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Abstract. This paper proposes a control algorithm that enables wind turbine operation in
high winds. With this objective, an online optimization procedure is formulated that, based
on the wind turbine state, estimates those extremal wind speed variations that would produce
maximal allowable wind turbine loads. Optimization results are compared to the actual wind
speed and, if there is a danger of excessive loading, the wind turbine power reference is adjusted
to ensure that loads stay within allowed limits. This way, the machine can operate safely
even above the cut-out wind speed, thereby realizing a soft envelope-protecting cut-out. The
proposed control strategy is tested and verified using a high-fidelity aeroservoelastic simulation
model.

1. Introduction

Wind speeds during storms can be very high, and this can lead to high wind turbine operational
loads. These high wind speeds do not occur very often, and therefore it is not economical to design
wind turbines capable of withstanding such high loads. In fact, the energy produced in storm
wind conditions should be traded against the cost of material, manufacturing and installation for
a wind turbine designed to withstand the associated high loads, as shown by models of the cost
of energy [1]. The standard strategy for avoiding excessive loading, also known as sharp cut-out,
is to shut down the wind turbine whenever high wind speeds are detected. Besides not using the
available wind power, such an approach can lead to sudden shutdowns of the entire wind farm,
causing instability of the power grid |2]. Furthermore, since it is not possible to reliably predict
wind speed, it is also not possible to accurately predict the moment when wind turbines will shut
down or the duration of their downtime. Therefore, the prediction error of produced power can
be significant, which makes it difficult for transmission system operators to rely on wind power
when storms are probable.

Modified control strategies, often called soft cut-out, have been proposed in the literature [3,4].
Soft cut-out approaches reduce the wind turbine power reference in strong winds, based on
offline-shaped strategies. If the shaping is adequate, loads are reduced and the wind turbine can
produce power even during storms, without negative impacts on the power grid. Such strategies
are typically shaped based on mean wind speed value and do not take into account the current
wind turbine state or the actual level of loading, resulting in lower power production than is
strictly necessary to avoid excessive loading.

An improvement of the soft cut-out strategy was suggested in [5,6]. There, wind and wind
turbine states were actively monitored and the power reference was reduced only when there
was a risk of excessive loading. With this objective, a linear optimization procedure was used
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to predict wind speed variations producing the highest possible loads. The optimization result
was then used to find the highest possible power reference that would keep loads within allowed
limits, even in the occurrence of the predicted extreme wind variations. Such an approach has
all the positive aspects of using a soft cut-out strategy, but, additionally, it results in higher
power production since it can increase the power reference whenever there is no danger of
excessive loading. However, certain assumptions on wind characteristics had to be made for the
prediction of worst-case wind speeds, and incorrect assumptions could lead to either excessively
low power references or high loads. Therefore, for the control algorithm to work properly, wind
characteristics should be monitored and adjusted online.

In this paper, a different approach is taken for using dynamic optimization in a soft cut-
out strategy, derived from the idea of rotorcraft envelope protection presented in [7|. Instead
of assuming certain wind characteristics, here an optimization procedure is used to find those
wind speed variations that would keep the wind turbine as close as possible to the border of the
safe operating region, without crossing it, a concept that could be termed envelope-riding. The
optimization result is then compared to the actual wind speed (either measured or estimated)
to detect if there is a danger of excessive loading, in which case the power reference is adjusted
accordingly. The proposed strategy is tested and verified using the high-fidelity aeroservoelastic
simulation software Cp-Lambda [8].

2. Wind turbine model
For the purpose of control synthesis, a simplified wind turbine mathematical model is developed.
The rotor dynamic torque balance is described as

th = Qa - Qg» (1)

where J; is combined rotor, drive train and generator inertia, w the rotor speed, Qs the generator
electromagnetic torque, and @), the aerodynamic torque. The tower fore-aft dynamics is described
with a second order system:

M$t+D.’Et+C.Tt :Ft, (2)

where M, D and C' are modal mass, damping and stiffness of the tower, x; the tower top
displacement and F} the aerodynamic thrust.

The aerodynamic torque @, and thrust force Fi are described with quasi-static equations
based on torque Cq(A, #) and thrust Cr(A, ) coefficients:

™ ~

Qa = §paR§CQ()\,,3)1}3V, (38‘)
™ ~

Fy = §PaR?CF()\75)U3v» (3b)

where p, is air density, R, the rotor radius, ¥y the rotor effective wind speed, 5 the blade pitch
angle and A the tip speed ratio A = wR;/0y. Due to the tower motion, the whole rotor moves
fore and aft, thus creating oscillations in the effective wind speed:

Uy = Uy — Zi‘t, (4)

where vy, is the rotor effective wind speed without tower motion.
The blade pitch servo is modelled as a second order system:

B+ QCwnB + WTZLB = wgﬁrv (5)

where f3; is the pitch angle reference, w, = 10rad/s the undamped natural frequency and ¢ =1
the damping ratio. The generator dynamics are significantly faster and therefore, for the purpose
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of controller design presented in this paper, the actual torque is assumed to be equal to the torque
reference, i.e. Qg = Qg .

The reduced wind turbine model is linearised around the operating points of interest (at
cut-out wind speed, in the present case) and discretized to obtain a state space representation

Ty1 = Agqrg + Baug, (6)
. . - T .
where Agq and By are model matrices, z = |Aw Axy @y AB [| is the state vector,
u = [Avy AB; AQgJ]T the input vector and A indicates an increment with respect to a

reference value at the linearization point. Index k denotes a value at the discrete time step

k (t = KTy).

3. Standard wind turbine control system

The control goal of variable speed wind turbines in low winds is to maximize energy production.
This is typically achieved with the blades pitched to an optimal angle and by controlling the rotor
speed with generator torque. On the other hand, during strong winds, it is necessary to limit the
power output to the nominal value. This is typically achieved by using the nominal generator
torque, while the rotor speed is controlled by pitching the rotor blades (thereby changing the
aerodynamic efficiency of the rotor). For a more detailed description of a standard wind turbine
controller, see |9] and references therein.

However, as the wind speed increases, the loads that the wind turbine has to withstand
increase as well. At a certain wind speed, loads get too high, as the cost of material needed
to withstand such loads would be greater than the income from energy produced in such
conditions [10]. Therefore, it is standard practice to shut down the wind turbine when such
high wind speeds are detected, as shown in Fig. 1. Such an approach can lead to sudden
shutdowns of the entire wind farm, thus generating considerable disturbances for the power
grid [2|. Furthermore, since it is not possible to reliably predict when the wind turbine will be
shut down due to high wind speeds when there is a risk of storms, one cannot make reliable
predictions about the power output of wind farms in such situations. With the constant increase
of wind power penetration in the power grid and of rated power of modern wind turbines, such
a control strategy might have to be abandoned.

A modified control strategy, known as soft cut-out, has been proposed in the literature (see
e.g. [3,4]). Instead of abruptly shutting the wind turbine down in very high wind speeds, load
reduction is achieved by reducing the power reference, as shown in Fig. 2. Although the wind
turbine will produce less than the nominal power, P, , there are numerous benefits for both the
wind turbine and the power grid. In fact, by reducing the number of startups and shutdowns,

8 P, s 8 Pyt .
g g
5 5
=3 2,
= =
2 - § G- . g I .
— —
g g
£a) £a)
0 | | 0 | | |
0 10 20 30 0 10 20 30 40
Wind speed |[m/s] Wind speed |[m/s]

Figure 1. Sharp cut-out strategy. Figure 2. Soft cut-out strategy.
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fatigue is lowered, annual power production is increased, disturbances to the power grid are
minimized and the prediction of wind farm power output becomes more reliable.

However, standard soft cut-out strategies are shaped offline and based only on averaged wind
speed. In order to ensure that loads remain within the allowed limits, machines often produce
a lower power than really necessary to contain extreme loading. It is quite evident that an
approach that could monitor both wind and wind turbine state could result in a higher energy
production.

4. Cut-out strategy based on online optimization

In this section, a novel approach for soft cut-out is proposed. Instead of using predefined
strategies, the wind turbine state is constantly monitored in order to verify how close the wind
turbine is to reaching its maximal allowable loads. When the wind turbine gets close to the
limits of its allowable loads, then the power reference is reduced. On the other hand, when loads
are not close to the limit, the power reference is increased.

First, the wind turbine mathematical model used in the optimization procedures is described
in §4.1. The problem of finding wind speeds that lead the wind turbine to the limit of safe
operation is formulated in §4.2, while §4.3 describes the optimization procedure for selecting the
power reference.

4.1. Closed-loop wind turbine mathematical model

The mathematical model expressed by (6) is augmented with an algorithm for power (i.e. rotor
speed) control. Note that the proposed cut-out strategy can be used with any type of control
algorithm for power control. In this paper, a gain scheduled PI controller is used:

1
B = Kp (wr,k —wg + Tﬂ,k) , (7a)
1
1
CLi+1 = e+ o (W — W), (7b)
S

where w; . is the rotor speed reference, and Kp, 17 are the controller gain and integral time
constant, respectively. To allow for the integration of the control law (7) into the state space
model, a matrix Cq, is defined, such that Aw = Cq 2, and a new symbol is assigned to each
column of the input matrix Bq = [Bq, Bag Bd,gl-

Typically, a wind turbine is not actively controlled with the generator in high wind speeds
and, therefore, the generator torque is omitted from the mathematical model. With the modified
state vector o = [a:T AeI]T and input vector ue = [Avy Awr]T, the closed-loop state space

model is written as:

Ag— KpBasCa. %EBy By, KpBg
Telk+1 = 1o Arde T 1 s Telk + 071} 1 7 Ucl k- (8)
T T Ydw Ts
Acl BCI

If a certain load is described with the output equation y;, = Cqxy + [Da Dapg Dg ) uk, then
in closed-loop, this is given as:

yr = | Cqa — KpDqgCqy %Dd,ﬁ } Tak + [ Daw KpDag | tek. 9)

Ccl Dcl

Since the optimizations described later in the section are always performed over a horizon
(i.e. time window), a corresponding mathematical model is derived from (8) and (9). First, the
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following vectors are defined:

X = [x{ ZRER mﬁh]T, (10a)
Y=[T ol k], (10b)
V =[Avyo Avyq - Aven, ], (10c)
Q= [Awrg Awg - Awen, ]’ (10d)

where Ny, is the length of the prediction horizon. Next, the wind turbine mathematical model
over the prediction horizon can be written as:

X = Axy+ ByV + BaQ,., (11&)
Y = Czo+ DvV + Do, (11b)

where matrices A, By, B, C, Dy and Dq are constructed directly from state space model
matrices (8) and (9).

4.2. Wind variations that produce mazimal allowed loads

In this subsection, an optimization procedure is formulated for finding the worst wind variations
that will not lead the wind turbine outside of its safe operating region. The goal is to find such
wind speed variations on a given horizon, which will make the wind turbine ride its load envelope
without exceeding it. The procedure has been derived by modifying the rotorcraft flight envelope
protection concept presented in [7].

(T R epepe——

)
3 i
i}
— Area to be minimized
— |
=
3! :
2 === Maximal allowed load
a = Predicted load over horizon | |
Yo + yor i
| | |
ae} T T T
D)
(D)
2,
wn — .
e
g
2 | i
o)
[«D)
+~
s L ]
3
]
—
A | I |
0 Ny,

Discrete time

Figure 3. Illustrative example for the optimization procedure.

Figure 3 illustrates the problem considered here. Since the goal is to keep load y as close as
possible to the maximal allowed load ymax, wind speed variations are computed that minimize
the area between those two loads. In the discrete time domain, the area can be computed as:

Ny

J = Z (ymax — Yk — yOP) Ts, (12)
k=1
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assuming vy + yop < Ymax, for each k, where yop is the load at the observed operating point.
Now, it is necessary to find the wind speed variations on a given horizon that minimize area J.
For optimization, it is convenient to express this area as:

J=—e' YT, + (Yymax — yopr) NuTs, (13)

where e is a vector comprised of ones, e =[1 1 --- 1]7.
To reduce the number of optimization unknowns, cubic splines are used to express wind speed
within the prediction horizon:

Avw,k =as; + bs,i (kTs — ti) + Csi (k‘TS — ti)2 + ds,i (kZTS — ti)S , b < kTy < tit1, (14)

where as ;, bs i, ¢s; and ds; are the cubic spline parameters. Two new vectors are introduced: Vi,
comprised of wind speeds at time instances ¢; > 0 that will be used as optimization variables,
and V,, comprised of past wind speed values, ¢; < 0, that can be used to model the observed
wind speed trend if such information is available. Time instances t; are relative to the prediction
horizon and they are defined in advance. Furthermore, spline parameters, as;, bs;, ¢s; and ds;,
are linear functions of wind speed values V¢ and V',. Therefore, the wind speed vector V' can
be constructed as:

V=WNV:+W,V,, (15)

where W and W, are matrices used for calculation of the cubic spline interpolation over the
prediction horizon.
The constrained optimization problem can be formulated as:

minimize — e DyW Ve, (16a)
€
subject to Cxo+ Dy (WVe +W,oV,) 4+ Do < Ymax — YOP- (16b)

Note that parts from the area (13) that do not depend on the optimization variable V¢ are
omitted, since they do not affect the result. The optimization is constrained to ensure that loads
do not surpass the maximal allowed value ymax. Since the solution of linear programs, such
as (16), is always at the border of the feasible space [11], the optimization will result in wind
speed variations that lead the wind turbine as close as possible t0 Ymax-

4.8. Reference selection

The previous section showed how to compute wind speed variations that will lead the wind turbine
as close as possible to its maximal allowed loads. Here, it will be shown how this information
can be used to avoid reaching (and surpassing) the allowed load limits.

The wind turbine control objective in strong winds is to generate as much power as possible
without subjecting the wind turbine to excessive loading, which can be formulated as another
linear optimization problem. Since the generator torque is assumed to be constant, a power
reference can be translated directly into a rotor speed reference, and the goal is to maximize the
integral of the rotor speed reference on a prediction horizon, e’ €Q,T;. However, wind turbine
power controllers are typically designed for disturbance rejection and not for reference tracking.
Therefore, it is not advisable to freely change rotor speed (i.e. power) reference on the prediction
horizon. Instead, a simplified curve can be used, as shown in Fig. 4, that avoids sudden and
frequent changes in the rotor speed reference over the prediction horizon, and which can be
written as:

Q. = Ry, Awr N, + R-1Aw; 1, (17)

where Aw, 1 is the current rotor speed reference (relative to the operating point), Aw, n, the
new rotor speed reference at the end of the prediction horizon, and R_1, Ry, are matrices used
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for generating appropriate reference curve. Besides changing the reference in a more suitable
way, this approach also simplifies the optimization by reducing it to a one-dimensional problem.
The solution can be found easily and stability issues associated with receding horizon control are
avoided.

Let V¢ be a minimizer of (16) for a given xo, £2; and V. Then function fy represents wind
speed variations over the prediction horizon, obtained from the minimizer VE:

fi (20, R, V) = WVE (w0, Qr, Vi) + WV, + vy 0p, (18)

where vy, op is the wind speed at the observed operating point. In the optimization for reference
selection, the result of (16), fy, is compared with the actual wind speed oy, (either measured or
estimated) in order to assess if the wind turbine is in danger of surpassing its maximal allowed
loads ymax. Furthermore, let function fyj, represent wind speed at the k-th discrete time instance
of the prediction horizon, i.e. fyy = [fyo fy1 --- fV7Nh_1]T.
The optimization for reference selection is formulated as:

mgiirfjrvl}ijze Awr N, 5 (19a)
subject to Wmin < Awy N, +wop < wy, (19b)
i)WJg + Ay S fV,k (xo, Qr, Vp) s (19C)
Q= RNhAwT:Nh + R—lAwr,—b (19d)

where wp,i, is the minimal allowed rotor speed, wop the rotor speed at the operating point, wy, the
nominal rotor speed. Finally, o, is a design parameter representing a margin between the actual
wind speed and the wind speed that leads wind turbine loads to ymax. Note that function fy,
represents the solution of optimization problem (16), so the reference selection (19) is comprised
of two optimizations: an optimization for finding the wind speed that produces loads as close
as possible to ymax is used as a constraint of an optimization for reference selection. In other
words, the optimization problem (16) has to be solved for each rotor speed reference signal that
is being evaluated in the optimization for reference selection.

The optimization (19) may be infeasible when wind conditions require a rotor speed lower
than wpi,. In such cases, the wind turbine could be shut down to avoid excessive loading, but
the pursue of such a strategy is out of the scope of the present investigation.

An illustrative example of the procedure for reference selection is shown in Fig. 4. The goal
is to find the rotor speed reference that is as close as possible to the nominal rotor speed wy.
However, the search for an appropriate rotor speed reference is constrained, and it has to be
ensured that the wind speed that takes loads to the limit ymax is greater than the currently
observed wind speed Oy .

5. Simulation results

As a proof of concept, the control algorithm described in the previous section is implemented and
verified in Cp-Lambda [8], using a high-fidelity aeroservoelastic simulation model of the 10 MW
variable speed wind turbine defined in the INNWIND project [12]. For this purpose, the rotor
thrust force was used as the load that has to be limited. A controller sampling time Ty = 50 ms
is used, and optimizations are performed over a horizon of N,T; = 5s. On such a horizon, wind
speed is defined at 20 points, while a cubic spline interpolation is used to obtain wind speed
values at each time step of the horizon.

The proposed control algorithm is tested in simulations using turbulent wind speed conditions,
limiting the thrust force not to exceed the predefined value Fj max = 1 MN. Wind series were
generated using TurbSim [13] according to the IEC-61400-1 normal turbulence model for a class
IA wind turbine [14].



The Science of Making Torque from Wind 2014 (TORQUE 2014) IOP Publishing

Journal of Physics: Conference Series 524 (2014) 012052 doi:10.1088/1742-6596/524/1/012052
_ Past Prediction horizon .
[
= Ymax |- pesssasnsscannan gy
3
S
= - Area to be minimized -
—
g i === Maximal allowed load |
2 \ = Predicted load over horizon
e
Yo+ yop |- = Actual load i
| | |
[~ [ [ [ N
ko) L -
]
]
2,
n | - —
E
; — Predicted wind speed fy
~ oy = Actual wind speed |
@W70 \ N
| | |
3 T T T
g wn* - EEEEEEEEEEEEEEEEEE .S .S S S S S S e
g
L% wrth [
; Area to be minimized
é === Nominal rotor speed
2 B — Reference change over horizon |
;% wr,_1 —— Previously used reference
| |

Discrete time

Figure 4. Illustrative example for reference selection.

An illustrative example of how the described control algorithm performs is shown in Fig. 5.
The mean wind speed used in the simulation is 25 m /s, and therefore the solution can be compared
directly to the one of the standard PI controller. The figure shows that the thrust force exceeds
the maximal allowed value F}, max when the standard controller is used. On the other hand, the
online optimization manages to keep the thrust force within the defined limits. To achieve this,
the mean rotor speed defined by the online optimization is lower than when the standard PI
controller is used.

Note that the proposed control algorithm uses a simplified and linearised wind turbine model,
and it is not expected that such a model can exactly capture all wind turbine dynamics.
Furthermore, the present control algorithm does not use direct measurements of the thrust
force, but it estimates its value based on the simplified model. Although the proposed control
algorithm appeared to perform very well, it is unlikely that the control algorithm will be always
able to keep the loads within predefined limits at all times. Therefore, a series of different 10 min
simulations are performed in Cp-Lambda, with mean wind speeds equal to 23, 24 and 25m/s,
using both the standard PI controller and the optimal soft cut-out strategy. For each wind speed,
90 different realizations were considered, resulting in a total of 270 simulations, whose results
are summarized in Table 1.

The proposed control algorithm resulted in a 13 % decrease of rotor speed (and therefore of
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Figure 5. Prevention of excessive loading in turbulent wind by reducing the rotor speed.

Table 1. Comparison of standard PI controller and proposed online optimization.

Control algorithm

Standard PI control Online optimization Ratio

Mean rotor speed 8.50 rpm 7.37rpm 0.87
Maximal thrust value 1.89 MN 1.33 MN 0.70
Duration of thrust above Fj max 2.28% 1.10% 0.48
Integral (20) 1995.0N 612.6 N 0.31

generated power). The table also shows that the proposed control algorithm did not manage to
keep the thrust force in predefined limits at all times. This was expected, and it is due to the
mismatch existing between the reduced model used for control synthesis and the high-fidelity
plant model. However, both the maximal thrust force value and the duration of exceedance
events are decreased, by 30% and 52 %, respectively. Additionally, an integral is defined that
computes the area between the thrust force and the limit F}, j,ax during exceedance events:

1

T
I= T /pos(FaL — F, max) dt, (20)
0

where function pos(-) ensures that only values above limit F), max are considered, i.e.

z, >0
pos(z) = { 0. z<0 (21)

Such an integral combines information about thrust values and duration above Fj .« into a

single number. As shown by Table 1, the proposed control algorithm reduced this quantity by
69 %.



The Science of Making Torque from Wind 2014 (TORQUE 2014) IOP Publishing
Journal of Physics: Conference Series 524 (2014) 012052 doi:10.1088/1742-6596/524/1/012052

In order to avoid the thrust force from exceeding the limits, several approaches could be
taken. First of all, the safety margin «, could be increased, which would also reduce the wind
turbine power output. However, storms and high wind speeds discussed in this paper occur rarely
and therefore an increase of the safety margin should not affect the annual energy production
considerably [5,10]. To address plant-model mismatch directly, it would be useful to measure
the load that has to be limited. Additionally, an adaptive procedure, as described in |7], could
be implemented.

6. Conclusions

In this paper, a control algorithm for wind turbine protection during strong winds was presented.
Control algorithms presented by other authors are typically based on predefined strategies based
on average wind speed values. Since they do not account for the dynamic wind turbine response
to changing wind conditions, they typically produce less electrical energy than strictly necessary
to ensure a safe wind turbine operation.

The control algorithm presented in this paper monitors the wind turbine state and, when it
determines that there is a danger of loads exceeding predefined values, it lowers the wind turbine
rotor speed, thereby realizing a soft cut-out strategy. To this aim, two optimization procedures
are formulated. The first optimization searches for wind speed variations that would lead the
wind turbine as close as possible to the border of the safe operating region, without leaving it.
The second optimization compares the actual wind speed to the results of the previous one, and
it adjusts the rotor speed reference to keep the machine within its envelope.

The proposed strategy was verified using a high-fidelity aeroservoelastic simulation model of
a wind turbine. The results showed that, although the algorithm cannot keep the loads within
the predefined limits at all times, it has a very significantly improved performance with respect
to a standard strategy. In future work, an adaptive load limit approach will be implemented
to correct model mismatch, thereby ensuring the exact confinement of the response within the
allowed envelope. Possibilities of reducing loads by changing both the rotor speed and the
generator torque will also be analysed.
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