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Abstract:

Applying a land-based designed pitch control-
ler on a floating wind turbine may cause severe
instability. A common strategy to overcome this
problem is to reduce the closed-loop band-
width of the pitch control system. In so doing,
the generator speed variation increases possi-
bly leading to shutdowns due to overspeeds.
This study uses a parallel path modification to
avoid instability without increasing the genera-
tor speed variation. The results of comprehen-
sive simulations and load calculations carried
out on the 5SMW NREL offshore wind turbine
installed on the OC3-Hywind spar buoy are
presented. These demonstrate that by using
the proposed method it is possible to apply the
land-based designed pitch controller on its
floater-based equivalent.
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1 Introduction

Many works on the control of floating wind
turbines point out the issue of negative damp-
ing of the platform pitch motion because of
interactions between the blade-pitch control
system and tower motions, e.g. [1, 2, 3]. From
a control engineering point of view, this is due
to a complex pair of non-minimum phase zeros
(NMP2Z) of the transfer function from the blade-
pitch angle to the generator speed.

These zeros also occur on land-based wind
turbines and they are a hard limit for the band-
width of the blade-pitch controller [4]. While
they are located near the natural frequency of
the first tower bending mode for fixed turbines,
they are located near the natural frequency of
the platform pitch mode for floating turbines.
Unfortunately, the platform pitch frequency is
quite low, because it has to lie well below the
peak of the wave spectrum to avoid the excita-
tion of heavy loads on the structure [2].

It is a straightforward approach to reduce the
closed-loop bandwidth of the blade-pitch con-
trol system below the platform pitch frequency

[1, 2]. But the reduced bandwidth causes the
generator speed to respond more sensitive to
disturbances. Reference [2] reports that for the
floating system with reduced bandwidth the
maximum rotational speed is up to 30% higher
than the nominal speed, whereas typical val-
ues for onshore turbines are up to 10%. These
values are confirmed by the simulation results
given below. The increased variations are es-
pecially critical for wind turbines with doubly
fed induction generators, which are usually
designed with a variable speed range of £30%
around the synchronous speed [5].

The restrictions induced by the NMPZ can be
overcome. This is shown in [4] for fixed-
foundation turbines. In this paper, it is demon-
strated how the method can be applied to re-
duce the rotor speed variations of floating wind
turbines.

In the next section, linear control design mod-
els are presented that feature the relevant
dynamic properties. The subsequent section
summarises the results of a simulation study
where the method is applied to a widely-used
benchmark system: the 5MW NREL offshore
wind turbine installed on the OC3-Hywind spar
buoy [6]. All simulations have been carried out
in Matlab/Simulink with the FAST module [7], a
fully coupled aero-hydro-servo-elastic code,
which is freely available and has been devel-
oped at the National Renewable Energy La-
boratory.

2 Control method

After introducing a very simple model to ana-
lyse the emergence of the NMPZ, the ap-
proach to compensate them is presented. For
the latter purpose, a more complex linear
model is used.

2.1 Analysis and control design
models

A very simple, 1.5 DOF model, linearised
around a certain operating point, is sufficient to
investigate where the NMPZ come from.
Therefore, all the time varying physical quanti-



ties in the formulas below are defined as devia-
tions from their steady state values.

The model consists of a second order differen-
tial equation for the platform pitch mode

Jr®+Drip+Cr =Ly Fy,

where @ is the platform pitch angle and Fy, is
the thrust force on the nacelle, see Figure 1.
As the wave excitation is an external distur-
bance for the control loop it has been ne-
glected for the following stability
considerations. The rotating parts are summa-
rised using a first order differential equation

Jr @ = Tgero — Tgena

where w is the rotational speed, and T, and
Tgen are the aerodynamic and the generator
torque, respectively. Furthermore, the aerody-
namics are approximated by the gradients of
the rotor characteristics:

Fep = cpy(0y — Lr@) + Cpy 0 + Crp B
Toero = CT,v(vw —Lrg) + Crw Wt Crg B,

where the constants cg, and cr, are the gradi-
ents of thrust force and aerodynamic torque
with respect to the effective, local wind speed
at the blades — valid in the vicinity of the oper-
ating point. The other constants are the gradi-
ents with respect to rotor speed w and blade
pitch angle .

L

Figure 1: Schematic for the equation of the
platform pitch mode.

For the design of the pitch controller we need
the transfer function from the blade pitch angle
to the rotor speed. It is obtained by using
Laplace transformed versions of the equations
above:
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with the abbreviation

CF”B
Haero = Crp — Crp
CT!B
in the numerator, and the coefficients a; of the
denominator polynomial.

Now it can be seen that the transfer function
exhibits a pair of NMPZ if

Haero LZT < _DTa

that is, the occurrence of the NMPZ depends
on the ratio of the aerodynamic coefficients
Maero @and the damping of the platform pitch
mode Dr.

The coefficient e Varies with the operating
point and is usually very low near rated wind
speed. It also provides an insight into the un-
derlying physics: cg, and cr, are both positive,
Ceg and crp are both negative for power pro-
duction operating points. Hence, there are two
physical pathways (via thrust force and via
aerodynamic torque) with different signs, which
is a necessary condition for the emergence of
NMPZ.

Although the simple, 1.5 DOF model is suffi-
cient for the explanation of the NMPZ a more
complex linear model is necessary for the
overall control design. To this end, the model
introduced in [8] has been enhanced by the
relevant hydrodynamic effects.

Figure 2 exemplarily shows the non-minimum
phase behaviour of this model. The blue dotted
line is the phase response from blade-pitch
angle to generator speed of the model with the
operating point at 13 m/s constant wind speed.
Between 0.2 and 0.3 rad/s, which is the fre-
guency range in which the natural frequency of
the platform pitch motion is located, the phase
loss due to the NMPZ is clearly present.

Two other modes can be taken from the phase
plot: first, the platform surge mode around 0.05
rad/s, which does usually not cause non-
minimum phase behaviour, as it is damped
enough, and second, the first tower bending
mode in fore-aft direction around 3 rad/s, which
usually is the origin of the non-minimum phase
behaviour of land-based wind turbines.

The linear model is validated in the critical
frequency range with a manual, pointwise open
loop “measurement” of the transfer function
using the non-linear simulation code FAST [7]
(red marks). For that purpose, the simulation
model has been driven to the steady operating
point at 13 m/s constant wind speed and still
water. Then the controller has been switched
off and the collective blade pitch has been
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Figure 2: Phase response from collective pitch angle to generator speed with and with-
out NMPZ compensation. Comparison of a linear model along the lines of [8] and a
manual, pointwise “measurement” using the non-linear simulation code FAST [7].

modulated with harmonic oscillations of differ-
ent frequencies.1

2.2 NMPZ compensation

As mentioned in the introduction, this complex
pair of NMPZ is a hard constraint for the con-
trol design. For the example, the closed-loop
bandwidth of a conventionally designed blade-
pitch control system will be below 0.2 rad/s,
which is an order of magnitude lower than for a
common multi-megawatt onshore wind turbine.

Theoretically, the non-minimum phase effect
could be avoided by an appropriate design of
the aerodynamic properties of the rotor (Uaero)
or the hydrodynamic properties of the floating
platform (D). Whether such designs are feasi-
ble in practice is beyond the scope of this pa-
per. It is focussed on a modification of the
control system of the wind turbine to overcome
the bandwidth problem.

In [4] it is shown how the constraints induced
by the NMPZ can be overcome for a fixed-
foundation wind turbine by a technique called
parallel path modification, see [9]. The general
idea is to compensate the NMPZ between one
input and one output of the plant by using a
second input and a second output.

For the wind turbine the latter two are the gen-
erator torque and nacelle velocity in fore-aft
direction, see Figure 3. That is, by feeding
back the nacelle velocity to the generator

! FAST, which has also been used for the simulation study
below, features a linearization capability. Although the
linearisation routine properly identifies the magnitude
response, the corresponding phase response does not
show the non-minimum phase behaviour that is “meas-
ured” manually.

torque it is possible to modify the zeros of the
transfer function from blade-pitch to generator
speed. The same approach is obviously suit-
able for floating wind turbines.
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Figure 3: Block schematic of the parallel path
modification. The NMPZ of the transfer func-
tion from blade pitch 8 to generator speed w is
compensated by feeding back the nacelle
velocity Vnacx t0 the generator torque Tgep.

A proportional feedback of the nacelle velocity
Vnacx = Lt * ¢ to the generator torque, i.e.

Tgen = _KcompLT¢1
leads to a modified aerodynamic coefficient

CFrﬁ

Haero = Crp — (CT,V - Kcomp) :
CT,B

Clearly, the proportional feedback can be used
to adjust the coefficient arbitrarily.

Figure 2 demonstrates this for the example
system from the last section and Kgmp = 0.5
cry. The NMPZ close to the frequency of the
platform pitch is compensated and the dra-
matic phase loss has vanished, for the com-
plex linear model (green line) as well as for the
manual measurement using the nonlinear



model (turquoise marks). This enables the
control designer to choose an increased
bandwidth for the rotor speed closed loop,
which, in turn, reduces rotor speed variations
and the risk of overspeeds.

It can be argued that using additional inputs
and outputs allows for the application of multi-
variate control design methods, see e.g. [10].
These methods intrinsically include the oppor-
tunity to compensate the said non-minimum
phase behaviour. However, to the best of the
author’'s knowledge, these advanced control
concepts have not yet been widely applied in
the wind industry besides some example re-
search projects, see also the discussion on this
topic in [11]. Common practice in industry is to
iteratively close several more or less decoup-
led SISO control loops, each of which is dedi-
cated to different tasks (rotor speed regulation,
drive train damper, etc.). The proposed method
is in accordance with this approach.

As the loads on the wind turbine are particu-
larly influenced by the control system, the ap-
plication of the NMPZ compensation in practice
has to be carefully balanced, especially with
respect to the drive train loads. Therefore, the
results of a simulation study are presented in
the next section. Another important implemen-
tation aspect is that the readily available sen-
sor signal is the nacelle fore-aft acceleration.
That is, filtering is also necessary to a certain
extent.

3 Simulation study

The method is exemplarily applied to the 5SMW
NREL offshore wind turbine installed on the
OC3-Hywind spar buoy [6]. All simulations
have been carried out in Matlab/Simulink with
the FAST module [7].

3.1 Simulation set-up

To demonstrate the recovered bandwidth, the
blade-pitch controller originally designed for
the land-based version [12] is applied to the
OC3-Hywind version [6], what is apparently

impossible without using the compensator [1].
Although this approach is a little academic —
from a practical point of view it would make
sense to redesign the blade-pitch controller for
the wind turbine including the compensator — it
is very useful for demonstrating the effects of
the NMPZ compensation. For comparison, the
original wind turbines with unmodified control
systems are also considered: the land-based
turbine from [12] and the floating system from
[6]. All three configurations are summarized in
the Table 1.

A fatigue load analysis has been carried out in
accordance with DLC1.2 of the IEC 61400-3
standard (normal operation). The different
simulated environmental conditions are:

e 4,6, 8, ..., 24 m/s mean wind speeds
(IEC I, B; power law exponent 0.14),
no yaw misalignment, and

» site-specific metocean data according
to [13], a location in the northern North
Sea.

Each simulation run takes 850 seconds, while
the first 250s are omitted for the analysis to
exclude transients due to initialization effects. 5
different random seeds are used for each wind
speed, i.e. the total number of simulation runs
with all three turbine configurations is 165.

3.2 Analysis

Figure 4 shows sample time series of the float-
ing configurations for a simulation run with 14
m/s mean wind speed. It demonstrates qualita-
tively the main differences between the system
with and without the NMPZ compensator, i.e.
configuration C and B, respectively.

The intended purpose of the NMPZ compensa-
tor is clearly to be seen: generator speed varia-
tions are greatly reduced for configuration C.
This improvement is due to the increased
bandwidth of the blade-pitch control loop, as
indicated by the faster blade-pitch action. Fur-
thermore, while for configuration B the genera-
tor torque is held constant in the region above

Table 1: Three configurations have been simulated for the load caculations.

configuration platform blade-pitch controller generator-torque controller
A land-based high bandwidth (according | constant power (according to
to [12]) [12])
B OC3-Hywind spar low bandwidth (according constant torque (according to
buoy to [6]) [6])
C OC3-Hywind spar high bandwidth (according | constant torque (according to
buoy to [12]) [6]) + NMPZ compensator




rated wind speed, the NMPZ compensator
uses the generator torque dynamically.
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Figure 4: Time series of the floating configura-
tions for a simulation run with 14 m/s mean
wind speed. B: Low bandwidth blade-pitch
controller. C: High bandwidth blade-pitch con-
troller and NMPZ compensator.

A saturation element has been applied to limit
the generator torque used by the compensator
around +20% of the nominal generator torque.
This avoids too high generator torque de-
mands. To this end, the generator torque
maximum has been increased to 120% of its
nominal value, in contrast to [6] and [12],
where the maximum value is assumed to be
110%.

Both configurations are similar with respect to
the platform pitch motion. This is of course not
the case for the shaft torque. The increased

usage of the generator torque leads to heavier
fluctuations drive train torque.

Those qualitative findings are now quantified
with a statistical analysis and a load calculation
taking into account all the simulation runs.

Figure 5 shows the statistics of the generator
speed with respect to the mean wind speed of
the simulation run. For each wind speed there
are 5 simulation runs. The generator speed
variations of land-based turbine and the float-
ing turbine with NMPZ compensator are similar
(#10% around nominal in the region above
rated). For the floating turbine with slow blade-
pitch controller the maximum overspeed is
about 30% of the nominal value — as observed
in [2].

A (land-based)

generator speed (rpm)

mean wind speed (m/s
B (floating)

generator speed (rpm)

mean wind speed (m/s)
C (floating)

generator speed (rpm)

Figure 5: Maximum, minimum, mean and
standard deviation of the generator speed vs.
mean wind speed.

In the same manner, Figure 6 summarises the
statistics of the platform pitch angle for the
floating turbines. The platform pitch angle
variation is comparable for both configurations,
except for an outlier at 14m/s wind speed in
configuration C.

Finally, fatigue load calculations have been
performed for each turbine configuration. The
resulting damage equivalent loads (DELSs) of



the floating turbines are divided by the DELs of
the land-based turbine. Thus, a DEL ratio of
1.05 means that the corresponding DEL of the
floating system is increased by 5% with re-
spect to the land-based system.

B (floating)

platform pitch (deg)

mean wind speed (m/s)
C (floating)

platform pitch (deg)

mean wind speed (m/s)

Figure 6: Maximum, minimum, mean and
standard deviation of the platform pitch angle
vs. mean wind speed.

The DEL ratios of the main shaft torsion are
shown in Figure 7, the blade-root bending
moments and the tower-base bending mo-
ments. These are obtained by a cumulative
rainflow count weighted by a Weibull distribu-
tion. A Wohler exponent m=10 has been used
for the blade related quantities, for all other
guantities m=4.

General DELs from cumulative rainflow count

DEL ratio floating to land-based

shaft blade ip blade oop towerss tower fa

Figure 7: General DEL ratios from rainflow
count. The values of the floating turbines are
divided by the land-based turbine.

Configuration B has been investigated in [14],
too, and the DEL ratios reported there coincide
with those in Figure 7: While the tower-base
bending moments are increased, the other
values are similar. The same holds true for the
floating system with compensator (configura-
tion C) except for the main shaft torsion. Un-
surprisingly, because the RHPZ compensator
uses the generator torque, these loads are

increased by 56% compared to the land-based
system.

The DEL obtained by a rainflow cycle count is
a good measure for the torsional fatigue of the
main shaft. In case of components like the
gearbox and the main bearings, the DELs ob-
tained by calculating the load duration distribu-
tion is more meaningful [15]. These drive train
DEL ratios are shown in Figure 8. There is no
significant difference between the two floating
configurations.

Drive train DELs from load duration distribution
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Figure 8: DEL ratios of the drive train from load
duration distribution. The values of the floating
turbines are divided by the land-based turbine.

The fatigue load calculations show only one
significant difference between the two floating
configurations. The use of the generator torque
for the RHPZ compensator increases the tor-
sional fatigue of the main shaft. Whether this is
suitable for the wind turbine cannot be said in
general as this depends on the specific com-
ponents of the wind turbine design.

4 Conclusion

The method introduced in [4] for fixed founda-
tion wind turbines can also be applied to float-
ing wind turbines to successfully reduce rotor
speed variations. Compensation of a complex
pair of NMPZ renders it possible to increase
the bandwidth of the blade-pitch control loop of
the floating wind turbine. The achievable
bandwidth is similar to that of the correspond-
ing land-based system.

The simulation study demonstrates that it is
even possible to apply the land-based de-
signed pitch controller on its floater-based
equivalent. It has also been indicated that the
fatigue loads experienced by the floating wind
turbine with NMPZ compensator remain con-
stant in comparison to the same floating sys-
tem without the compensator — except for the
main shaft torsion DEL obtained by rainflow
count, which is increased by a factor of 1.5. On
the other hand, the maximum overspeed in the
simulations is decreased from 30% to 10% of
the rated value.
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