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Abstract

Wind turbines undergo degradation due to various factors which induce
stress, thereby leading to fatigue damage to various wind turbine compo-
nents. In addition, the current increase in demand for electrical power has led
to the development of large wind turbines, which result in increased structur-
al loads, therefore, increasing the possibility of early failure due to fatigue
load. This paper proposes a proportional integral observer (PI-Observer)
based disturbance accommodation controller (DAC) with individual pitch
control (IPC) for load mitigation to reduce components’ damage and ensure
the wind turbine is operational for the expected lifetime. The results indicate
a reduction in blades’ bending moments with a standard deviation of 15.9%,
which positively impacts several other wind turbine subsystems. Therefore,
the lifetime control strategy demonstrates effective structural load mitigation
without compromise on power generation, thus, achieving a nominal lifetime
control to inhibit premature failure.

Keywords

Disturbance Accommodation Control, Individual Pitch Control, Lifetime
Control, Structural Load Mitigation

1. Introduction

Wind turbines are presently designed to be efficient and reliable for 20 years
with possible extensions beyond that [1], but in most cases, there is a likelihood

of failure before reaching this time due to fatigue damage. There are various
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factors that cause extensive degradation of one or more components in the wind
turbine, such as exposure to harsh environmental conditions and time varying
gravitational, aerodynamics and inertia loads. Rotor blades, for example, can be
obstructed by lightning strikes, vibrations, corrosion, and unsteady inflow wind
speed [2]. These unsteady winds cause load fluctuations and cyclic loading
which induce high torque, thus increasing stress on the blades. Cracks and cor-
rosion on blades also reduce the efficiency of wind turbines. Although they can
be modeled in design stages, predicting how a turbine will be impacted by the
natural environment is difficult to achieve.

The tower, drivetrain, and foundation of the turbine are critical components
in wind turbine, but rotor blades tend to bear more fatigue load. Therefore, fati-
gue if not monitored and controlled will result in downtime leading to losses
both in electric power generation and in the cost of replacement or repairs.

Researchers have developed various models that monitor wind turbine and
forecast the lifetime before it fails. The damage evaluation models are either
model-based or data-driven [3]. These models forecast the occurrence of faults
and enable planning for future maintenance schedules. The conventional analy-
sis techniques for wind turbine blade fatigue include, but are not limited to, the
Palmgren-Miner linear damage rule (Miner’s rule) and the linear crack propaga-
tion. These conventional off-line cycle-based models require the load profile
time history, hence, requiring large memory storage. However, the online mod-
els recently developed are more efficient and process data (extremum points) in
real-time as they occur, thus requiring less memory storage [4].

Recently, several approaches have been employed to mitigate structural loads,
with the main objective being performance and stability with less consideration
of the effects of components’ degradation. These effects need to be considered
and compensated for during power production in order to realize better perfor-
mance and control the operational lifetime of wind turbines. Though several
control schemes for load mitigation have been proposed [5] [6], the major con-
cern on how damage evaluation models can be used to control the wind turbine
operational life without compromising power generation and regulation of speed
has not been extensively discussed. Therefore, to control the lifetime of wind
turbines, a trade-off between structural load mitigation and power generation
and should be realized. The objective of the control scheme proposed in this pa-
per is to control the remaining useful life of the wind turbine based on the dam-
age accumulation on blades while realizing a trade-off between load mitigation
and power/speed regulation.

Classical control schemes used collective pitch control to regulate the pow-
er/speed of wind turbines without considering varying aerodynamic load [7].
Individual pitch control (IPC) is a better option to improve system performance
because it enables the control of both the asymmetric and symmetric aerody-
namic loads. Asymmetric loads on blades induce excitation by a rotational fre-

quency (1p) harmonic load [8] [9] as well as other loads acting on them hence
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causing larger fatigue damage. However, with IPC the braking system of each
blade can be individually considered (individual pitch angle control) to elimi-
nate the need for a higher rating shaft brake and consequently improve system
response by reducing the probability of failure even when one of the blades fails
[5].

This paper proposes a Proportional Integral Observer (PI-Observer) based
disturbance accommodation controller (DAC) with IPC for lifetime control of
wind turbines. Due to wind speed variation, estimation of unknown distur-
bances and system state is realized by the observer while the DAC compensates
for disturbances as well as regulation of speed in order to improve performance.
For controller design, a 1.5 MW National Renewable Energy Laboratory (NREL)
Fatigue, Aerodynamics, Structures, and Turbulence (FAST) reference wind tur-
bine is used in this paper.

The structure of this paper is as follows; Section 2 gives a description of the
NREL FAST reference wind turbine model used for designing the control strat-
egy proposed. Section 3 gives a description of the damage evaluation algorithm
adopted in this paper; then Section 4 describes the design of the (DAC) control
scheme with IPC for structural load mitigation. Finally, Section 5 discusses the

simulation results.

2. The Nrel Fast Wind Turbine Model Description

In this paper, one of the reference wind turbine models developed by NREL [10]
is used for purposes of simulation to test and analyze the performance of the
proposed observer-based control design. The 1.5 MW WindPACT model used
in this paper is an upwind 3-bladed wind turbine with a horizontal axis and sub-
jected to variable speed. The full specifications of the model are summarized in
Table 1. The model has 24 degrees of freedom (DoFs) which defines its flexibili-

ty.

Table 1. Wind turbine specifications.

Rated rotor speed 20 rpm
Hub height 84.288 m
Configuration 3 blades, upwind
Cut_in, Rated, Cut_out wind speed 4 m/s, 12 m/s, 25 m/s
Gearbox ratio 87.965
Blade diameter 70 m
Rated power 1.5 MW
Blade pitch range 0-90°
Pitch rate 10°/s
Optimum tip-speed ratio (4,,) 7.0
Maximum power coefficient (Cp,,,.) 0.5

Optimal pitch angle (8

0]

) 2.6°
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The wind turbine motion nonlinear model in [10] is given by
M (q.u.t)d+f(a.d.u.u,,t) =0, M

where, M represents the mass matrix containing components of mass and iner-
tia, U is the control input, ¢ is time, f denotes the nonlinear function of the
DoFs enabled, gand ( are the first and second derivatives of the enabled DoFs
and u, is the disturbance input. The nonlinear model is linearized in FAST
which is a two-step process of computing the realized steady state of the speci-
fied operating points (the individual pitch 20°, wind speed 18 m/s, rotor speed
20 rpm) of the enabled DoFs followed by the numerical linearization with re-
gards to the computed steady states in order to obtain the linear model matrices.
For controller design in this paper, only 5 DoFs are enabled which are relevant
for rotor blades and tower structural load mitigation. The enabled DoFs are the
first tower fore-aft mode ( z, ), variable speed generator (i ) and the first flap-
wise bending mode of blade 1 (g, ), blade 2 (¢, ) and blade 3 (¢;). The linea-

rized state space model of the wind turbine is denoted by
X = ApXy + Buy + Bmd Ung » (2a)
Y = ConXns (2b)

where, A, is the state matrix, B 1is the control input matrix, B

m mg

is the output matrix, X is

represents the unknown disturbance matrix, C -

m

the state vector, u. is the perturbed input vector of individual pitch angles,

m
Uy, is the unknown disturbance vector, and Y, is the measured output vec-
tor. The subscript m denotes that the linear model is expressed in both rotating
and fixed reference coordinates.

The linear model yielded is highly periodic about the azimuth position due to
various factors such as vertical wind shear and tower shadow [11]. The periodic-
ity effects even tend to be more pronounced as the wind turbine ratings go up
(bigger sized wind turbines) and therefore Multi blade coordinate (MBC) trans-
formation is carried out to account for the wind turbine periodic dynamics dur-
ing controller design. The multi-blade coordinate transformation integrates the
dynamics of individual blades (rotating coordinate frame) and expresses it in a
fixed nonrotating frame [11]. After transformation, the reduced order model is
averaged in order to realize a weakly periodic linear time-invariant (LTI) model
denoted by

Xn = A1Xn + Bnun + Bnd und ! (3a)
Yo =CoXn, (3b)

where, subscript z indicates the nominal LTI model.

To obtain pitch actuation for (IPC), there is a need for an actuator model
since it is not embedded within the NREL FAST model. The actuator model as
in [12] is given by

V!
B, sty+l )
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where, [ is the actual pitch angle that controls the rotor blade, S, is the

generated pitch angle, and 7, denotes the time constant. The blade pitch actu-

ator model for each blade in individual pitch control is given by

_% 0o o0 % 0 0
. 7 7
161 ' 1 ﬁl ' 1 ﬁ@h
Bl=| 0O — 0 ||B|+| 0 — 0| B, | (5)
; 7, P,
Ay L L& L LA
0 0o -— 0 0 —
L op | L Py |
The above equation can be simplified to a generalized state space form as
Xa = Aaxa + Baua’ (6&)
Ya =CiX,, (6b)

T T
where, X, =[AB, AB, AB], u,=[AB, AB, AB, | and y,=x,.
According to [13], the wind turbine LTI model is augmented with the pitch
actuator to account for pitching actuation. Therefore, the LTI augmented model

with pitch actuator is given by

N HEN X
= + u, + u, , (7a)
X, 0 A |Xx B, o |

yn _Cn 0 Xn

kR

The above augmented model with pitch actuator is used for the design of the
proposed (DAC) with an individual pitch controller for lifetime control and can
be simplified to the form

X = AXx+Bu+Byuy, (8a)

y =Cx. (8b)

3. Online Damage Evaluation

Variable wind speeds cause load fluctuations in wind turbine components which
results in fatigue damage. Therefore, it is important to monitor the degradation of
the wind turbine components [3] in order to analyze and control the degradation
to prevent components’ failure before the expected lifetime. Cycle counting me-
thods are greatly used for fatigue damage analysis [4], especially in unpredictable
load fluctuation applications such as wind turbine operation. These methods are
able to simplify the varying load data and can be easily combined with Miner’s
rule for analysis purposes. The general machine components’ damage degrada-

tion is expressed by the Wohler equation, as indicated in [14] is given by
s"N =K, 9)
where, sis the stress range amplitude, m is the Wohler coefficient which is 3 for

steel components and 10 for fiber composite material components such as rotor

blades, Vthe number of cycles to failure for a given stress range s and Kas a con-
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stant parameter that is material specific [14].

Several cycle counting methods have been developed, which include peak
counting, simple range counting, level crossing counting, and rainflow counting
[15]. This paper adopts the improved online rainflow counting method for the ef-
ficient processing of unpredictable load fluctuations and less memory storage re-
quirement. The rainflow counting algorithm generates load cycles (half or full
cycles) that are equivalent to the local minima and maxima values of the arbitrary
loads. Therefore, the damage degradation D, when the Rainflow counting algo-

rithm and the Miner’s rule are combined gives

n, K NS

D, = z:lldi = zrzlﬁ = Zi:lT’ (10)

where, kis the entire number of cycles, d; the damage equivalent to a specified
stress cycle, n, the number of load cycles applied, N; the number of cycles the
material endures until failure and s; the stress range corresponding to the 7,
stress cycle. Components are said to have no damage at D, =0 and when they
reach D, =1 they are considered to have reached the end of their lifetime. For
wind turbine components, the designed service lifetime is at least 20 years, with
the components reaching the end of life after roughly being subjected to between
10® and 10’ load cycles [16].

If the wind turbine component’s operational lifetime according to the manu-
facturer is given, then the Remaining Useful Lifetime (RUL) of the component as

in [17] can be calculated as

RUL=L,-T =T, (%—1}, (11)

k

where, L, is the estimated lifetime of the wind turbine components, T, is the
current time step, D, is the damage accumulated value at the design lifetime,
and D, denotes the accumulated damage at every time step. The estimated life-
time L, isgiven by
L = T D, . (12)
D,

This conventional method requires the entire time series load history in order
to determine the equivalent load cycles, which requires large memory storage.
Therefore, the improved real-time rainflow counting algorithm (RFC) by [4] be-
comes a more efficient method. The online RFC algorithm adopted in this paper
is for damage evaluation of blade root moments in real-time as they occur. The
algorithm processes data with the help of two flexible stacks or buffers for storage
and processing and employs a 3-point counting rule for detecting the maxima
and minima data values as it applies a recursive mode algorithm as stated in [4].
Once the system begins operation and the load profile is detected, the 3-point
counting rule identifies each extremal value as it comes, differentiates the maxi-
mum value from the minimum value then directs each value to its respective buf-

fer and generates the equivalent cycle (half or full cycle) as depicted by Figure 1.
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Figure 1. Online rainflow counting algorithm implementation [4].

The first extremum load values minima ( Dkl) and maxima ( Dk2 ) are defined
and compared by the 3-point counting rule for purposes of identifying which
storage buffer each value is to be stored in as explained in [4]. When the next
value ( Dk3 ) a minima value arrives, the 3-point rule defines its stack and com-
pares it to the other value already stored within the same buffer. Since there is
only one maxima entry a half cycle is then decided which is (D,, — D, ) and the
old minima value is eliminated. The process continues as ( D, ) arrives making
two entries in the maxima stack then (D, ) arrives which then a full cycle is de-
cided (D, - Dy, ) as two maxima values are in the maxima stack. The algorithm
code carries on working on the data as it arrives comparing values in stacks and

defining half and full cycles as shown in Figure 1.

4. Observer-Based Disturbance Accommodation
Control Strategy

The proposed PI-Observer based disturbance accommodation control scheme
with individual pitch control with an integrated online damage evaluation model
is described here. A two control loop design is adopted as shown in Figure 2.
The first loop is designed for the regulation of generator speed by means of
generating nominal demanded pitch angle which reduces the aerodynamic pow-
er coefficient in the high-speed region, thus, maintaining the rotor rotational
speed about its rated value as the design in [18]. The second loop is utilized for
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Figure 2. DAC with IPC control strategy.

structural load mitigation in blades by minimizing blade bending moments as a
result of perturbing individual pitch angles around the nominal control signal.
Here, several IPCs are designed for structural load reduction. The LTI model
used for control design obtained after linearization, realizes a controller that is
more efficient within the defined operating points of rotor speed 20 rpm, wind
speed 18 m/s and pitch angle 20°; hence, the need to design controllers linea-
rized about a range of operating points spreading between the above rated wind
speed region and the cut-out wind speed region. In this paper, the following
wind speeds above the rated speed region were selected: 14 m/s, 16 m/s, 18 m/s,
20 m/s, and 22 m/s. Because of varying wind speed and inherent measurement noise,
the PI-Observer estimates unknown disturbances and reconstructs the system state.
The disturbance accommodation control compensates for the disturbance, fluctuat-
ing incoming wind, and regulates the power/speed of the wind turbine [19].

To control the RUL of a wind turbine, the online damage evaluation model
determines damage accumulation during wind turbine operation. Gain schedul-
ing module switches between IPCs depending on the predefined damage accu-
mulation thresholds of bending moments. Here, the higher damage accumula-
tion threshold will activate the controller with higher load mitigation capability.
The gain scheduling module is able to monitor the damage accumulation so as
to determine the changes in the operational ranges by varying the gain of the in-

dividual pitch controller [19]. This enables the proposed control scheme to be
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able to achieve a trade-off between structural load mitigation and power/speed

regulation, thereby inhibiting premature failure before the expected lifetime.

4.1. Proportional Integral Observer

In this paper, a PI-Observer is used for wind speed estimation and system state
reconstruction. The Proportional Integral Observer comprises the integral feed-
back loop for error estimation as well as for the realization of the system state,
and the proportional feedback loop as in Figure 3. With the basis of the deter-
ministic nature of the plant, the PI-Observer is capable of reconstructing un-
known/unmeasurable varying wind speed by using outputs measurements [20].
The observer attains wind speed estimation in a two-step process, which begins
with the estimation of a fictitious disturbance component which is computed
as a perturbed hub-height wind speed. Then follows adding the computed
wind speed component to the nominal speed to realize its instantaneous value
[21].
The dynamic model of unknown disturbance is expressed as

2, =F,, (13a)
Uy =H,, (13b)

where, z, denotes the disturbance states, u, is the unknown disturbance

Linear System

» C >
______________________________________________________________ '
) i
A i
2 L, i
!
» C !
!
i
PIl-Observer i

Figure 3. Example PI-obserever structure with controller.
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vector, and F and H are the matrices of appropriate dimensions. Therefore, the

disturbance dynamic model as indicated in [21] is given by

Lﬂ{g BTZHMZ):}{E}”’ (14a)
y=[C O]LX

where, A is the state matrix, B is the control input matrix, B, represents the un-

}, (14b)

d

known disturbance matrix, Cis the output matrix, x is the state vector, u is the
input vector of individual pitch angles, and yis the measured output vector.

Therefore, the PI-Observer dynamics equation is given by

X=A%+B,H, +B,+L (y-9), (15a)
z,=F, +L,(y-9). (15b)

where, L, is the proportional loop gain matrix, L, is the integral loop gain
matrix and §=CX.

The observer dynamics can be described in matrix form as

S

y=[C O]{;}- (16b)

d

4.2. Disturbance Accommodation Controller

To obtain the pitch control and be able to realize mitigation of structural loads, a
full state multi-variable feedback controller is required. The full state feedback

controller is given by
X
u=-[K, Kd][Z } (17)
d

where, x denotes the system states, z, is the unknown disturbances, —K, is
the system controller gain and —K, is the disturbance controller gain. There-
fore —K,x is for regulation control of the system in order to improve perfor-
mance, while —K,z, is for disturbance compensation, fluctuating incoming
wind [22]. However, because of some inaccessible and unmeasurable variables as
well as unknown disturbances that are ultimately estimated by the observer, the
full state feedback controller with estimated states is given by
X
u=-[K, Kd]{fd}' (18)
The two main methods for disturbance accommodation developed are static
and dynamic approaches. A good disturbance compensation approach ensures
good system response and disturbance effects minimization. For the static dis-

turbance approach as stated in [22], compensation of disturbance effects can
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only be possible under the condition that
BK, +B4H =0. (19)

Therefore, this makes it realistically impossible to reject the disturbance ef-
fects with this approach unless disturbance signals and input control signals en-
ter the system by the same channel [23] [24].

The dynamic disturbance approach that is adopted in this paper, compliments
the static disturbance in its limitations and makes use of all system states for

disturbance compensation [23]. The dynamic disturbance model is given by

z4 = Fz, +0.X, (20)

where Fis the corresponding distribution matrix of unknown disturbances and
O, is the coupler of unknown disturbances and system states.

Therefore, the plant model with dynamic disturbance compensation is ex-

Nl NN

where, A, Band F, J, are assumed to be controllable.

pressed by

5. Results and Discussion

Two different wind profiles that are generated by the NREL TurbSim simulation
code are adopted in this paper to excite the wind turbine dynamics for 100
seconds. The stochastic wind profile used, shown in Figure 4(a), has vertical
wind shear, a mean speed of 18 m/s, and a power exponent of 0.143. Wind shear
is often assigned a power exponent of 0.143 for a well-mixed atmosphere, over
open and flat terrain while higher power law exponent values are usually as-
signed for vegetated surfaces with light wind speeds [25]. The step wind profile
used varies in steps from 14 m/s to 22 m/s as shown in Figure 4(b). A compari-
son of the actual hub height wind speed plot and that of the wind speed esti-
mated by the PI-Observer is shown in Figure 5. While the general flow of the es-
timated wind speed follows the actual, some large deviations are observed of a
standard deviation of 22.8% as the wind speed diverges from the nominal oper-
ating point value that the system was linearized at.

The performance of each of the individual blade pitch controllers (IPC) with
varying load capabilities integrated with the damage evaluation model is com-
pared with the performance of the lifetime control (DAC with IPC) model inte-
grated with the damage evaluation model and gain scheduling module is shown
in Figure 6.

Controller 1 (C1) describes a case where speed/power regulation and structur-
al load mitigation is achieved, but with a penalty of a steep damage accumulation
at certain intervals. Controller 2 (C2) and Controller 4 (C4) have good speed
power regulation ability though with low load mitigation ability. Controller 3
(C3) has strong structural load mitigation ability, however, with a compromise

on power/speed regulation. Controller 5 (C5) represents fairly good structural
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Figure 4. Hub height wind speed. (a) Stochastic wind profile. (b) Step
wind profile.

load mitigation and speed/power regulation. The damage limit considered is the
D, value at the end of life: simulation time 100 seconds, for a case where an op-
timum trade-off between load mitigation and speed regulation was achieved.
This was realized in the C1 case. Without the lifetime control scheme, the wind
turbine controlled by C2 loses its functionality at about 74 seconds, C3 at about
34 seconds, C4 at about 63 seconds and C5 at about 88 seconds. The lifetime
control strategy controls the blades’ damage accumulation and delays degrada-
tion thus, enabling the blades to reach the damage limit at the expected lifetime

of 100 seconds. Though C1 attains almost the same results as the lifetime control
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Figure 6. Control performance comparison.

scheme, the damage accumulation when the lifetime control model is in opera-
tion is gradual and spread over the lifetime due to the dynamic switching of dif-
ferent individual pitch controllers depending on load damage in blades that oc-
curs during operation. Observations in [17] [18], [19] demonstrates the capabili-
ties of different controller designs in mitigating structural loads.

A significant reduction of bending moments when lifetime control scheme is

adopted can be observed in Figure 7. The blade flapwise moments profile in
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Figure 7. Blade flapwise moments. (a) Blade 1 flapwise bending moments (stochastic
wind); (b) Blade 1 flapwise bending moments (step wind).

-1500 —
0

Figure 7(a) is influenced by the wind profile used for excitation as the results
profile tries to track the stochastic wind profile.
The flapwise bending moments generally decrease throughout the simulation

when the life time control is employed, with a standard deviation of 15.9%. An
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increase in structural load as wind speed increases can be observed in Figure
7(b). For step wind profile in Figure 7(b), when DAC without lifetime control is
employed, moments show a steep increase at every wind speed step increase
from the beginning until about 60 seconds when wind speed increases to 20 m/s
then the moments begin to decrease. When the lifetime control is employed, the
flapwise moments increase up to about 20 seconds (a 16 m/s step wind speed in-
crease) then moments decrease and become stable generally with slight fluctua-
tions at every wind speed step increase. The lifetime control reduces the flapwise
bending moments with a standard deviation of 72.6%. Similar observations are
also supported by the results achieved in [17] [18] and [19] [26].

A reduction in the blade damage accumulation is observed when the lifetime
control scheme is employed as illustrated in Figure 8. The accumulated damage
was reduced by almost 50%. A significant reduction in blade damage accumula-
tion demonstrates that control of bending moments in blades mitigates structur-
al loads in blades and ultimately reduces damage accumulation. Therefore,
showing that the lifetime control strategy delays degradation hence ensuring the
blades do not fail before the expected lifetime. Various studies in [17] [18] and
[19] [26] also support that reducing structural loads in blades reduces damage
accumulation.

Most control strategies usually compromise on power production, but this
study aims to achieve a tradeoff between load mitigation and power/speed regu-
lation. While improvement in damage accumulation has been realized due to
reduction in blade bending moments, there is a need to demonstrate that this im-

provement in damage accumulation does not compromise the power production

x107°

T T T T T T T I T
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Figure 8. Blade damage accumulation.
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of the wind turbine. Power regulation control is achieved for both stochastic
wind profile excitation as shown in Figure 9(a) and step wind profile excitation
as shown in Figure 9(b).

This is shown by the generator power being maintained about the rated value.
Some small deviations are observed in the performance of each controller in
both figures. In Figure 9(a), a difference of a standard deviation of 16.3% is ob-
served while in Figure 9(b), a difference of a standard deviation of 3.4% is ob-

served. The output power variation is generally related to the profile of the wind
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Figure 9. Generator performance. (a) Generator power (stochastic wind). (b)
Generator power (step wind).

DOI: 10.4236/jpee.2022.107003

46 Journal of Power and Energy Engineering


https://doi.org/10.4236jpee.2022.107003

R. Goboza et al.

profile used for excitation. With a stochastic wind profile, the output power tries
to follow the incoming wind profile but because of wind speed variations and
inertia loads, perfect tracking is not possible. The power produced drops slightly
as shown in Figure 9(a), when lifetime control strategy is employed. But gener-
ally, the power regulation is stable about the rated power value throughout with
fewer fluctuations. For step wind excitation shown in Figure 9(b), a step in output
power is observed at every step wind speed increase, as the value is regulated to the
rated power value due to transient effects diminishing. Generator performance
improvement is noted with the use of lifetime control strategy as the power output
profile is more stable (fewer fluctuations) compared to DAC without lifetime
strategy. Power regulation is realized due to the IPC improving the transient
performance. This indicates that the control strategy in this paper is able to effi-
ciently mitigate structural loads without compromising the generator power
performance. Structural load mitigation and power regulation are also achieved in
[17] and [19] but a slight compromise on power generation was noted in [19].

Tower loads can be mitigated by various methods, however tower load mitiga-
tion in this paper is limited to blade load mitigation. Therefore, it is necessary to
evaluate the effects of blades’ load mitigation on tower moments of the wind
turbine. These effects of blade load mitigation on various wind turbine compo-
nents are evident due to the existence of couplings amongst different modes and
components of wind turbine. Because of very strong coupling between blades’
flapwise mode and tower fore-aft bending mode, a reduction in tower fore-aft
bending moments are evaluated in Figure 10.

The results show that tower fore-aft moments variation is also generally re-
lated to the profile of the wind profile used for excitation. For the stochastic
wind profile in Figure 10(a), a subtle difference in the tower fore-aft moments
are observed mostly, though some huge deviations which quickly subside are
detected at the beginning due to transient effects. With lifetime control, the
tower fore-aft moments reduced with a standard deviation of 45.8%. For the step
wind profile excitation in Figure 10(b), a step increase in tower fore-aft mo-
ments are observed at every step wind speed increase for the two controllers in
comparison. However, when lifetime control is employed, the controller is able
to regulate the moments to be stable and settle at an almost similar level after
every step increase. With DAC without lifetime control, the moments are re-
duced but fail to settle to similar level. The lifetime control strategy reduces the
tower fore-aft moments with a standard deviation of 4.4% in Figure 10(b).
These results are supported by studies in [17] [19] which show that tower fore-aft
moments are influenced by the blade load mitigation.

Tower side-to-side moments also demonstrate improvement when lifetime con-
trol strategy is employed, as shown in Figure 11. A difference in the side-to-side
moments from controllers in comparison is visible for stochastic wind profile
excitation. The tower side-to-side moments reduced with a standard deviation of
14.4% as illustrated in Figure 11(a) when the lifetime control is employed. For

the step wind profile in Figure 11(b), the step wind speed increase does
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Figure 10. Tower fore-aft bending moments. (a) Tower fore-aft moments (sto-
chastic wind). (b) Tower fore-aft moments (step wind).

not strongly influence the moments though the moments continuously reduce
due to lifetime control use. A reduction in tower side-to-side moments with a
standard deviation of 20.1% demonstrates the efficiency of the lifetime control in
mitigating tower moments. Studies in [19] demonstrated similar findings, with
tower side-to-side moments improving when a model under study was em-

ployed.
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Figure 11. Tower side-to-side bending moments. (a) Tower side-to-side mo-
ments (stochastic wind). (b) Tower side-to-side moments (step wind).

Due to the coupling between blade flapwise deflection mode and the tower
fore-aft deflection mode, evaluation of the effects of the control scheme on tower
deflection is essential. Tower fore-aft deflection variations are strongly influ-
enced by the profile of the wind profile used for excitation. In Figure 12(a), a
subtle difference in the tower fore-aft deflection between the two controllers is
observed though with huge transient deflection at the start of simulation which
subsides within about 10 seconds. An improvement in tower deflection is ob-

served with tower fore-aft deflections reducing with a standard deviation of
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Figure 12. Tower fore-aft deflection. (a) Tower fore-aft deflection (stochastic
wind. (b) Tower fore-aft deflection (step wind).

41.6% when the lifetime control scheme is employed. In Figure 12(b), an in-
crease in tower fore-aft deflection value (transient deflection) is observed at
every step wind speed change for both controllers. However, when lifetime con-
trol is employed, the controller is able to regulate and stabilize the deflections to
an almost similar value after every step increase. With DAC without lifetime
control, the deflections are reduced but fail to settle at a similar deflection level.
The lifetime control strategy reduces the tower fore-aft deflections for step wind

profile excitation with a standard deviation of 18.4% as in Figure 12(b).
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Figure 13 exhibits the performance of the lifetime control and the DAC
without lifetime control in regards to mitigating tower side-to-side deflection.
The results indicate that the wind profile used for excitation has less influence on
the tower side-to-side deflection profile.

In Figure 13(a), some significant variations in tower side-to-side deflection
between the two controllers are observed with lifetime control scheme reducing
the deflections with a standard deviation of 13.9%. In Figure 13(b), when the
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Figure 13. Tower side-to-side deflection. (a) Tower side-to-side deflection (stochas-
tic wind). (b) Tower side-to-side deflection (step wind).
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DAC without lifetime control is in use, significant fluctuations on tower
side-to-side deflection are detected. The side-to-side deflections decrease for a
while and begin to increase as the wind speed changes to higher wind speeds.
However, when the lifetime control scheme is employed, deflections conti-
nuously reduce in size with fewer fluctuations even when wind speed increases.
The improvement in the tower side-to-side deflection illustrated in Figure 13(b)
is of a standard deviation of 28.3%.

Mitigation of blades’ structural loads also impacts drivetrain loads due to the
strong coupling between tower deflection and drivetrain vibration mode, to
which the tower deflection mode is also strongly coupled to the blades’ flapwise
deflection mode. Investigation of the performance of the lifetime control on low
speed shaft (LSS) tip moments is illustrated in Figure 14.

2000 T T : :

—— DAC with lifetime control
15001} — DAC without lifetime control
1000t

50

O

\l 1A
R ‘HHM‘

Moment [KNm]
o

-1000¢}
-1500¢}
-2000; 20 40 60 80 100
Time [s]
(a)

3000 T — - .

—— DAC with lifetime control

— DAC without lifetime control
20001

—_—
o
o
o

Moment [kNm]
o
—
—
=
=
———

-1000
-2000
-3000, 20 40 80 80 100
Time [s]
(b)

Figure 14. Drivetrain bending moments. (a) LSS shaft tip moments
(stochastic wind). (b) LSS shaft tip moments (step wind).
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A significant deviation between the two controllers in comparison is observed
in Figure 14(a), with the LSS tip moments reducing when the lifetime control
strategy is employed. A reduction in LSS tip moments is realized with a standard
deviation of 43.7% as shown in Figure 14(a). In Figure 14(b), when the DAC
without lifetime control is employed, the moments have large fluctuations and
tend to increase at every step; wind speed increases up to about 60 seconds,
where the moments begin to significantly reduce, then increase again at about
another step wind speed increase. Whereas, with lifetime control, the LSS tip
moments regulation is stable with fewer fluctuations, although a slight increase
in moments is detected at every step wind speed increase. The lifetime control
significantly reduces the LSS tip moments with a standard deviation of 81.7%.
Studies by [19] also present the impact of flapwise rotor blade bending moment

on the drivetrain.

6. Conclusion

A real-time damage evaluation model integrated with a lifetime control (DAC)
consisting of individual pitch controllers with different load reduction capabili-
ties is presented in this paper. The results demonstrate PI-Observer efficiency in
wind speed estimation as the estimated wind speed plot generally tracks the ac-
tual wind speed. The control scheme demonstrates significant effectiveness in
the reduction of damage accumulation and blade bending moments as the
bending moments reduce with a standard deviation of 15.9% with stochastic
wind profile and 72.6% with step wind profile. The results of the study also show
improvement in several wind turbine subsystems, such as in tower moments and
in drivetrain (LSS) tip moments. Therefore, the study demonstrates that control
of moments in rotor blades is significant in other wind turbine subsystems due
to the strong coupling between various modes and components in a wind tur-
bine. Efficient load mitigation and speed/power regulation are also realized by
the control strategy as the results show output power regulation about the rated
power value. This ultimately delays degradation and enables the wind turbine to
be functional for the designed lifetime. Optimal maintenance scheduling becomes
practical, especially for wind turbines that tend to be challenging to maintain if a
random breakdown is to occur, such as in offshore wind turbines hence reduc-
ing maintenance costs. Though a linear damage accumulation model is adopted
in this paper, fault propagation tends to be nonlinear in wind turbines and thus

the nonlinear dynamics of damage accumulation can be considered in the future.
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