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Abstract. The combined wind speed estimator and tip-speed ratio (WSE-TSR) tracking wind turbine control scheme has seen
recent and increased traction from the wind industry. The modern control scheme provides a flexible trade-off between power
and load objectives. On the other hand, the Kw? controller is often used based on its simplicity and steady-state optimality
and is taken as a baseline here. This paper investigates the potential benefits of the WSE-TSR tracking controller compared to
the baseline by analysis through a frequency-domain framework and by optimal calibration through a systematic procedure. A
multi-objective optimisation problem is formulated for calibration with the conflicting objectives of power maximisation and
torque fluctuations minimisation. The optimisation problem is solved by approximating the Pareto front based on the set of
optimal solutions found by an explorative search. The Pareto fronts obtained for calibration of the baseline and for increasing fi-
delities of the WSE-TSR tracking controller show that no optimal solution exists, translating into increased power capture with
respect to the baseline Kw? controller. The frequency-domain analysis, however, shows increased control bandwidth for tip-
speed ratio reference tracking for the solution leading to power maximisation. If the objective is to reduce the torque variance,
the controller bandwidth decreases with a mild penalty on the energy yield. High-fidelity simulations on the NREL 5 MW ref-
erence turbine confirm this trend, proving that, if properly calibrated, the WSE-TSR tracking controller obtains approximately

the same generated power of the baseline while reducing torque actuation effort.

1 Introduction

Of all the available renewable energy sources, wind energy is increasingly considered one of the most cost-effective and
sustainable with regard to the global demand for clean energy (Watson et al., 2019). The total present wind power capacity
installed worldwide is now 837 GW, with year-on-year growth of 12 % (Lee and Zhao, 2022). However, this growth rate
must quadruple by the end of the decade to meet the net-zero emissions targets set after the Glasgow climate summit (United
Nations, 2021; Komusanac et al., 2022). To achieve these ambitious climate goals in an efficient manner, the industry is
developing larger turbines with a more flexible rotor assembly and support structure to exploit higher wind speeds (Veers et al.,
2019). Increasingly advanced and optimised control technologies are needed to facilitate and enable the increased sizes of wind

turbines (Pao and Johnson, 2011).
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Variable-speed turbines usually employ a generator torque control strategy to maximise the energy capture in partial load
conditions (Bossanyi, 2000; Burton et al., 2011). Maximum power is extracted by operating the turbine at the maximum power
coefficient, corresponding to a specific tip-speed ratio and pitch angle (Bottasso et al., 2012). The optimal tip-speed ratio is
tracked by varying the generator torque resulting from a closed-loop controller, while the pitch angle is generally kept constant
in the partial load region (Pao and Johnson, 2011).

Nowadays, the Kw? controller is still the most common partial load region wind turbine torque control used due to its satis-
factory performance, ease of derivation, and simple implementation by only requiring a measurement of the rotor or generator
speed (Johnson et al., 2006; Ozdemir et al., 2013). Nevertheless, the K w? controller has shortcomings that can result in sub-
optimal power tracking performance (Johnson et al., 2004). First, the torque gain K is calculated from modelled wind turbine
properties, often subject to assumptions and estimation errors (Abbas et al., 2022). Even if the gain K is initially accurate,
the turbine properties can change over time due to, e.g. blade erosion and ice/dirt/bug buildup (Mulders et al., 2023), thereby
causing this initial value to be suboptimal (Johnson et al., 2004, 2006). For instance, according to Fingersh and Carlin (1999),
a 5% error in the optimal tip-speed ratio can lead to inaccurate K and, consequently, to a cumulative captured energy loss
of 1% - 3%. Second, suppose the wind turbine operates in turbulent wind conditions and that K is accurately determined. In
that case, the large rotor inertia prevents fast acceleration and thus hinders the tracking of rapid changes in wind speed, leading
to a lower operating power coefficient. The torque gain will be suboptimal, consequently impacting the turbine performance.
This problem is emphasised for heavy rotors and sharp power coefficient curves (Bossanyi, 2000).

The torque gain K can be calibrated through an Extremum Seeking Control (ESC) acting on the rotor power to overcome
the effect of time-varying wind turbine properties (Creaby et al., 2009). While providing an energy capture improvement of
8 % - 12 % when applied on the Controls Advanced Research Turbine (CART), this control scheme results in being sensitive to
wind speed variations (Xiao et al., 2016). Therefore, Rotea (2017) proposes a log-of-power feedback in the ESC algorithm (LP-
ESC). Using high-fidelity large eddy simulations, Ciri et al. (2018) demonstrate that this modification renders the controller
independent from changes in the mean wind speed.

One way to increase the energy capture for higher turbulence intensity is by reducing the gain K below the nominal value.
This choice allows the generator torque to decrease and the rotor to accelerate more quickly in response to a gust. For in-
stance, Johnson et al. (2004) reduced the gain K for the controller of the CART by 10 % and observed an increase of 0.5 % in
captured power. Reducing K improves energy capture and can be easily implemented on any existing wind turbine that uses
the Kw? controller. However, since the gain reduction factor depends on the turbulence in the wind and no linear correlation
can be found between this factor and site condition, choosing a constant value is unrealistic (Johnson et al., 2004).

As a way of providing better rotor acceleration and deceleration, Fingersh and Carlin (1999) proposed the optimally tracking
rotor (OTR) controller. This scheme augments the K w? controller with a second term. The additional term is a gain multiplied
by the net torque, being the difference between the (estimated) aerodynamic torque and the generator torque contribution result-
ing from the K w? control law. Subtracting the new term from the original formulation will aid rotor acceleration or deceleration
if the wind speed increases or decreases. With this approach applied to the CART, the controller bandwidth for tracking the
actual optimal operating point is increased, thereby improving the energy capture by about 1.2 % (Fingersh and Carlin, 1999).
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However, the OTR control scheme relies heavily on correct knowledge of the aerodynamic rotor properties. Incorrect infor-
mation will inevitably lead to suboptimal operation in transient and steady-state conditions. Another more advanced turbine
controller was developed by van der Hooft et al. (2003) and includes pseudo-feedforward control based on an estimation of
the rotor-effective wind speed (REWS) to realise an additional pitch control action in partial load. With this strategy, an energy
yield increase of 0.9 % was achieved at the expense of larger speed and load variations.

To cope with the described disadvantages of the Kw? control scheme, combined wind speed estimator and tip-speed ratio
(WSE-TSR) tracking control schemes have been recently considered (Abbas et al., 2022). The idea behind this scheme is to
use the estimated REWS (@stergaard et al., 2007; Soltani et al., 2013) to calculate an estimate of the desired rotor speed, which
in turn is employed as a feedback signal to close the loop by a PI controller. According to Bossanyi (2000), this controller
allows tracking the optimal tip-speed ratio even in turbulent wind, with a 1 % power increase compared to the baseline Kw?,
but at the expense of significant power variations.

In the work of Boukhezzar and Siguerdidjane (2005), a Kalman filter estimator combined with a rotor speed reference
tracking improves by 10 % the power capture when compared with the Kw? controller, but no analytical demonstration of
its dynamic behaviour was provided. A similar study by Abbas et al. (2022) focused only on a time-domain analysis when
comparing the combined estimator-feedback controller with the Kw? control law. Earlier work by the current authors (Brandetti
et al., 2022) proved that an analytical frequency-domain framework could be a valuable tool for analysing the dynamics of the
WSE-TSR tracking controller. However, neither the performance benefits of using such a control scheme over the baseline
Kw? controller nor the optimal calibration are discussed in (Brandetti et al., 2022).

Therefore, this paper presents the steady-state equivalence and dynamic differences between these Kw? and WSE-TSR
tracking controllers and proposes a systematic procedure for optimal calibration. Calibration of the parameters in the WSE-
TSR tracking control scheme is fundamental to optimising controller performance in terms of power maximisation, load min-
imisation and stability (Bossanyi, 2000).

However, the use of classical analysis techniques to calibrate the proposed scheme is complex due to the trade-off between
conflicting control requirements, e.g. maximising power production and minimising the loads. Recent studies (Odgaard et al.,
2016; Lara et al., 2023) have demonstrated the effectiveness of multi-objective optimisation techniques based on Pareto fronts
for tuning wind turbine controllers. For this reason, the calibration of the WSE-TSR tracking controller is formulated as a
multi-objective optimisation problem. First, the parameter space of the considered control scheme is explored by a guided
search procedure. Subsequently, the set of optimal solutions is found to construct the Pareto front in a trade-off between power
maximisation and load minimisation. The solutions found are then assessed using the extended version of the frequency-domain
framework, based on (Brandetti et al., 2022), for comparison with the baseline controller. As also shown by Leith and Leithead
(1997), analysing a controller in the frequency domain allows for gathering relevant insights into its performance.

In this context, the present research aims to illustrate the additional benefits of using the WSE-TSR tracking controller
compared to the baseline Kw? for partial load control when applied to realistic wind turbine sizes, in terms of two performance
metrics widely discussed in the literature: power maximisation and load minimisation (Leith and Leithead, 1997; Leithead and

Connor, 2000). Thereby, the following contributions are presented:
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Demonstrating the steady-state similarities and dynamic differences between the WSE-TSR tracking control scheme and

the baseline Kw? controller in the frequency domain by a universal linear analysis framework.

Mapping the performance of the fixed-structure WSE-TSR tracking controller for sets of calibration parameters of in-

creasing dimensionality by a guided exploratory search in their constrained parameter spaces.

Formulating the optimal calibration as a multi-objective problem using Pareto front approximation techniques.

Exploiting the frequency-domain framework in conjunction with high-fidelity simulations under realistic environmental
conditions to showcase and discover the characteristics of an optimally calibrated WSE-TSR tracking control scheme to

the baseline strategy.

The paper is structured as follows: Section 2 gives a mathematical overview of the WSE-TSR tracking control scheme and
baseline K w? controller, together with the assumptions made for their implementation. Based on the nonlinear implementation,
Section 3 provides a linear frequency-domain framework analysing the two controllers. Section 4 illustrates the exploration
and multi-objective Pareto optimisation strategy for calibrating the WSE-TSR tracking control scheme. Section 5 evaluates the
performance of the calibrated WSE-TSR tracking scheme compared to the baseline controller by leveraging the results from
the frequency-domain analysis framework and the ones derived from realistic high-fidelity time-domain simulations. Finally,

Section 6 summarises the main findings and recommendations for future work.

Prerequisites

This section provides the prerequisites needed for the analysis of the controllers. Estimated quantities and time derivatives are
indicated by (A) and (:), respectively. Values corresponding to a specific operating point are denoted by (), whereas values
indicating the intended optimal parameters are presented with (-).. The symbols w;, Ty, V and A, represent the rotational
speed, the generator torque, the wind speed and the tip-speed ratio signals in the time domain, while €2,, 75, V and A represent
the corresponding signals in the frequency domain.

In addition, this work relies on a set of assumptions, which are formulated as follows:

Assumption 1.1. The considered control schemes are analysed in the partial load region with a constant (fine-)pitch angle.

For this reason, the power coefficient mapping is only taken as a function of the tip-speed ratio.

Assumption 1.2. The generator torque control input and the rotational speed of the turbine are measured signals. The rotor-

effective wind speed is considered an unknown and positive disturbance input to the plant.

Assumption 1.3. The turbine model information included in the estimator and control framework represents the actual turbine
characteristics. This assumption highlights the best-case performance benefits achievable with the WSE-TSR tracking control
scheme over the baseline Kw? control strategy without capturing the inherent uncertainties of real-world turbine dynamics.

The assessment of the effects of model uncertainty on performance levels and control robustness is devoted to future work.
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2 Theory of partial-load control schemes

The baseline Kw? controller is a well-known, effective and commonly used torque control strategy for maximising energy
capture in the partial load operating region (Bossanyi, 2000). Whereas the Kw? strategy provides satisfactory performance,
it is inflexible in providing a granular trade-off between power and load objectives for present-day wind turbines. Therefore,
modern large-scale wind turbines are controlled by either model predictive control (MPC) (Rawlings and Mayne, 2009) or
more advanced WSE-TSR tracking schemes to provide such flexibility in the control system. This work focuses on comparing
the baseline strategy with the latter being the WSE-TSR tracking control scheme, which is also often referred to as a power
coefficient Cp-tracking scheme in other works (Bossanyi, 2000). In this section, first, the K w? and the WSE-TSR tracking
control schemes are derived in their full and nonlinear representations. To this end, the wind turbine system is considered, and

the individual required component building blocks are obtained for completing the two schemes.
2.1 Wind turbine

The wind turbine system is represented by the first-order model
Juy =T, =T, N, (1)

where w, represents the rotor speed, and J is the total drivetrain inertia at the low-speed shaft (LSS) side, obtained from the
relation J = J; N 24 J,, with Jg and J,, respectively, representing the generator and rotor inertias. The gearbox ratio is defined
as the transmission ratio N = wy, /w,, with w, representing the generator speed. The turbine is considered to be subject to a
torque control input T, € R, and, according to Assumption 1.1, the aerodynamic rotor torque is given by

1 V3
T, = ipArotuTCp()\), ()

r
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Figure 1. Power coefficient for the NREL 5 MW wind turbine model (Jonkman et al., 2009) under a uniform wind speed of 9m/s. The

maximum power extraction efficiency and the corresponding optimal tip-speed ratio are indicated as Cp, . and ., respectively.
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where p represents the air density, A, is the rotor-swept area, V' € R is the rotor-effective wind speed (REWS) and C,(-) is
the power coefficient, being a function of the tip-speed ratio

wrR
A= 3
v’ (3)

with R being the rotor radius. The shape of the C},(-) curve depends on the design of the turbine and can be computed either

from numerical simulations or experimental data. For this study, the National Renewable Energy Laboratory (NREL) 5 MW
wind turbine model (Jonkman et al., 2009) is used, for which the C},(-) curve covering the operating region of interest is
illustrated in Figure 1. The presented curve is obtained from steady-state wind turbine simulations for a wind profile with
a uniform velocity of 9m/s. It can be observed that a constant \, exists, which corresponds to the rotor operating point
for maximum power extraction efficiency C, . (). In the remainder of this paper, a distinction is made between the torque
controller input variable for the two schemes, namely, T x and T TsR, for the baseline K w2 or WSE-TSR tracking controller,

respectively.
2.2 Baseline Kw? controller

The derivation of the baseline Kw? control law is presented in this section. Figure 2 illustrates a block diagram of the controller,
and as shown, the framework only consists of the wind turbine and the controller. The controller is a static (nonlinear) function

without dynamics, providing the generator torque control signal based on the rotor speed:

w?

Tk =K. )

| Ku?

Figure 2. Block diagram of the Kw? control framework. The red box highlights the wind turbine system with two inputs (the generator
torque T k, and the wind speed V'), and with two outputs (the rotational speed, w;, and the TSR, \). The measured w, and the optimal TSR,

A+, are used as inputs of the controller (cyan box) to compute T} k.
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Figure 3. Block diagram of the WSE-TSR tracking control framework. The red box highlights the wind turbine system with two inputs (the
generator torque 7 Tsr, and the wind speed V'), and with two outputs (the rotational speed, w,, and the TSR, A). The cyan box highlights the
WSE-TSR tracking controller, which includes the estimator (purple box) and the TSR tracker controller ( box). The measured T Tsr
and w; are used to estimate the rotor-effective wind speed V and to calculate an estimate of TSR, 5\, in the estimator block. The controller

acts on the difference between \ and the optimal TSR, A, to calculate the torque control signal Ty TsR.

in which the torque gain K (Bossanyi, 2000) is defined at the LSS side of the drivetrain as

 pAR3Cy (M)
K= 203 ’

®)
under Assumption 1.1.
2.3 WSE-TSR tracking controller

The WSE-TSR tracking framework, outlined in Figure 3, combines an estimator and a tip-speed ratio tracking controller. The
estimator provides the tip-speed ratio estimate A\, which is used by the controller that acts on the difference between the estimate
and the tip-speed ratio reference. This reference is usually taken as A, corresponding to the rotor operating point for maximum
power extraction efficiency Cj. The controller provides the torque control signal 7, Tsr and forces the turbine to track the
reference. The following section provides derivations of commonly used implementations for both elements in the WSE-TSR

tracking framework.
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Figure 4. Block diagram of the estimator (Liu et al., 2022; Ortega et al., 2013). The measured generator torque, 7, Tsr, and rotational speed,

wr, are used to estimate the REWS, V, and to calculate an estimate of the TSR, A

2.3.1 Wind speed estimator

The REWS is estimated based on the Immersion and Invariance (I&1) estimator(Ortega et al., 2013) with an augmented integral
correction term (Liu et al., 2022). The estimator is illustrated in Figure 4 and uses the control signal, the measured system plant
output and a nonlinear plant model to estimate the REWS. Given Assumptions 1.2 and 1.3, the estimator is formulated as

follows

Jiy =T, — Ty rsg N
€w, = Wr — C:}r ) (6)

V= Ky wew, + Kiw fot €w, (T)dT

with V indicating the estimated REWS, K, ., the proportional estimator gain, and Kj ,, the integral estimator gain. Further-
more, ¢ indicates the present time, and 7 is the variable of integration. By adding integral action to the estimator, the error €,
is forced to converge to zero, providing consistent estimates of the rotor speed state w,. Under Assumption 1.1, the estimated

aerodynamic torque is defined as

.1 V3 ..
711' = §pArotij()\)a (7)

r
where ép (+) is the estimated power coefficient, being a nonlinear function of the estimated tip-speed ratio A=wR / V.

2.3.2 Tip-speed ratio tracking controller

The proportional and integral (PI) controller in the WSE-TSR tracking scheme acts on the tip-speed ratio error, which is defined

as

ex=A—A, ®)
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being the difference between reference and estimated tip-speed ratio. This error is used to compute the generator torque demand

t

Ty s = Ky eer + Kic / ex(r)dr, ©)
0

where K, . and K . are the respective proportional and integral controller gains.

3 Frequency-domain framework

This section provides the linear frequency-domain framework for analysing the baseline Kw? and the WSE-TSR tracking
controllers, where the dynamics of the nonlinear system are linearised around a specific operating point. The subscripts (-)x
and (-)rsr are employed to distinguish the transfer functions for the two schemes. Following the structure of Section 2 and
in the subsequent subsections, the relevant transfer functions are first derived and provided for the wind turbine dynamics,
followed by the individual and combined subsystems for the considered control schemes. The presented framework has been
verified through linearisation of the fully-coupled and nonlinear system using a numerical control system linearisation tool (The
MathWorks Inc., 2021). Its correctness is further validated by comparison to the linearisation results for the same coupled

system in related published work (Mulders et al., 2023). The verification process is not included in this paper for conciseness.
3.1 Wind turbine dynamics

This section considers the linearisation of the wind turbine dynamics. The differential equation in Equation (1) is first combined
with the nonlinear expression for the aerodynamic rotor torque defined in Equation (2). Subsequently, the resulting expression

is linearised with respect to the rotor speed state, generator torque control input, and wind speed disturbance input, resulting in

i =G(V)wy+ETy +H(V)V. (10)

For reasons of conciseness, the values perturbed around their operating points are defined using the same original variables.

The introduced variables representing partial derivatives are defined as

1 9T, 1 1% V2R 0C,(wy,V) N
G(V)==— = —pAiot | ——5Cp(wy,V —r = 7 , BE=——, 11
(V) J O, o) QJp b < w2 o(wr, V) + W, oA ) ’(%V) J (1)
10T, 1 3V2 AC,(wy,V)
H _ = T - Aro e - _V P\ 7 . 12
(V) 1 27" t< o Cp(wr,V) R X > - (12)

The argument V is included here to allow for the convenient definition of estimator-based expressions for G and H in a later
section; however, the argument is omitted in expressions from this point onwards. Finally, the linearised expression is Laplace

transformed to obtain the following

(s—G)Q(s)=ET(s)+HV(s),
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Figure 5. Block diagram of the universal framework used for the controller analysis. The red box highlights the wind turbine system with two
inputs (the generator torque 7, and the wind speed V'), and two outputs (the rotational speed, wr, and the TSR, A). The cyan box represents
the controller with two inputs (w; and the TSR set point, A.), one output () and two terms used for the linear analysis framework (the

feedback term, K., —,, and the reference shaping term K, ).

where s represents the Laplace operator. The resulting equation is defined to give the rotor speed

E H
Qu(s) = m%(@*‘mv(s)v (13)

which depends on the transfer functions from the generator torque control and wind speed disturbance, respectively.
3.2 Analysis framework

To compare the characteristics of the baseline Kw? and WSE-TSR tracking control strategies, a universal analysis framework
is defined in this section and is illustrated in Figure 5. Here, the controllers are generalised as a single block with two inputs
and one output, being the reference tip-speed ratio, rotor speed and generator torque control signals, respectively. In the linear

and frequency-domain formulation, the control scheme is formalised as
Zg(s) = Ko, -7, (5)2(s) + K, ~7,(s)As(s) - (14)

In the remainder of this section, the expressions Kq, .7, and K, 7, are derived and analysed for the different controllers,
representing the feedback and the reference shaping terms, respectively. In particular, it will be shown that for the Kw? con-
troller, these elements are equivalent to a state feedback controller with reference shaping gain. Since both the WSE-TSR
tracking controller and a state feedback controller aim to regulate the output of the wind turbine, w;, so that it tracks the

reference input, A, this equivalence represents the first step to comparing the baseline with the proposed controller.

10
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By substituting Equation (14) into Equation (13), the following expression is obtained
EKQ T, (S) EKA HT(S) H
O (s) = — &2 el Ay 7 1
(5) = =0, (5) 4 —r e A (s) + V() (1)
and by further manipulation
EK\, -, H
O, (s) = S ACEE RN V(s). (16)

_S—G—EKQr_,Tg(S) S—G—EKQT_,Tg(S)

In Equation (16), the closed-loop transfer functions are defined with the rotor speed as the output variable. As the scheme
intends to regulate the tip-speed ratio to the TSR reference, this output should be converted to the actual tip-speed ratio A of
the turbine rotor. Therefore, the TSR expression defined in Equation (3) is linearised with respect to the rotor speed and wind

speed, and the following expression is obtained

R Rio,
A(s) = ?Qr(s) ~ e

V(s). (17)

By combining Equation (17) with Equation (16)

) = REK\, 1,(5) . R(H — (&:/V)(s—G—EKq,_71,(s))) .
A( )_V(S_G_EKQrH'Tg(S)) A*( )+ _(S_G_EKQr—)Tg(S)) V( ) (18)
Ta,—n(s) Tv—a(s)

The two transfer function terms on the right-hand side of Equation (18) represent the closed-loop system reference tracking
and disturbance attenuation capabilities, respectively. In particular, the term Ty, A (s) indicates if the controller is tracking
the optimal condition (i.e. A = A,), while T\, 5 (s) shows the controller’s performance in reacting to external wind speed
disturbances. Later in this paper, these closed-loop transfer functions will be evaluated in terms of optimal controller calibration

to further investigate the controller in the frequency domain.
3.3 Baseline Kw? control dynamics

With the open-loop linearised wind turbine plant dynamics and analysis framework defined, this section derives the respective
quantities in the universal controller framework for the baseline controller. The nonlinear representation of the K w? controller

given by Equation (4) is linearised to obtain the quantities

T, x 2K@,  pR3A;00Cpr(Ny) _
Kooy = =8 - . P: Ny 19
(=T K= 5 - o N N2 ") (19)
T, K pRSArot 3 1 0C *(A*) —
Kia, - = —E&— = 2O (M) — ) o2 20

These are equivalent to the state-feedback and reference shaping gain, respectively, as defined in state-feedback control theory.

The interested reader is referred to Appendix A for the full derivation of this similarity.

11
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3.4 WSE-TSR tracking control dynamics

This section provides a derivation of the frequency-domain control dynamics of the WSE-TSR tracking controller. As shown
in Figure 3, the control scheme consists of a combined estimator and tracking controller. For this reason, to obtain the dynamics
of the full scheme, the linear frequency-domain representations of the individual estimator and controller are derived first. Then,

the framework dynamics are achieved by coupling the estimator and the controller.
3.4.1 Estimator dynamics

As illustrated in Figure 4, the estimator has the generator torque and the rotor speed as inputs and the estimated tip-speed
ratio as output. Therefore, several steps must be taken to derive a frequency-domain representation for the estimator, which are
briefly summarised here. First, the equations for the estimated rotor speed and REWS (Equation (6)) are combined and applied
at the linearisation point in terms of the Laplace variable. As a result, the estimated REWS is defined as a function of the rotor
speed and the generator torque. Then, by substituting this expression into the nonlinear function of the estimated tip-speed

ratio, the following is obtained

A(s) = X (s)Tg sr(s) + Y () (s), @D
where
X(s) = Murn®) | R Ky 4 Ki) 22)
Tg,rsr(S) V2(32—|—HKP7WS+HKLW)
and
R T 2 (f — (@ V) (K — G 1+ (w,/V)G) K;
Y- Aa(s) R{(1 = @/ V) ) 8% 4 (H Ry = @0/ V) (i = CRyov) ) s+ (H 4+ (@/V)C) Ki| @3
S) = = )

Qr(s) V(SQ—FHKP,WS—FﬁKi,W)

represent the transfer functions from the generator torque and rotational speed, respectively, to the estimated tip-speed ratio.
According to Assumption 1.3, the variables G:=aG (V) and H := H (V) indicate the estimated partial derivatives defined
in Equations (11) and (12).

3.4.2 Tip-speed ratio tracking control dynamics

According to Figure 3, the TSR tracking controller has two inputs, the tip-speed ratio estimate and set point, and one output,
the generator torque. The TSR tracking control dynamics is derived in the frequency domain by combining Equation (9) with

the tracking error definition (Equation (8)) at the linearisation point in terms of the Laplace variable. Follows,

Torsr(s) = Z(s)Au(s) + Q(s)A(s), 24
with
Z(S) _ 7'g,TSRA* (S) _ Kp,cs + Ki,c 7 (25)

A (s) s
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and

7, A K K;
Q(s) = 2, TSR (5) _ p,cS T Kic ’ (26)

A(s) s

being the transfer functions from the reference and estimated tip-speed ratio, respectively, to the generator torque.
3.4.3 Combined scheme

The combined control scheme can now be formed using the individually derived elements. To this end, the linearised estimator
and controller expressions Equations (21) and (24) are combined to comply with the desired form of Equation (14), resulting

in the following expression:
Ty 1sr(8) = Q(8) X (8)Tg,Tsr () + Q(8)Y () (5) + Z(5)Au(s). @7

Following further manipulation

Q(s)Y (s) Z(s)
Ze S A—0GXG) ot x a0 28
515008 = o x () T T e x ) (28)
—_— —_—
K9, —1y),1sr(S) KA, —Ty), TSR (S)
with
: - ) &2 TR A
K (s) = /Tg7TSRQr(5) _ R(KP&SJFKI,C) ((erp,w V)s*+ Fys (VH#LwrG)Kl’W) 9
(©2:—Tg), TSR 0 (s) (29T Rt st ) 7
and
—y - , - _—
K (s) = LeTsra.(5) V2 (Rt Kie) (5° 4 H Ky s + H Ko ) (30)
(Av—7Tg), TSR A (s) (‘72 s3 1+ F) 82 +F28—|—F3) )

representing the controller transfer functions from the rotational speed and tip-speed ratio reference, respectively, to the gener-

ator torque output. The unknown quantities in the above expressions are defined as

Fy =V?*HK,  + RnEK, K

Fy =V?HK, y + R EK, Ki  + R0, EK; Ky
Fs3 = Ry EK, K.\,

Fy=o,Kiw— (VH+0,G)K, +,

in order to simplify Equations (29) and (30).
3.5 Comparison between controllers

In the previous section, the controllers are expressed in a universal analysis framework to allow for comparison. Using the con-

troller expression given by Equation (14), this section analyses the controller transfer functions Ko, .7, (s) and K, .7, (s) of

13
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the baseline Kw? and WSE-TSR tracking controllers to understand the similarities and differences between the two seemingly
dissimilar controllers. Since the closed-loop dynamics is strictly dependent on the calibration chosen for the WSE-TSR track-
ing control scheme, the analysis of the corresponding transfer functions will be evaluated in a later section using the results
from the multi-objective optimisation.

Equations (19) and (20) show that the controller transfer functions are merely frequency independent gains for the baseline
controller. That is, the gain is constant over all frequencies. In contrast, the WSE-TSR tracking controller transfer functions
possess dynamics (Equations (29) and (30)). For this reason, it is assumed that for the low-frequency region, the (DC-)gain of
the latter controller equals the gain of the baseline controller, whereas, for higher frequencies, the frequency responses vary.

To examine the controller transfer functions, Equations (29) and (30) are symbolically evaluated s = jw = 0, with j being
the imaginary unit number. By doing so, the steady-state responses of the WSE-TSR tracking controller transfer functions are

computed, and after substitutions and simplifications, the following expressions are derived

. (5=0)= (va+ec) v (on, L (0T | pR A Gy () 1)
(—Tg), TSRS = 1= wnE  aN\av ) N\ow |~ N3 “
V2H v2 [oT, pR¥Avor (3 1 0Cp..(\s)
K, — =0)= =— I =t 2o () e — ) 2 30
K K
110 F 2T () 180 ‘ ‘A*_’E(S)
) —Kuw? —Kuw?
S, — WSE-TSR — WSE-TSR
® 100 - 7 140 F|—inverted WT l
<
=
2 90+ 1100+t .
]
=
80 I I I 60 I I I
1074 1072 10° 102 1074 1072 100 102
O T T T T T T
55)
& 250 | 1
g
3, -100 + .
7 210t 1
=
A, -200 ]
L L 1 P 170 1 1 - L .
1074 102 10° 102 107 1072 10° 102
Frequency [Hz| Frequency [Hz]

Figure 6. Bode plots of the controller transfer functions Ko, .7, (s) and Ka,_7,(s) for the Kw® controller (red line) and the WSE-
TSR tracking controller (grey line) without optimal calibration. For the baseline, both transfer functions are frequency independent. For the
combined scheme, in the low-frequency region, Ko, .7, (s) and K, .7, (s) have gains equal to the baseline. In particular, for the right-
hand plot, the controller gains match the inverted model of the wind turbine (black line), exhibiting a second-order lead-lag behaviour. By

contrast, for higher frequencies, the response varies for both transfer functions for the combined scheme.
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It is immediately evident that Krsr(s = 0) = Kk as defined earlier in Equations (19) and (20). This proves that the WSE-TSR
tracking controller is equivalent to the Kw? controller in steady-state. Thus, the two controllers will have the same behaviour
under the given inputs (Astrém and Murray, 2010), operating at the same point of power extraction efficiency, C, . (A4).

Similarities and differences between the two controllers are further illustrated in Figure 6 with Bode plots of the anal-
ysed controller transfer functions. The frequency responses are obtained using the NREL 5 MW reference turbine parame-
ters (Jonkman et al., 2009) and a controller calibration that performs satisfactorily but is non-optimised. In the figure illustrat-
ing the Bode plot for Kq, .7, (s) of both controllers, it can be observed that the two controllers show the same characteristics
for the low-frequency region (between 1 x 10~° Hz and 1 x 10~2 Hz). However, for higher frequencies, the WSE-TSR track-
ing controller presents additional dynamics in the form of a resonance resulting from a complex left half-plane pole-pair and
a double right half-plane zero. The explanation for these additional dynamics is the controller attaining a higher open-loop
unity cross-over, resulting in an increased closed-loop control bandwidth. The right plot presents the frequency response for
K\, —7,(s) and for the inverted transfer function of the wind turbine defined in Equation (13). It is clear that both controllers
exhibit a second-order lead-lag behaviour related to the model inversion required for the reference shaping action (Leith and
Leithead, 1997).

4 Calibration of the WSE-TSR tracking control scheme

From the frequency-domain framework derived in the previous section, it is recognised that the WSE-TSR tracking controller
presents a higher dimensional design space than the baseline K w?. In particular, while the Kw? controller has only the torque
gain K to calibrate, the combined scheme has a total of five variables: K, v, K; w, Kp ¢, K and A,. This tight integration
between a disturbance estimator and a tracking controller makes the mutual calibration of the design variables in the WSE-
TSR tracking controller a complex and non-trivial task. Therefore, this section addresses the calibration of the controller by
formulating a multi-objective optimisation problem. The approach to solving this multi-objective problem is by reconstructing
(an approximation of) the true Pareto front, composed of a set of Pareto optimal solutions. To this end, first, the multi-objective
optimisation problem is formalised in Section 4.1 and implemented in Section 4.2. An exploratory and guided search over
the controller calibration variables examines the performance space formed by all objectives. The outcomes of this search are

presented in Section 4.3 to construct approximations of the true Pareto front, which are related to the controller calibrations.
4.1 Multi-objective optimisation

A multi-objective optimisation problem is considered over a set of continuous input variables X C R¢ called the design
space (Lukovic et al., 2020). The optimisation goal is to minimise the vector of the objective functions defined as f(x) =
(f1(x), -, fm(x))) with m > 2, x € X the vector of input variables and f(X) C R™ the m-dimensional image representing
the performance space. The resulting minimisation of the cost function is defined as:

min(f(x)), (33)

X
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and is subjected to the operational conditions under which the multi-objective optimisation is performed.

The conflicting nature of the objective functions does not always allow the finding of a single best solution to the minimi-
sation problem but rather a set of optimal solutions, referred to as Pareto set Py C X in the design space and as Pareto front
Pr = £(Ps) C R™ in the performance space (Lukovic et al., 2020). In the following, the Pareto front is approximated by con-
sidering as Pareto optimal the point x, € P for which there is no other point x € X’ such that f;(x,) > f;(x) for all j and
fj(x4) > f;(x) for at least one 7, with j = {1,--- ,m} (Miettinen, 1999).

4.2 Implementation of the optimisation framework

The methodology for calibrating the design variables of the WSE-TSR tracking control scheme is addressed as the multi-
objective optimisation problem previously described. A two-dimensional vector of the objective functions is considered. The
first objective is the variance of the torque control signal, representing the responsiveness of the controller (i.e. a measure of
its response speed). This objective can also act as a measure of loads on the structural components of the turbine. The second
objective is the mean generated power of the wind turbine. These two objectives are conflicting as a more responsive controller
is expected to result in higher power production levels with increased loads and fast response time and vice-versa for milder

controller calibration. Thereby, the objective function vector is given by:

£(Ta) = [f1(Ta), f2(Ta)], (34)
with the torque variance being defined as

£1(Dy) = S (Ti(Tq) — Ty mean(Ta))? |

n

and the mean power as

i1 Pei(Ta)
b .

f2(Tq) =
In the above equations, n is the number of data points, T, mean 1S the mean value of the generator torque, and T} ; and P ;
represent each value of generator torque and power in the dataset, respectively. As shown, the resulting signals T, and P, are a
function of T'y € X; C R?, which is the d-dimensional vector of input variables. In this study, the dimensionality of the input
vectors is investigated to assess the performance of the controller for different levels of complexity as

Is=[Kpe, Kic,Kpw, Kiw, ] € X5,

Ty=[Kpe, Kic, Kpw,A] € Xy,

s = [Kic, Kpw, A\ € A,

Ty =[Kic, Kpwl € Xa,

Ty =[\] € X,

where the subscript (-), represents the dimension of each design space and is used in the remainder of this paper to differentiate

between the input vectors. Note that d = 5 refers to the original formulation of the WSE-TSR tracking controller, whereas the
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input vectors T'y C T'5 for d = {2, 3, 4}. In contrast, I'; represents the one-dimensional design space of the Kw? controller, in
which the variation in )\, leads to variation in the gain K according to Equation (5).

High-fidelity simulations are performed with the NREL’s high-fidelity wind turbine simulation software OpenFAST (NREL,
2021). The NREL 5 MW reference wind turbine (Jonkman et al., 2009) is subject to a realistic turbulent wind profile with a
mean wind speed of V' = 9m/s at hub height and a turbulence intensity of TI = 15 %. For each simulation, the input vector
is constrained for a guided search to find a set of optimal solutions P¢ C R? to approximate the Pareto front P = f(P2).
Simulations are run in parallel by randomly varying the input vector inside the constrained design space. Each simulation has
a length of 3600 s, of which the first 100 s are discarded to exclude the transient start-up effects from the results. The acquired

time series is used to calculate the considered objectives f1(Ty) and fo(Tq).
4.3 Optimisation results

This section presents the results obtained with the described optimisation framework. The performance space is explored
using the guided search for the five sets of calibration input variables. Subsequently, the results are used to approximate the
corresponding Pareto fronts. Finally, the influence of the gains is assessed by analysing the different regions of the constrained

design space.

-2300 -
. i
£ -2320 - — P
o 3
o f
5 -2340 - S !
z %
1 -2360 +
5
= 2380 - -~
S
_2400 I I I I I I |
0 ) 10 15 20 25 30 35

f1(Ty), torque variance

Figure 7. Pareto fronts obtained for the WSE-TSR tracking control scheme under realistic turbulent wind conditions for different sets of
estimator-controller design variables: I'1, 'z, T's,I"y and I's. The objective functions f1(I'g), i.e. torque fluctuations minimisation, and
f2(Tq), i.e. power maximisation, define the performance space for the controller. The optimal solutions for f1(I'¢) and f2(T'4) are indicated
using circles (o) and crosses (x), respectively. Compared to the baseline controller represented by the Pareto front P, the WSE-TSR
tracking controller does not attain an enhancement in power maximisation but allows the minimisation of torque fluctuations with a small

penalty in power extraction.
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4.3.1 Exploratory search and Pareto front

Before constructing the Pareto front, the performance space is explored by means of a guided search of the input variables
T';. With an increasing dimension d of the design space, more data is collected to capture the performance space of interest
effectively. The conventional Kw? controller is used as a baseline comparison case.

With the exploration data at hand, the Pareto front is approximated by minimising a weighted linear combination of f;(T;)
and f5(T'y) on the complete data set and for a range of weights. As shown in Figure 7, Pareto fronts are approximated for dif-
ferent dimensionalities of the input vector I'; to compare the baseline to the performance of the WSE-TSR tracking controller.
The optimal solutions based on each objective function f;(T';) and f2(T'4) are indicated using circles (o) and crosses (x),
respectively.

From the figure, it is immediately apparent that the fronts of the higher-dimensional controllers d = {4, 5} cover the widest
area of the performance space; the remaining fronts are subsets of the original WSE-TSR tracking control scheme. Since the
Pareto fronts for d = {4, 5} overlap, it is concluded that adding an integral term to the estimator (i.e. K; ) leads to no (or
marginal) benefits on the performance of the WSE-TSR tracking scheme. It follows that only with a proportional gain (i.e.
K, o) in the control scheme does it lead to more flexibility in reaching desired (Pareto) optimal solutions minimising torque
fluctuations and corresponding (structural) loads, with a minimal impact on the power extraction performance. This shows the
benefits of the more flexible structure of the WSE-TSR tracking scheme.

Another observation is that the baseline controller already attains a Pareto optimal solution minimising f5(T'y), i.e. maximis-
ing power production. It is clear that increasing the controller bandwidth and allowing for higher torque fluctuations f1(T')
does not result in the enhancement of energy capture f>(T';) compared to the baseline control strategy. A plausible explanation
is that the higher inertia of large-scale wind turbines inherently provides resilience against deviations from the optimal operat-
ing point. Therefore, increasing the controller bandwidth resulting in tighter tracking to the desired tip-speed ratio reference,

might not directly result in additional benefits in terms of energy capture.
4.3.2 Influence of the controller calibration variables

This section qualitatively assesses the influence and correlation of the gains to the performance of the WSE-TSR tracking
controller. The analysis is presented in Figure 8, where two areas of interest are selected: the lowest value of fo(I'5) (power
maximisation) and f1(I's) (torque fluctuation minimisation). The analysis only draws conclusions relating the calibration of
the scheme to the considered objectives; a more formal frequency- and time-domain analysis is described in the next section.
Furthermore, only the five-dimensional input vector I'; will be evaluated from this point onwards, as the current study focuses
on providing calibration guidelines for the complete WSE-TSR tracking control scheme rather than for its subsets.

For the power maximisation case, A\, should be taken between 7.1 and 7.3, which corresponds to the region of maximum
power extraction for the NREL 5 MW (Figure 1). For the torque minimisation case, A\, should be chosen higher than the power

coefficient-maximising value, resulting in a power reduction and rotational speed variance increase. Furthermore, as observed
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Figure 8. Results for the WSE-TSR tracking control scheme obtained with an exploratory search of its design variables (i.e. I's). Different
shades of green are used to highlight two areas of interest: the lowest values of f1(I's) (torque fluctuation minimisation) and f2(I's) (power
maximisation). The two objectives and the rotor speed variance (var(w:)) are plotted together with the controller gains (Kp.c and K c),
the estimator gains (K w and Kj ) and the reference tip-speed ratio (\.) to show how these calibration variables influence the scheme’s
performance. Clearly, neither Kj . nor K ¢ correlates to the performance of the WSE-TSR tracking controller. While A, and K, ., follow

an increasing trend proportional to the increase in torque variance, K . exhibits opposite behaviour.

from both cases, K, ,, follows an increasing trend proportional to the increase in torque variance, while K , does not show a
clear correlation to the controller performance.

Considering the controller gains, it is clear that the controller heavily relies on integral action to track the desired tip-speed
ratio reference and therefore achieve power maximisation. The gain for the proportional action K, . lies in the same area for

the two regions of interest without directly influencing the performance.

5 Analysis of optimally calibrated WSE-TSR tracking controllers

Pareto fronts have been approximated in the previous section representing a set of optimal solutions among the conflicting
objectives. An analysis has been presented by directly relating the objectives to the input vectors of various dimensionalities.
This section compares the characteristics of full-dimensional and optimally calibrated WSE-TSR tracking controllers to the
baseline Kw? strategy. The analysis is performed with the frequency domain framework, described in Section 3, and high-

fidelity time-domain simulations for realistic turbulent wind conditions.
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Figure 9. Pareto fronts P} and P} obtained for the baseline and WSE-TSR tracking control schemes and related to the 'y and T's design
variables. The case studies for the WSE-TSR tracking controller are marked on the 7§ front with letters ranging from A to E, respectively,
corresponding to maximum power extraction and minimum generator torque fluctuations. Point B is closest to the optimal baseline controller

calibration in terms of power extraction.

5.1 Case studies definition

The case studies analysed in this section are presented in Figure 9. The figure shows the approximated Pareto fronts P7 and
P{, representing the WSE-TSR tracking and the baseline controllers, respectively. Along the PP front, five distinct optimal
solutions are chosen, and the corresponding calibrations I's are considered for analysis in the following subsections. The
selection considers the evaluation of different trade-off levels between the considered objectives from the point of maximum
power extraction (A) to the point of minimum torque variance (E). Point B is closest to the maximum power extraction of the

Kw? controller and is selected to show similarities between these two schemes.
5.2 Frequency-domain results

This section compares the frequency domain characteristics for the defined cases using the linear analysis framework described
in Section 3. First, the frequency responses for the controller transfer functions Ko .7, (s) and K, .7, (s) are discussed,

followed by the closed-loop transfer functions T, .o (s) and Ty ().
5.2.1 Controller transfer functions

The analysis strategy defined in Section 3.2 is employed to evaluate the characteristics of the controllers. The frequency
responses of the transfer functions Ko, .7, (s) and K, .7, (s) for the defined cases are presented in Figure 10. The results

for the Kw? controller are included as a baseline, being frequency independent with a constant gain over all frequencies.

20



450

455

460

https://doi.org/10.5194/wes-2023-66
Preprint. Discussion started: 26 June 2023
(© Author(s) 2023. CC BY 4.0 License.

WIND
ENERGY
SCIENCE

eawe)

european academy of wind energy

120 Ko, 7,(s) Kp,7,(s)

o —Ku? WSE-TSR B —— WSE-TSR D —Ku? WSE-TSR B —— WSE-TSR D
=, — WSE-TSR A — WSE-TSR C —— WSE-TSR E 100 | WSE-TSR A —WSE-TSR C — WSE-TSR E ||
o 100 - .

£ 80

£ 80r .

9]

= ~—

60 ‘ ‘ T 60 ‘ ‘
10~ 1072 10° 102 1074 1072 10° 102

— 0 _— 200 |
§ — e

=10}

)
) TR

g ~100F 1150, |
<
=
[a W

-200 ‘ ‘ ‘ 100 L ‘ ‘
107 1072 10° 102 107 1072 100 10%

Frequency [Hz|

Frequency [Hz|

Figure 10. Bode plots of the controller transfer functions K. QT (s) and K Aw—Tg (s) for the baseline K w? and the WSE-TSR tracking
controller cases. While, for the baseline, K (q,—7,),x and K(a, —.7,) k show a constant gain over all frequencies, for the WSE-TSR tracking
controllers, K (Qr_,Tg>’TSR(S) and K4, ﬁTg)ﬁTSR(s) exhibit additional dynamics with an increasing cut-off frequency for increasing cases

towards B. In particular, cases A and B present resonance peaks in their response to further improve the controller cut-off frequency.

For case E, the steady-state gain deviates from the baseline gain because the reference tip-speed ratio is calibrated at a higher
and non-optimal set point of A\’ = 7.71. Furthermore, for the same case, it is seen that the controller cut-off frequencies are
at the lowest frequency compared to the other cases, resulting in reduced torque variance responses. For increasing points
towards case A, the controller cut-off frequency for both reference shaping and feedback-related transfer functions increases to
higher frequencies, except for B. As shown in Figure 9, case B shows the closest resemblance in performance attained with the
optimal baseline controller. A possible explanation is that the controller adheres to the K w?-trajectory for the most extended
frequency range. A notable observation is the resonance peaks for cases A and B, which enables a higher cut-off frequency of
the loop gain, resulting in an increased closed-loop bandwidth to track the desired tip-speed ratio. A further observation from
the phase plots is the opposite sign of the controller transfer functions, which is understandable from a physical perspective. The
generator torque increases for higher rotational speeds (Kq, .7, (s)), whereas an inverse proportional relation exists between

the desired tip-speed ratio and generator torque (K4, .7, (s)).
5.2.2 Closed-loop transfer functions

This section presents an analysis of the closed-loop controller characteristics. For the different cases, Figure 11 illustrates
the frequency responses of the transfer functions T, A (s) and Ty, A (s), representing the closed-loop system performance

in terms of reference tracking and disturbance rejection, respectively. The results for these transfer functions confirm the
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Figure 11. Bode plots of the closed-loop transfer functions T4, . (s) and Ty— A (s) for the baseline Kw? and the WSE-TSR tracking
controller cases. Regarding T, — 4 (s), an increase in controller bandwidth with respect to the baseline can be observed when the calibration
selected aims to maximise the power performance (i.e. A and B). On the other hand, for T\, 4 (s), this improvement is translated into a

high-frequency sensitivity deterioration.

observations in the open-loop analysis: increasing points toward point A exhibit an increased bandwidth and reference tracking
performance. Furthermore, only points A and B show a resonance peak resulting in a higher closed-loop cut-off frequency. For
the transfer function Ty, 5 (s), it is concluded that cases C, D, and E are subpar in disturbance rejection performance compared
to the baseline case. In addition, the effect of the Bode sensitivity integral is represented by the two remaining cases. That is,
cases A and B show increased disturbance rejection performance for frequencies below the controller bandwidth, whereas after

this value, the characteristics worsen with respect to the baseline controller.
5.3 Time-domain results

To further support the observations from the frequency-domain analysis, this section presents realistic time-domain simulation
results. For clarity reasons, only two input vectors I's corresponding to cases B and C are chosen. This selection aims to
illustrate the characteristics of the WSE-TSR tracking controller for the optimal solution f>(T';) and the trade-off between
f1(Ty) and f5(T';) compared to the baseline controller.

The high-fidelity simulation is performed with OpenFAST using the NREL 5-MW reference turbine for a realistic turbulent
wind profile, with a mean wind speed of V' = 9m/s at hub height, a turbulence intensity of TI = 15 %, and a total simulation

time of 3600 s. Figure 12 shows the wind speed and the simulation results for the tip-speed ratio, tip-speed ratio tracking error,
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Figure 12. Simulation results for the K w? and the WSE-TSR tracking controllers subject to a realistic turbulent wind speed with a mean
of 9m/s and a turbulence intensity of 15 %. Only results for cases B and C are presented. As expected from the location on the corresponding
Pareto front 77, case B shows a similar performance to the baseline control strategy. On the other hand, case C represents a trade-off between

the two objectives, minimising torque fluctuations with a minor impact on power production.

generator torque, rotor speed, and generator power. A smaller portion of the simulation is presented to emphasise the features
in the time-domain results.

The WSE-TSR tracking controller, calibrated for case B, demonstrates performance comparable to the baseline controller
without exhibiting superior power production. These observations align with the trends of the Pareto front illustrated in Fig-
ure 9. Simulation results obtained for case C show reduced torque fluctuations at the expense of increased oscillations in the
rotor speed. This particular calibration results in a slower response of the WSE-TSR tracking controller, rendering the wind
turbine more susceptible to variations in wind speed and, consequently, leading to higher fluctuations in rotor speed.

Upon closer examination, a notable instance occurs around 2200 s, wherein a change in wind speed from 8 m/s to 12m/s
prompts a corresponding change in rotor speed from 8rpm to 13rpm and an alteration in the tip-speed ratio from 7 to 9.
During this transition period, the tip-speed ratio deviates from the reference ., slightly increasing the tip-speed ratio tracking
error (i.e. A — \,). However, a minimal impact can be observed in power extraction from the wind, confirming that tuning C

provides a good trade-off between power maximisation and load minimisation for the considered turbine.
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6 Conclusions

This study presents a detailed analysis of the conventional Kw? and the more advanced WSE-TSR tracking scheme, being a
combined estimator-based tracking controller. A linear frequency-domain framework has been derived to evaluate the charac-
teristics of both control schemes. A unified analysis strategy is proposed for a fair comparison of the controllers.

To explore the performance potential of both control schemes and, more specifically, to discover whether the advanced
controller provides benefits over the conventional one, a multi-objective optimisation problem is defined. The conflicting ob-
jectives are power maximisation and control signal variance minimisation. The approach to solving this optimisation problem is
to explore the performance space using a constrained guided search for different dimensionalities of the design space. In other
words, the controller calibration parameters have been categorised in input vectors of different dimensions, each subject to the
multi-objective optimisation problem. The resulting Pareto front approximations represent the optimal solutions and controller
calibrations, providing a trade-off between the defined objectives. A set of Pareto optimal solutions has been evaluated in the
frequency and time domains.

Numerical simulations on the NREL 5 MW reference turbine show that an optimally calibrated WSE-TSR tracking control
scheme can increase the controller bandwidth resulting in larger torque fluctuations. However, as opposed to claims about
improved power capture in the literature, no power gains are attainable for present-day relevant turbine sizes compared to
baseline control. On the other hand, the proposed calibration framework makes it possible to find a set of design variables for
the WSE-TSR tracking control scheme that reduces torque fluctuations with a minor impact on the captured power.

Overall, the WSE-TSR tracking controller exhibits a more flexible control structure compared to the baseline K w? controller,
providing a trade-off between power and load objectives that can facilitate the operation of large-scale modern wind turbines.
Future work will focus on performing a similar analysis on smaller-scale wind turbines to confirm these benefits even for other

commercial turbines.

Appendix A: Similarity to state feedback controller design

This section proves that by following the state feedback control design theory, it is possible to end up with equal results to
the analysis strategy proposed for the Kw? controller, as illustrated in Figure Al. First, the wind turbine to be controlled is
assumed to be described by a linear state model with single input 7§ k, a single output w, and a single state w, (Astrém and
Murray, 2010):

Wy = Aw, + BT, k , wr = Cuwy + DT, x (A1)

where A=G(V),B=FE,C=1and D=0.

By applying Assumption 1.1, the model general time-invariant control law is a function of the state and the reference input:

Tex = (wr, Ay).
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Figure A1. Block diagram of a state feedback controller with a reference shaping block, adapted for the Kw? controller (Astrom and Murray,
2010). The full system consists of the real system dynamics, here assumed to be linear, and the controller elements K and k.. The controller

uses the system state w, and the reference input A, to command the wind turbine through its input 7 k.

If the feedback is restricted to be linear, it can be written as
Tox = —Krwr +k Ay, (A2)

in which K is the feedback gain, k, is the reference shaping gain, and A, is assumed to be a constant reference signal. This
representation illustrates the baseline controller with elements K¢ and k; in a similar form as the analysis strategy presented
in Equation (14). Therefore, to prove that the Kw? controller is equivalent to a state feedback controller with reference shaping,

Equation (14) should match Equation (A2), as
Ky x =—Kg, and Ky =k;. (A3)

Assuming that this equality is valid, it results in

Ky =—K9,1,)x = —f—j‘f s £ RgAr;}fi SLOFS (Ad)
When the feedback (Equation (A2)) is applied to the wind turbine (Equation (A1)), the closed-loop system is given by

Wy = (A —BKf)wy + Bk As. (AS)
Follows the formulation of k, as the controller aims to drive the output to the given reference

ky =— ! v , (A6)

(C(A ~BEK;) ! B) R

in which the term V/R is added to the original formulation (Astrdm and Murray, 2010) to satisfy the goal of the controller:
v

A~
w R

Substituting the expressions of A, B,C and D into the formulation of &k, (Equation (A6)) yields

_ PR* A (A) 1acp,*<x*>) 0Ty

3

=Kn,-7)K- (AT)

wr
O\ (@r;Ax)
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Since K k describes the feedback term and K5 x describes the reference shaping term, the equivalence between the K w?

controller and state feedback controller with reference shaping is demonstrated.

Author contributions. Livia Brandetti: Conceptualisation, Methodology, Software, Validation, Investigation, Visualisation, Writing - origi-
nal draft. Sebastiaan Paul Mulders: Conceptualisation, Methodology, Supervision, Investigation, Writing - review and editing. Yichao Liu:
Supervision, Investigation, Writing - review. Simon Watson: Resources, Writing - review. Jan-Willem van Wingerden: Conceptualisation,

Methodology, Supervision, Resources, Writing - review.

Competing interests. At least one of the (co-)authors is a member of the editorial board of Wind Energy Science.

26



545

550

555

560

565

570

575

https://doi.org/10.5194/wes-2023-66 WIND

Preprint. Discussion started: 26 June 2023 e WE\ ENERGY
(© Author(s) 2023. CC BY 4.0 License. WA VY SCIENCE

References

Abbas, N. J., Zalkind, D. S., Pao, L., and Wright, A.: A reference open-source controller for fixed and floating offshore wind turbines, Wind
Energy Science, 7, 53-73, https://doi.org/10.5194/wes-7-53-2022, 2022.

Astrom, K. J. and Murray, R. M.: Feedback systems: An Introduction for Scientists and Engineers, https://doi.org/10.1086/596297, 2010.

Bossanyi, E. A.: The design of closed loop controllers for wind turbines, Wind Energy, 3, 149-163, https://doi.org/10.1002/we.34, 2000.

Bottasso, C. L., Croce, A., Nam, Y., and Riboldi, C. E. D.: Power curve tracking in the presence of a tip speed constraint, Renewable Energy,
40, 1-12, https://doi.org/10.1016/j.renene.2011.07.045, 2012.

Boukhezzar, B. and Siguerdidjane, H.: Nonlinear control of variable speed wind turbines without wind speed measurement, Proceed-
ings of the 44th IEEE Conference on Decision and Control, and the European Control Conference, CDC-ECC ’05, pp. 34563461,
https://doi.org/10.1109/CDC.2005.1582697, 2005.

Brandetti, L., Liu, Y., Mulders, S. P., Ferreira, C., Watson, S., and van Wingerden, J. W.: On the ill-conditioning of the combined
wind speed estimator and tip-speed ratio tracking control scheme, Journal of Physics: Conference Series, https://doi.org/10.1088/1742-
6596/2265/3/032085, 2022.

Burton, T., Jenkings, N., Sharpe, D., and Bossanyi, E. A.: Wind Energy Handbook, https://doi.org/10.1002/9781119992714, 2011.

Ciri, U., Leonardi, S., and Rotea, M. A.: Evaluation of log-of-power extremum seeking control for wind turbines using large eddy simulations,
Wind Energy, 22, 992-1002, https://doi.org/10.1002/we.2336, 2018.

Creaby, J., Li, Y., and Seem, J. E.: Maximizing Wind Turbine Energy Capture Using Multivariable Extremum Seeking Control, Wind
Engineering, 33, 361-387, 2009.

Fingersh, L. J. and Carlin, P. W.: Results from the NREL variable-speed test bed, Proc. 17th ASME Wind Energy Symp., pp. 233-237, 1999.

Johnson, K. E., Fingersh, L. J., Balas, M. J., and Pao, L. Y.: Methods for increasing region 2 power capture on a variable speed
hawt, Collection of ASME Wind Energy Symposium Technical Papers AIAA Aerospace Sciences Meeting and Exhibit, pp. 103-113,
https://doi.org/10.2514/6.2004-350, 2004.

Johnson, K. E., Pao, L. Y., Balas, M. J,, Lee, J., and Fingersh, L. J.: Control of Variable-Speed Wind Turbines: Standard and Adaptive
Techniques for Maximizing Energy Capture, IEEE Control Systems, 26, 70-81, https://doi.org/10.1109/MCS.2006.1636311, 2006.

Jonkman, J., Butterfield, S., Musial, W., and Scott, G.: Definition of a 5-MW Reference Wind Turbine for Offshore System Development,
Tech. rep., https://doi.org/NREL/TP-500-38060, 2009.

Komusanac, 1., Brindley, G., Fraile, D., and Ramirez, L.: Wind energy in Europe - 2021 statistics and the outlook for 2022-2026, Tech. rep.,
2022.

Lara, M., Garrido, J., Ruz, M. L., and Vazquez, F.: Multi-objective optimization for simultaneously designing active control of tower vibra-
tions and power control in wind turbines, Energy Reports, 9, 1637-1650, https://doi.org/10.1016/j.egyr.2022.12.141, 2023.

Lee, J. and Zhao, F.: Global Wind Report 2022, Tech. rep., https://gwec.net/global-wind-report-2022/, 2022.

Leith, D. J. and Leithead, W. E.: Implementation of wind turbine controllers, International Journal of Control, 66, 349-380,
https://doi.org/10.1080/002071797224621, 1997.

Leithead, W. E. and Connor, B.: Control of variable speed wind turbines: Design task, International Journal of Control, 73, 1189-1212,
https://doi.org/10.1080/002071700417849, 2000.

Liu, Y., Pamososuryo, A. K., Ferrari, R. M. G., and van Wingerden, J. W.: The Immersion and Invariance Wind Speed Estimator Revisited

and New Results, IEEE Control Systems Letters, 6, 361-366, https://doi.org/10.1109/LCSYS.2021.3076040, 2022.

27



580

585

590

595

600

605

610

https://doi.org/10.5194/wes-2023-66 WIND

Preprint. Discussion started: 26 June 2023 e WE\ ENERGY
(© Author(s) 2023. CC BY 4.0 License. WA VY SCIENCE

Lukovic, M. K., Tian, Y., and Matusik, W.: Diversity-guided multi-objective Bayesian optimization with batch evaluations, in: Ad-
vances in Neural Information Processing Systems, vol. 33, pp. 17 708—17 720, https://proceedings.neurips.cc/paper_files/paper/2020/file/
¢d3109c63bf4323e6b987a5923becb96-Paper.pdf, 2020.

Miettinen, K.: Nonlinear multiobjective optimization, https://doi.org/10.1007/978-1-4615-5563-6, 1999.

Mulders, S. P., Brandetti, L., Spagnolo, F,, Liu, Y., Brandt, P., and van Wingerden, J. W.: A learning algorithm to advanced wind turbine con-
trollers for the calibration of internal model uncertainties: A wind speed measurement-free approach, Proceedings of the 2023 American
Control Conference (ACC 2023), 2023.

NREL: OpenFAST Documentation, Tech. rep., National Renewable Energy Laboratory, https://openfast.readthedocs.io/en/main/, 2021.

Odgaard, P. F,, Larsen, L. F. S., Wisniewski, R., and Hovgaard, T. G.: On using Pareto optimality to tune a linear model predictive controller
for wind turbines, Renewable Energy, 87, 884-891, https://doi.org/10.1016/j.renene.2015.09.067, 2016.

Ortega, R., Mancilla-David, F., and Jaramillo, F.: A globally convergent wind speed estimator for wind turbine systems, International Journal
of Adaptive Control and Signal Processing, 27, 413-425, https://doi.org/10.1002/acs.2319, 2013.

@stergaard, K. Z., Brath, P., and Stoustrup, J.: Estimation of effective wind speed, Journal of Physics: Conference Series, IOP Publishing,
https://doi.org/10.1088/1742-6596/75/1/012082, 2007.

Ozdemir, A. A., Seilery, P, and Balas, G. J.: Benefits of preview wind information for region 2 wind turbine control, 51st AIAA Aerospace
Sciences Meeting including the New Horizons Forum and Aerospace Exposition 2013, pp. 1-7, https://doi.org/10.2514/6.2013-317, 2013.

Pao, L. Y. and Johnson, K. E.: Control of wind turbines: approaches, challenges, and recent developments, IEEE Control Systems, 31, 2011.

Rawlings, J. B. and Mayne, D. Q.: Model Predictive Control: Theory and Design, https://sites.engineering.ucsb.edu/~jbraw/mpc/, 2009.

Rotea, M. A.: Logarithmic power feedback for extremum seeking control of wind turbines, IFAC PapersOnLine, pp. 4504-4509, 2017.

Soltani, M. N., Knudsen, T., Svenstrup, M., Wisniewski, R., Brath, P., Ortega, R., and Johnson, K.: Estimation of rotor effective wind speed:
A comparison, IEEE Transactions on Control Systems Technology, 21, 1155-1167, https://doi.org/10.1109/TCST.2013.2260751, 2013.

The MathWorks Inc.: MATLAB version: 9.11.0 (R2021b), https://www.mathworks.com, 2021.

United Nations: COP26: The Glasgow climate pact, Tech. rep., https://ukcop26.org/cop26-goals/, 2021.

van der Hooft, E. L., Schaak, P., and van Engelen, T. G.: Wind turbine control algorithms, Tech. rep., https://publications.tno.nl/publication/
34628358/5H2cm6/c03111.pdf, 2003.

Veers, P., Dykes, K., Lantz, E., Barth, S., Bottasso, C. L., Carlson, O., Clifton, A., Green, J., Green, P., Holttinen, H., Laird, D., Lehtoméki,
V., Lundquist, J. K., Manwell, J., Marquis, M., Meneveau, C., Moriarty, P., Munduate, X., Muskulus, M., Naughton, J., Pao, L., Paquette,
J., Peinke, J., Robertson, A., Rodrigo, J. S., Sempreviva, A. M., Smith, J. C., Tuohy, A., and Wiser, R.: Grand challenges in the science of
wind energy, Science, 366, https://doi.org/10.1126/science.aau2027, 2019.

Watson, S., Moro, A., Reis, V., Baniotopoulos, C., Barth, S., Bartoli, G., Bauer, F., Boelman, E., Bosse, D., Cherubini, A., Croce, A.,
Fagiano, L., Fontana, M., Gambier, A., Gkoumas, K., Golightly, C., Latour, M. L., Jamieson, P., Kaldellis, J., Macdonald, A., Murphy, J.,
Muskulus, M., Petrini, F., Pigolotti, L., Rasmussen, F., Schild, P., Schmehl, R., Stavridou, N., Tande, J., Taylor, N., Telsnig, T., and Wiser,
R.: Future emerging technologies in the wind power sector: A European perspective, Renewable and Sustainable Energy Reviews, 113,
https://doi.org/10.1016/j.rser.2019.109270, 2019.

Xiao, Y., Li, Y., and Rotea, M. A.: Experimental evaluation of extremum seeking based region-2 controller for CART3 wind turbine, AIAA
2016 Sci-Tech Wind Energy Symposium, 2016.

28



