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Abstract—This paper is focused on design of a wind turbine
optimal yaw control system based on very short-term wind
predictions. The optimal controller performance is evaluated with
respect to the power production maximisation and structural
loads minimisation goals that are joined together in a single
performance function expressing the profit of the wind turbine
control system operation. Designed optimal yaw controller perfor-
mance is compared to the baseline controller in the professional
aeroelastic simulator GH Bladed. The results show effectiveness
of the developed optimal wind turbine yaw angle controller, since
it demonstrated damage equivalent loads reduction and power
production increase.

Index Terms—Wind Turbine, Yaw Control, Wind Prediction,
Power Production, Structural Loads Mitigation, Optimal Control

I. INTRODUCTION

Wind energy has become fastest growing renewable source
considering the installed capacity per year [1]. Unlike the
other alternative sources, wind power industry has reached
a mature commercial phase. Nevertheless, wind turbines are
continuously increasing size and nominal power capacity in
order to achieve more competitive cost of energy compared to
conventional sources.

Among the large wind turbines, variable-speed and pitch
controlled turbines are predominant. The efficiency that they
achieve depends mostly on the control algorithm used for
turbine operation. Besides the power production efficiency, in
order to make the wind turbine profitable the controller has to
take care of the structural loads mitigation. Only considering
both of the aforementioned control objectives can lead to
optimal lifetime and production combination that will lead to
maximum profit. It is high intermittence of wind power that
make this task a challenge.

Compared to the number of papers dealing with the
variable-speed variable-pitch wind turbine control, for the
best of our knowledge, there is only a few of them dealing
with the yaw control problem, e.g. [2], [3]. The simplest
approach utilizes measurements of the wind direction from
a wind vane and a classic PD or PID controller to steer the
nacelle into wind, with some allowable steady-state regulation
error [4]. Similarly, authors in [5], [2] use a fuzzy controller
instead of the classic linear controller and show improvement
of the control system performance. All those approaches
have large sensitivity on the wind vane measurement error.

Approaches which circumvent the wind vane measurement
use the measurement of the produced electrical power instead,
which is then used to find its maximum employing the hill
climbing method with nacelle orientation as the perturbation
variable [3], [6], [7]. Nevertheless, there is no paper dealing
with the optimal yaw angle control incorporating short-term
wind predictions [8], what makes it a main contribution of the
research presented in this paper.

The rest of the paper is organized as follows. In the second
section, common wind turbine control structure including
wind turbine rotor and yaw control systems is presented. In
Section III, compendious introduction to the structural loads
analysis is presented. In the following section, optimal yaw
control problem incorporating power production and fatigue
loading is formulated and means for the optimal solution
derivation is described. Section V presents validation results
of the designed optimal controller performance compared to
the baseline control system.

II. WIND TURBINE CONTROL SYSTEM

Modern variable-speed variable-pitch wind turbines operate
in two control regions. First region is so called low wind speed
region where all available wind power is captured by tracking
the optimal turbine rotational speed. In second, so called high
wind speed region, the generated output power is maintained
constant controlling the rotor-effective aerodynamic torque.
Described control strategies are achieved with two distinct
control loops, torque control loop and blade pitch control loop,
as shown in Fig. 1.
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Fig. 1. Wind turbine rotor control loops



Wind turbine that is considered in this paper is upwind type
and has a nominal power of 1 [MW]. It has a nominal wind
speed of 12 [m/s] and a nominal rotor speed of 27 [rpm]. The
generator torque control and blade pitch control loop constitute
together a turbine regulation and control the mechanical power
that is extracted from the rotor-effective wind speed, while
there is a need of additional control loop in order to overcome
the problem of the wind direction variability.

A. Wind turbine yaw control

To maximise overall power output, rotor axis must be
aligned with wind direction. It is achieved by rotating the
nacelle around the vertical tower axis. Coordinate system with
denoted referent directions of variables used for the wind
turbine yaw control problem is shown in Fig. 2.

Wind direction

Nacelle/
N I angle
I /
—/ \I[

&

Fig. 2. Wind turbine yaw misalignment

Yaw misalignment affects the production as well as the
structural loads. Static characteristics of the generated mechan-
ical power on the wind turbine shaft with respect to mean wind
speed value and yaw angle misalignment is shown in Fig. 3.
It can be observed that increase of yaw misalignment results
with a drop of generated power.

Fig. 3. Output power in case of the yaw misalignment

Baseline yaw control system, which is utilized for the
control system validation in this paper, operates with the pre-
sumption of persistent wind prediction model: averaged wind
direction in the last discrete-time period of the yaw control
system is considered as the best wind angle estimate and as
such, it is used as the nacelle angle position reference for the
current discrete-time control period. Rotational speed of the
yaw manoeuvre is limited to low enough value that prevents
manifestation of gyroscopic forces which may easily endanger
the wind turbine structure keeping in mind dimensions of the
wind turbine rotor.

Mechanical part of the considered yaw mechanism consists
of four motors with a gearbox connected to a tower gear rim
(Fig. 4). Specifically, brakes are positioned on the motor side
of the mechanism which results with a lower needed torque
for the brakes. On the other side, loads experienced in the
yaw axis are acting continuously on the yaw mechanism, thus
increasing the fatigue of all elements in that chain.

Fig. 4. Wind turbine yaw mechanism elements

Yawing motors are engaged by soft-starters that allow
gradual start of the yaw manoeuvre. The initial transient
approximately lasts half of a second, after which motors and
nacelle achieve their nominal speed.

This simple yaw control does not consider the influence
of the yaw misalignment on the structural loads of the wind
turbine, neither it exploits information of the wind prediction.
Considering these two elements raises the opportunity to
develop a better yawing algorithm that will cover all important
aspects of the wind turbine optimal exploitation.

In this paper, the optimal controller is designed to operate



with incorporated information about the wind speed and
wind angle predictions. The topic of acquiring the respective
predictions is not considered in this paper, and for additional
information the reader is referred to e.g. [8], [9] and [10].

III. SHORT INTRODUCTION TO STRUCTURAL LOADS
ANALYSIS

Structural loads that manifest on the wind turbine are mostly
the result of a varying wind characteristics. Two places that
are mostly considered, from control system point of view, are
the blade root and the tower top. The oscillating nature of
manifested loads due to three blades rotating in the variable
wind field requires that appropriate method is used for the
calculation of the experienced structural damage.

Fatigue failure is the result of the accumulation of damage
due to fluctuating loads. These fluctuating loads are broken
down into individual hysteresis cycles, employing the rainflow
counting algorithm. Each cycle in these loads is characterized
by its mean and range value. It is assumed that damage
accumulates lineary with each of these cycles according to
the Miner’s rule [11]. Total damage from all cycles is then

equal to
Uz
D = — 1
>N (1)

where N; (2) denotes the number of cycles to failure and
models the relationship between load range and cycles to
failure (S-N curve), n; is the cycle count for individual
hysteresis cycle ¢. The number of cycles N; is defined with

LULT_|LMF| m
N = (5 e ) , @)

where LULT is the ultimate design load and m is the Wohler
exponent, both of them are specific for the component material
that is under consideration. Typical value of Wohler exponent
for steel is 4 (tower) and 10 for composite materials (blades).
LEF (3) is the cycle’s load range about a fixed mean value
LMF | with so called Goodman’s correction. Since the actual
load cycles occur over a spectrum of mean loads L}, cycle
load ranges LF are corrected as if each cycle occurred about
a fixed mean load L™, The cycle’s load range is determined

from
LULT_ |LMF|
LULT _ |LM| ) :

L =Lf ( 3)
The most widely used measure for the load cases compar-
ison is damage equivalent load (DEL). The main goal is to
calculate constant amplitude fatigue load that occurs at a fixed
mean load and frequency and produces the damage equivalent
to the variable spectrum loads (4),
ne4
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Total equivalent fatigue count n®? (5) is calculated from
selected DEL frequency and elapsed time,

n® = fear, (5)

N®? (6) corresponds to the equivalent number of cycles until
failure which is obtained with substituting LﬁF with DEL,

LULT _ LMF
N = —1 | | . (6)
—-DEL
2
Solving equation (4) for DEL yields
1
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Aformentioned calculations are carried out in MLife,
MATLAB-based tool used for post-processing of the results
from wind turbine tests [11]. In this paper, damages to the
wind turbine components are calculated from the simulation
data to obtain the performance function terms for the optimal
controller synthesis, while DELs are used to validate the
performance of the optimal yaw controller compared to the
baseline yaw control system.

IV. OPTIMAL WIND TURBINE YAW CONTROLLER
SYNTHESIS

The task of the high level optimal controller is to derive the
cost-optimal reference for the low level yaw control system
in each discrete-time step 7. Since the wind speed and wind
inflow angle predictions, as well as the actuator limits have to
be considered by the controller, model predictive control [12]
paradigm is used for the controller design.

In model predictive control approach, open loop dynamics
of the system states and system constraints, as well as the
defined performance measure J(xzq,U, D), where xq is the
initial system state, U = [ug,u1,...,un—1] is the control
input prediction and D is the predicted disturbance sequence,
are used to pose the control problem in the constrained
optimization form. Various approaches are developed to solve
arising optimization problem, and they are mostly defined by
the structure of the controlled system and process requirements
[13], [14], [15]. Once computed, the optimal control policy
U* = [ug,u, .. .u}‘v_l], where N is the prediction horizon,
is applied to the system in the receding horizon manner, i.e. the
first control input u(, is applied to the plant whereas the next
control input is obtained repeating the optimization problem
in the next discrete-time step with refreshed system state and
disturbance prediction.

For the considered high level control, observed dynamics
of the wind turbine yaw comply to the following state-space
equation,

Vrt1 = Yk + wyTyug, ®)

where ~ is the yaw angle of the nacelle, w, is the fixed
rotational speed of the nacelle, T; is the sampling time of
the system and uy € (—1,1) is the applied high level control
input. Discretisation time of the high level yaw control system
as well as the wind predictions is equal to T; = 60 [s].



A. Optimal yaw control problem formulation

It has been noted that wind turbine yaw misalignment has
great influence on the power production as well as the fatigue
loading of the wind turbine components. Both are included in
the optimization problem whereas for their common measure
in the performance function is used profit. Accordingly, chosen
optimal yaw control formulation is the following

N-1
U~ = argmax E {ceErel — E ¢jDyj},
k=0 j

up € (—1, 1)

g < Ay < A }Vke {0,1,...,N —1}.

©))
In (9), c.; denotes the price of the electrical energy generated
by the wind turbine and c; is the price of the damage Dy, ;
experienced by the wind turbine component j in the discrete-
time step k. Price of the damage can be calculated to include
price of the substitute as well as the commissioning and
maintenance costs for the respective wind turbine components
due to experienced damage.

Damage quantities of the considered wind turbine compo-
nents are identified using the extensive simulation data of the
power production loading with respect to the whole map of
different wind speed conditions and operating states of the
yaw control system.

B. Static performance function identification

For each field of wind speed ranging from 3 to 30 [m/s]
with 1 [m/s] discrete step, and yaw misalignment starting
from —45 [°] to 45 [°] with discrete step equal to 5 [°],
10 wind fields with different seed and duration equal to the
discretisation time of the controller T,; are generated. The
wind turbulence properties are set according to the IEC ed.
3 norm [16] of the normal turbulence model with A category
of the wind turbulence that designates higher turbulence char-
acteristics. For each wind field, power production simulation
tests are performed with all possible operating states of the
yaw control system:

1) fixed nacelle,
2) full-speed clockwise nacelle rotation,
3) full-speed counter-clockwise nacelle rotation.

Obtained simulation results are used to analyse damage
rates experienced in different points of the wind turbine
structure. Specifically, analysis of the obtained blade root
and yaw bearing loads resulted with three most significant
ones which are selected for further consideration. These loads
with corresponding coordinate systems are shown in Fig. 5.
Selection is based on the peak values of the loadings and the
fact that they generate the most of the fatigue during the power
production loading.

Tower loads are also observed as the yaw bearing system
loads which are far more appropriate to be used in the
perspective of the yaw control system synthesis. Therefore,
instead of tower loads, in the remainder of this paper we
use My yqw and Mz yqq instead of My iower and Mz tower,

respectively. Expected damage rates due to the considered
loads in the case of fixed yaw nacelle are shown in Figs.
6, 7 and 8. These results are exploited in order to form a
cummulative performance function,

Fi(vw, V) = {caPeri = My o DRMy yousi - - -
v T CMz yaw DRMZ.yawai - SCMY,blade DRMY,bzade,i})
i€ {-1,0,1},
(10)

where DRy, and DRy, are damage rates of the yaw
bearing caused by M, and M, loadings, whereas DRp M,
is the damage rate experienced by the blade root due to M,
loading and index ¢ denotes the operating condition of the
yaw control system. The performance functions are stored in
a form of 2-dimensional look-up tables for the operation of the
optimal wind turbine yaw controller. Since yaw misalignment
U equals £V, — ~, performance function F; (10) is in the
considered case a function of the wind nacelle orientation and
wind speed disturbance variable, F; = f(v, d).

C. Optimisation approach

Employing the identified performance functions and the
dynamical model of yawing, it is possible to pose the optimal
wind turbine yaw control problem. For the nacelle performing
a manoeuvre (see Fig. 9) each discrete-time step of the low
level control system consists of maximally two nacelle states,
rotation and holding position.

Each of the nacelle states should be represented with an
adequate measure of the performance function. While on the
one side holding position is clearly quantified from the static
performance function data with respect to the constant wind
speed value and misalignment, the overall performance during
the nacelle rotation is an integral measure

wi,1Taq
Jk,rot(ztion = / F, (7(7)7 dk)dT (11)
0
where the asterisk mark * denotes either the maximum nega-
tive —1 or positive 1 rotating states. Low enough discretisation
time of the high level control system allows one to assume F

Fig. 5. GH Bladed coordinate systems for most significant loads [17] for the
considered wind turbine
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Fig. 6. Damage rate due to the blade bending torque M, for fixed nacelle
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Fig. 7. Damage rate due to the yaw bending torque M, for fixed nacelle

to be approximately affine with respect to the active domain
in the rotation interval. This assumption allows one to use
the following averaged performance function instead of the
continuous integral (11)

wdeuk

Jk,rotation ~ wk,leF* (’Yk + 9

o). (12)

Hence, the overall performance function for one discrete-
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Fig. 9. Illustration of active wy 1 and inactive wy o time interval during the
yaw manoeuvre

time interval is

wyTgu
w1 Fo1 (e + Mydk) +...

ot wkygFo("yk + wdeuk, dk), u < 0,
wyTgu
wk,lFl(fyk —|— —4 ¢ = d k,dk) + e

R ’wk’gFo(’yk + wdeuk, dk), u >0,
(13)

(s Yir die) =

w1=|

7w2:1_|u|7

where wy1 and wy o are the relative lengths of the active
and inactive yaw system rotation intervals in the discrete-time
step k, respectively. Performance function (13) is nonlinear
and non-convex what means that optimality guarantees can not
be provided. There are various approaches to yield suboptimal
solution for the respective class of problems, whereas gradient
based optimization method is used in this article to perform the
control performance optimisation. The starting optimal control
problem

U :argmUaxzk: i (ks Vs di)

up € (—1, 1)

S.t.
—4m < Y1 < 4w

Vke{0,1,...,N — 1},
(14)



is divided into smaller subproblems which can be efficiently
solved. Gradient-based optimization method is performed in
iterative manner, employing successively linearised perfor-
mance function and imposed bounds on the control inputs,

0Jo
e 0 0l 0
1 1
oJ i 1 9au;  9Au; O 0
aAU U - PR : .'. )

o . :
OJN_1 OJNn_1 OJIN_1
OAug OAuq OAuN_1

AU 2 ki, AU < ky, 15)

where AU € R¥ is the optimization vector deviation around
the linearisation point Uy, k; and k, are allowed lower
and upper perturbation bounds, respectively. Gradient based
method ensures convergence to the closest local maximum
with maximum convergence rate specified with the perturba-
tion bounds. Gradient method is stopped when specified limit
on the number of iterations is reached or after the improvement
of the performance function between the successive iterations
drops below the specified tolerance limit. For the gradient-
based optimization method, it is of high importance to find
initial optimization vector that is close to the optimal solution.

With respect to the nature of the considered problem, we
propose to initialize the optimization vector with respect to
the solution of the following quadratic program

Uz'*nit = aIrg minz (\I/k - \I’opt,k)z ’
v 5 (16)
St Uinitk € (—17 1)

where the optimal angle of yaw misalignment ¥, is deter-
mined with respect to the predicted wind speed values for fixed
wind turbine nacelle J (0, xy,dy). Note that for the real-time
optimization of (16), code generated using the FiOrdOs Matlab
toolbox for solving parametric convex optimization problems
is employed [18]. Initial optimization vector U ., is passed
to the gradient-based optimiser.

V. SIMULATION RESULTS

In order to perform a quantitative comparison of the optimal
yaw controller performance with respect to the baseline yaw
control system, 10 wind fields with different mean wind
speed and duration equal to 120 [min] are generated. Wind
fields cover all operating region of the wind turbine what
allows a life-time analysis of the extracted wind energy and
experienced damage equivalent loads. Obtained results of
DELs reduction experienced with the optimal yaw control
system with respect to the baseline control system are shown
in Figs. 10 and 11. It has to be noted that the baseline
controller operates incorporating persistent model for the wind
predictions, while optimal controller employs 20 [min] long
wind predictions. Uncertainty of the predictions utilized by the
optimal controller is modelled with an additive white Gaussian
noise, incorporating 25 % lower standard deviation of the
prediction errors compared to the persistent prediction model.
Time responses of the selected control system variables are
shown in Fig. 12. Shown simulation results demonstrate the

RelativelifetimeDELdifference| %)
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Fig. 10. Relative measures of the life-time blade DELs comparing the optimal
controller to the baseline
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Fig. 11. Relative measures of the life-time yaw bearing DELs comparing the
optimal controller to the baseline

effectiveness of the applied optimal yaw controller compared
to the baseline control system with respect to reduced DELs.
From the power production point of view, life-time analysis
showed power production increase of = 0.6 %, owing to the
optimal yaw controller.

Optimal controller performs better for several reasons.
First of all, wind velocity prediction allows the controller
to react proactively in order to reduce the cumulative yaw
misalignment. Moreover, optimal controller exploits model of
experienced damage for selected wind turbine components
with respect to various wind conditions and consequently
positions the yaw misalignment at the optimal angle which
is not always equal to zero.

VI. CONCLUSION

This paper describes the design of the optimal wind tur-
bine yaw controller that exploits information about the wind
velocity prediction in order to compute the optimal control
policy. Optimal yaw control problem is formulated to include
all relevant indicators for the successful operation of the
wind turbine. Arising optimal control problem is solved in
a suboptimal way that is practical and implementable on the
real wind turbine hardware.
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Fig. 12. Time response of the yaw misalignment (upper subfigure) and measured nacelle angle (lower subfigure) for the baseline and optimal control system

Performance of designed optimal yaw controller is com-
pared to the baseline control system performance employing
GH Bladed simulation tool. The results show superiority of the
optimal yaw controller compared to the baseline with respect
to the damage equivalent loads reduction in the wind turbine
blade root and yaw bearing as well as in the power production
increase. Designed optimal yaw controller showed to perform
worse only with respect to the damage equivalent loads due to
the blade loads Iy pjqq4. and yaw bearing loads Iz ,q,,. While
the damage equivalent loads increase which is experienced in
the blade root is statistically insignificant, damage equivalent
loads increase due to the Fz 4, loads is solely a consequence
of the more upright wind turbine position during the optimal
yaw controller operation.

In the following research, point-wise load analysis of the
wind turbine components will be substituted with component-
wise load analysis for the yaw drive, blade and tower. More-
over, the average wind direction and wind speed change will
be generated according to the more realistic model, possibly
exploiting available real field data.
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