = [θc, Mg].

Here, a linear model predictive control strategy is investi-
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gated. Therefore, the linearized model of Section 3.2 is used.
The nonlinear state space is discretized with respect to the wind
speed and for each operation point of the wind v0,i the linear sys-
tem dynamics are calculated as described in Section 3.2. Thus, a
set of linear systems

ẋ = A(v0,i)x+B(v0,i)u+Bd(v0,i)d (12)

are obtained, which were then used in the optimal control prob-
lem.

Thus, the considered optimal FOWT control problem can be
described as follows. The objective is to find the optimal control
trajectory u(·) in the presence of the disturbance d(·), minimiz-
ing the cost functional J, which is defined over the time hori-
zon T of the objective function Π from the actual time t0 to the
final time t +T with the set of linear systems and the set of con-
straints H. The time horizon is discretized intro N = 10 steps
with a step size of dt = 0.2s. Further, a discretized version of
Eq. (12) is used

x(k+1) = A(v0,i)x(k)+B(v0,i)u(k)+Bd(v0,i)d(k). (13)

Then, the optimal control problem can be stated as follows:

min
u

J(x,u,d)

with J(x,u,d) =
N

∑
k=1

Π(x(k),u(k−1))+Π∞

s.t. x(k+1) = Ax(k)+Bu(k)+Bdd(k)

x(0) = x0

H(x,u,d)≥ 0 ∀ k = 1 . . .N. (14)

The system dynamics are chosen with respect to the current wind
speed, which can be calculated from the current states by solving
the observer equation for the wind speed, see [25]. For the pre-
view on the rotor effective wind speed v0 the wind speed is kept
constant to the actual wind speed.

The crucial part in designing a model predictive controller
is to translate the control goals to a representative mathematical
expression. Generally, the goal in wind turbine control is to max-
imize power output within the area of operation and to minimize
structural loads. Further, damping the platform motion of the
FOWT is also an objective.

Above rated wind speed control The main control goal in
above rated control is to keep constant rated power output and to
minimize structural loads. Generally, this is done by minimizing
rotor speed deviations and damping tower and platform motion.

To realize the control goal of constant rated power production an
additional state

w =
∫

Pel dt (15)

is introduced. In the linear model this yields

ẇ =
Mg,SS(v0,i)

igen
Ω+

ΩSS(v0,i)

igen
Mg. (16)

Translating the requests to the objective function Π this
gives

Π = x(k)T Qx(k)+u(k−1)T Ru(k−1)

with: Q =



0 · · · · · ·
QΨ 0

: QxP

QβP
: QxT :

QΩ

: 0
Q

θ̇

0 · · · · · · Qw



R =

[
RMg 0

0 Rθc

]
. (17)

To approximate the infinity cost of the optimal control problem a
state-feedback controller is designed using the weighting matri-
ces Q and R in a linear-quadratic regulator approach

Π∞ = x(N)T Px(N). (18)

Furthermore, the operation of the FOWT is constrained to its op-
eration range by a set of constraints H which are

0◦ ≤ θc ≤ 90 ◦

0.8Mg,SS ≤Mg ≤ 1.2Mg,SS

−8 ◦s−1 ≤ θ̇ ≤ 8 ◦s−1. (19)

The optimal control problem is then comprised to a convex
quadratic minimization problem with respect to the linear con-
straints and solved by a convex interior point method in Matlab.
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Below rated wind speed control In below rated wind condi-
tions the main focus for the controller is to maximize power out-
put. In current control strategies this is achieved as described in
Section 4.1. Generally, the tip speed ratio λ is controlled to be
constant at its optimal value, λopt . To realize this in an optimal
control approach, a new state is introduced

ψ =
∫

Ω−Ωopt dt (20)

to realize an offset free tracking of the optimal rotor speed. Ωopt
can be calculated assuming the current wind speed v0 to be con-
stant over the prediction horizon

Ωopt =
λopt

R
v0. (21)

The second goal for the controller is to minimize structural loads.
This is done by also penalizing the platform pitch motion and the
tower fore-aft motion.

5 Results
In this section the presented controllers are evaluated within

two simulation scenarios. First, an extreme operating gust (EOG)
is presented to analyze the ability of damping the tower and plat-
form motions. Second, the results of a one hour simulation using
turbulent wind are compared. Finally, several statistical values
of the simulations are compared to each other to confirm the ob-
served results.

Extreme operating gust (EOG) Extreme operating gust sim-
ulations are mainly used to study extreme loads and the stability
of the controller as well as the damping of the different motions.
Here, an EOG at 14 m/s is used. In Figure 9 the results are pre-
sented. The higher damping of the tower top motion ẋT and the
platform pitch motion β̇P is observable. Further, the MPC con-
troller has a higher performance in controlling the rotor speed
and the generator power. This can be seen in evaluating the over-
shoot of both controller presented in Table 4.

Turbulent wind simulation Besides extreme events, a con-
troller for a FOWT has to guarantee a good performance in nor-
mal operation. To evaluate this ability simulations with a one
hour turbulent wind field is proceeded. The results are presented
in Figure 10. Further, some statistical values are evaluated in
Table 4. The observations, namely a higher damping in tower
top and platform pitch motion and good performance in stabiliz-
ing the rotor speed, made in the EOG simulations, can also be
noticed in normal operation.
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FIGURE 9: Comparisons of the different controllers at an EOG
with 14m/s. MPC (green), PI (blue).

6 Conclusions and Outlook
In this work a conceptual concrete platform model together

with a 10MW wind turbine has been used for a study on the ap-
plicability of a linear model predictive controller (MPC) at an
early conceptual design stage. A simplified coupled simulation
model has been used with limited information on the aerody-
namic blade characteristics. The model has been linearized and
used for subsequent controller design. Besides the MPC a base-
line PI-controller was developed as a reference, applying con-
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TABLE 4: Statistical values for both controllers in different op-
erating situations.

PI MPC
EOG overshoot Ωmax

Ωrated
[-] 1.11 1.05

overshoot Pmax
Prated

[-] 1.11 1.08
overshoot xT,max

xT,SS
[-] 1.70 1.21

normal σ(ẋT ) [m/s] 0.024 0.011
operation σ(β̇P) [deg/s] 0.16 0.15

σ(Ω) [rpm] 0.69 0.16
σ(P) [MW] 0.74 0.26

ventional SISO methods using the same linear model. The lin-
ear MPC was developed and tuned to control the pitch and gen-
erator torque to minimize structural loads and to guarantee con-
stant power output above rated wind speed. The concept of a
linear MPC can be a good solution in facing the problems which
arise in controlling a FOWT. With MPC it is straightforward to
develop a well tuned optimal controller, which can be very help-
ful to obtain a target performance during the entire design phase
of the FOWT system.

Altogether, both controllers show a satisfying performance,
although the MPC damps the tower top and platform pitch
motion better than the PI-controller and it reduces significantly
the overshoot of the rotor speed compared to the PI-controller.

The concept of floating concrete foundations for large off-
shore wind turbines will be further investigated in the project IN-
NWIND.EU.
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