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Abstract—In this paper, we present an advanced wind
turbine control scheme for power maximization as well as for
active power control, which is designed using .. loop-shaping.
Our approach involves the synthesis of two separate controllers
for two different operating modes. To ensure smooth transi-
tions between these modes, we implement a bumpless transfer
strategy that reduces transient effects. A comprehensive case
study demonstrates the efficacy of our control scheme, showing
significant improvements in power tracking accuracy and a
reduction in mechanical wear. Moreover, our control strategy
comes with robust stability guarantees.

I. INTRODUCTION

In recent years, wind power has become increasingly
important in the overall energy mix. The growth in wind
power generation is driven by technological advances, policy
incentives, and a global push towards renewable energy
sources to combat climate change [1]. As the share of wind
energy continues to grow, stricter regulations and operational
requirements become necessary. These include active power
tracking and provision of auxiliary services. Active power-
reference tracking involves the ability of a wind farm to
dynamically adjust its power output according to power
setpoints from grid operators [2]. This ensures that the power
supplied by wind farms aligns with operational requirements
and helps to maintain a balance of generation and demand.
In [3], [4] the specific requirements for active power control
are analyzed and compared for different markets such as
China, the United States, Germany, Denmark, and others.
In this context, accurate power tracking emerges as a critical
requirement to enable large shares of wind power generation.
Moreover, auxiliary services offered by wind farms, such as
frequency regulation, are gaining prominence and will have
significant relevance in practical use cases [5]. Many of them
rely on accurate active power tracking which underlines the
importance of this topic.

Various strategies to control wind turbines have been
explored. Wind turbine power maximization has been widely
investigated, e.g., in [6], [7], [8], using different control
approaches such as optimal torque control [9]. In recent
years, active power control has gained increasing attention,
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e.g., in [10], where control strategies are deduced with
a focus on reducing mechanical loads and wear. In [11],
active power control performance of state-of-the-art control
setups is thoroughly analyzed. However, aforementioned ap-
proaches rely on multiple difficult to tune single-input single-
output control loops, resulting in a complex setup. In [12], a
linear quadratic optimal control approach for wind turbines
is proposed. Relying on wind estimates, the approach comes
with a slightly better power tracking accuracy than the
baseline controller from [13]. Approaches like H., loop-
shaping have also been investigated in a wind power context,
e.g., in [14] to control the platform movement of a floating
wind turbine. Moreover, in [15], H, loop-shaping is utilized
for a wind turbine inverter, showcasing its usefulness across
various components. However, despite good performance for
other applications, to the author’s knowledge, H., control
has not yet been employed for power maximization and
active power control.

In this paper, Ho, control synthesis for wind turbine
power maximization and active power control is investigated.
We exploit loop-shaping to introduce integral error states,
which enable offset-free tracking of a power reference signal,
allowing flexible active power control. Additionally, we
provide robustness guarantees for a set of operating points.
Motivated by [16], we derive a bumpless-transfer scheme
to smoothly facilitate the transition between power maxi-
mization and power reference tracking. These innovations
allows us to greatly enhance power tracking accuracy while
reducing mechanical wear on components. Our scheme offers
adaptability to various turbine models and environmental
requirements, making it a versatile solution for the evolving
landscape of wind energy generators. In addition, a case
study using OpenFAST is contributed delivering accurate
simulation results [17].

This paper is structured as follows. In Section II, the plant
model is introduced. In Section III, our novel approach for
wind turbine controller synthesis using ., loop-shaping is
presented. In Section IV, the bumpless transition between
power maximization and power tracking is discussed. In
Section V, the controller is evaluated in a case study using
OpenFAST [17]. Section VI concludes this work.

A. Notation

The sets of positive integers and nonnegative integers are
N and Ny, respectively. The set of real numbers is R, and the
set of positive real numbers RT. The set of complex numbers
is C. The n xn identity matrix, with n€N, is I,,.



II. WIND TURBINE MODEL

For controller synthesis, we rely on a standard nonlinear
wind turbine model. While more complex and accurate wind
turbine models are available, e.g., OpenFAST, which will be
used for the case study [17], a first principles model is used
to simplify control synthesis. This model includes the rotor
and generator dynamics, described in Section II-A, as well
as the fore-aft tower top dynamics, discussed in Section II-
B. The combined model is described in Section II-C. The
control inputs are pitch angle 0(¢) € R and generator torque
M,(t) € RT at time ¢ € R, while the wind speed V () € R*
is an uncertain input.

A. Rotor and Generator Dynamics

We assume that rotor and generator shaft are rigidly
connected through a gearbox. The generator angular speed
is w(t) = Nyw,(t), with rotor angular speed w,(t) € Rt
and gearbox ratio N, € R™. Its dynamics are [18]

nr2N?2 3 N2
() = T Lo (N0.60) - SEM (0, ()

with inertia J, € RT, air density p € R, rotor area 71?2

for radius r € R, power coefficient Cp(\,0) € RT and
tip-speed ratio \(t) = r“i}((tt)) = NLH% Note that C,(-) is

a nonlinear function that depends on blade geometry.

B. Fore-aft Tower Top Dynamics

The fore-aft movement of the tower top is modelled as a
mass-spring-damper system [19], i.e.,

2 . Kt

V(#)*Cr(A(#),0(t)) — ﬁxt(t) - ﬁ%(t),
t t

2

with fore-aft tower top position x;(t) € R and velocity

ve(t) = d4(t) € R. The constants My, Dy, K; € RT denote

the tower top mass, damping, and stiffness, respectively.

Additionally, the nonlinear thrust coefficient is Cr(-) € RY.
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C. Nonlinear State Model

We will use a nonlinear wind turbine model with
o states z(t) = [w(t) a4(t) vt(t)]T,
« control inputs u(t) = [6(t) Mg(t)}T, and

o outputs y(t) = [w(t) A(t) P(t) xt(t)]T,
where P(t) = nw(t)M,(t) is the electrical active power,
which depends on the generator efficiency n € Rt. The
nonlinear state model reads

2(t) = [ (x(t), u(t), V(1)) (3a)

mr2 N2 3 N2
P L Cp (A1), 0(t)) — 52 My (t)
= R Ut (t) )
Y (1207 (A(2), (1)) — Brog(t) — ez (t)

y(t) = g (x(t), u(t), V(t))

III. CONTROLLER SYNTHESIS

In regions 2 and 3, it is enabled pursuing different ob-
jectives. Therefore often two different controllers are used:
one for power maximization in region 2 and one for power
tracking in region 3. We follow the same approach in our
work, but will additionally ensure bumpless transfer between
the two controllers (Section IV). In what follows, we perform
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Fig. 1. Operating regions of wind turbine.

control synthesis using the loop-shaping approach described
in [20] as it allows to handle the impact of disturbances
and linearization errors. In Section III-A, computation of
equilibria is discussed. In Section III-B, the nonlinear model
is linearized around different operating points. In Section III-
C, the linearized models are "shaped" and H., controllers
for the different operating points are synthesized. Finally, in
Section III-D, the control loop is summarized.

A. Equilibria

Equilibria of the dynamics (3a) are characterized by a
steady state 2° = [w° a7 vf]T, where 2(t) = 0, and a
corresponding output y° = [wo A% P° xf]T for fixed
values of the control input, u® = [00 M 5] T, and uncertain
input, V() = V°. For power maximization, the steady state
is exclusively determined by the wind speed, whereas for
power reference tracking, the steady state depends on both
wind speed and power reference P™(t) € Rt as will be
discussed in what follows.

1) Power Maximization: The maximum power is achieved
for a maximum C,(-). Therefore, we choose (A\°,6°) =
argmaxy o Cp(A,0). Due to the particular shape of
Cp (), 0), a global maximum (\°,0°) uniquely exists inde-

pendent of the wind speed [21]. This allows us to deduce
o _ NgA°V°

w? = —#——. The associated generator torque Mg can then
be computed from (3a) via w(t) = 0 as
2 0)3
prr? (V)
M? = Cp(X°,6° 4
p 5 o P(A?,0°), “4)

and the equilibrium power as P° = nw® M. The steady state
conditions ¥;(t) = 0, &4(t) = v{ = 0, yield
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T 9K,

2) Power Reference Tracking: For power tracking, we use
an equilibrium that matches the reference P™, i.e.,

Pref — P° — nwoMg. (6)

(V°)*Cr(X°,6°). (5)

From the equilibrium condition w(t) = 0, we deduce

MO — M(V“)SCP(L& 90), o

g9 2 w°



from (3a). Combining (6) and (7) results in
r w® 2pP°
Cn(L ) =2
P Ny Ve prr2n(Ve)3
For a given value of the right hand side of (8), we find a

solution 6°, by using a lookup table that best relates output
power and generator speed [22], i.e.,

w® =LUT(P?). )}
Evidently, (5) also holds for this case with \° =

®)

row®
N, Veo-
B. Linearization

The controllers for the nontrivial operating regions i €
{2,3} rely on the same nonlinear model (3). We refer
equilibria in region i by (z?,u?, V,?). Let &;(t) = x(t) — x9,
wi(t) = u(t)—ug, and v;(t) = y(t)—y¢ denote the deviations
from the respective equilibria. The linear models

&) = Aii() + Bipa (1), (10a)
vi(t) = Ci&(t) + Dipi(t), (10b)
can then be derived by computing the Jacobians
) () C_Bf(.)
A= 00 g agvey BT 000 g a1
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The associated nominal transfer function matrices (TFMs)
are

G (s) = Ci(sIs — A;) "' B; + D;. (12)

C. Controller Synthesis

To synthesize controller K;(s) for G}'(s), we use the Ho
loop-shaping approach described in [23] (see also [24], [20]).
Given a nominal model G (s), we use asymptotically stable
pre- and post-compensator TFMs W*(s) and W} (s),
resulting in the augmented plant

G2(s) = WP ()G () WP s). (13)

Pre- and post-compensators are chosen to reflect design

specifications. In particular, the singular values of G¢(jw),

w > 0, can be considered "targets" for the open loop fre-

quency response singular values, i.e., the singular values of

G!'(jw)K;(jw). According to [23], synthesis of the con-

troller TEM proceeds as follows:

(a) Determine a normalized left coprime factorization of
the augmented TFM GY%(s), i.e., asymptotically stable
TFMs M¢g(s), N&(s) s.t. G¢(s) = M&(s)"tN2(s),
there are no right half plane pole-zero-cancellations
when forming M 'Ng, and Mg (s)Mf(—s)” +
N&(s)Ng#(—s)T = I. From a minimal realization of
G¢(s), it is straightforward to compute (a minimal
realization of) [Nf(s) M¢(s)] (see [23]).

(b) Consider the H ., minimization problem

‘ [Kf(s) (I - Gy(s)Ki(s) ™ M{‘(S)_T

Ki(s) (I = G(s)Kf(s) " M (s) ™!

oo

Yi

(14)

where minimization is over all realizable TFM K(s)
that stabilize the shaped nominal plant model G¢(s). The
minimal cost 7; min can be computed analytically [23].
As shown in [23], large values of ; min, 1.€., Vi min > 1,
are an indicator that the design specification expressed
via WP (s) and WP*(s) are not achievable and suggest
to revise the choice of pre- and post-compensator.

(c) To avoid numerical subtleties, one can compute a
(slightly) suboptimal TFM K?(s), achieving a cost

Yi,sub — 7Vi,min

Yi,sub = Vi,min» < 1. (15)

'Yv',,min
An algorithm to analytically compute (a state model
realization of) K?(s) is also given in [23].
(d) From the controller for the augmented plant model
K{(s), one recovers K;(s), the controller for the "orig-
inal" plant model G7(s) via

Ki(s) = W™ (s)K{ ()W (). (16)

(e) Controllers K?(s), respectively K;(s), by construction,
stabilize the nominal plant model G¢(s), respectively
G7(s). Moreover, uncertain plant dynamics of the form

GP*(s) = (M{(s) + AM;(s) ™" (Nf(s) + ANi(s)) .

(17)
where AM;(s), AN;(s) are arbitrary asymptotically
stable unknown TFMs with

lan: ang)|, < —

< , (18)
“Yi,sub

do not affect closed loop stability [23].

D. Linear Controller for Nonlinear Plant

As discussed in Section III-A, suitable equilibria are
computed for operating region i, i € {2, 3}, depending on the
current wind speed and, for ¢+ = 3, the power reference value.
As shown in Figure 2, the output of the linear controller
K;(s) is added to the equilibrium control input u¢ to give the
control signal wu(t), while the input of the controller K;(s)
is the deviation of the plant output y(¢) from the equilibrium
output y;.

|
O Nonlinear
——| —>
1 Plant

________________________

Fig. 2. Loop-shaping design approach: Closed-loop H o-control diagram.

IV. BUMPLESS TRANSFER

In Section III, we designed separate controllers for two
operating regions, resulting in power maximization controller
K> and power reference tracking controller K3. Under
realistic operating conditions, the wind speed may fluctuate
such that transitioning between power maximization and



power tracking becomes necessary. Here, we will discuss
this transition.

For the remainder of this work we will use discrete-time
notation with time instance k& € Ny to bridge the gap to
applications on digital controllers. In Figure 3, the closed
control loop is shown where controllers K5 and K3 run in
parallel and a switch decides, based on the control mode
a(k) € {2,3}, which control signal to use. The controller is
selected based on V (k) and P™'(k), with margin By, i.€.,

{3, if 7Y (k)3Cp (X, 0°) > Sra P (K),
a(k) = 2
2, else.
(19)
Hence, if the available wind power exceeds the power
reference with margin, K5 is applied. Otherwise, K> is used
to maximize the power production. Note that, in practice for
power tracking to work a margin S > 1 is required.
We employ the bumpless transfer scheme described in [25]
to ensure a smooth transition from K; to Kj, i,j € {2,3},
i # j. Consider dynamics of controller ¢ of the form

gc,i(k + 1) = A'Lgc,z(k) + BZVZ(k)a
pi(k) = éifc,i(k) + Dvi(k).

At switching time ~ € N, we set the initial state & ;(x) for
controller K; such that hypothetical past input s (x—1)+u
and output vj(k — 1) + y7 match the actual past input and
output u(k — 1) and y(k — 1) as closely as possible. If we
define close in the sense of the Euclidean vector norm, the
desired initial state &. ;(x) is found by solving the following
optimization problem.
Problem 1:

(20a)
(20b)

[ |

min ‘
€c,j(K),€c,5(r—1),

vi(k—1),u;(k—1) 2

subject to
e j(k) = Ajéej(k— 1) + Bjvj(k — 1), (21a)
ik —1) = Ci&j(k— 1)+ Djvj(k —1).  (21b)

Here, the variables uf, v¢, u(k — 1), and y(k — 1) are
known. The optimal controller state &7 ;(x) will then be
used as an initial value for controller j at switching instance
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Fig. 3. Bumpless switching with K2 and K3 running in parallel.

k. Thereby, smooth transient behavior is ensured for the
combined control scheme. Note, Problem 1 can be cast as a
least squares problem which can be solved analytically [26].

V. CASE STUDY

We investigate the control strategy described above by
applying it to the OpenFAST model of the IEA 3.4 MW ref-
erence wind turbine in different scenarios [27]. For compar-
ison, the reference open source controller (ROSCO) is used
with the default parameters [28]. Note that, while original
ROSCO is not capable of tracking a power reference signal,
we adapt it by adjusting the rated power and rated generator
speed dynamically depending on the power reference [29].

In Section V-A, the simulation setup is discussed. In
Section V-B robustness is analyzed. In Section V-C, power
maximization and power tracking performance are investi-
gated. In Section V-D, the bumpless transfer is evaluated.
And Section V-E discusses damage equivalent loads (DELs).

A. Simulation Setup

Analogous to prior work [30], [31], we use the nonlinear
OpenFAST model with saturation and slew rate constraints
on the inputs to evaluate the controllers. All simulations
are executed with sampling time 75 = 4 ms. The controller
relies on wind speed estimates from the wind speed observer
presented in [32].

For the synthesis of controllers Ko and K3, the following
pre- and post-compensator are chosen

pre _ 3. 5.2 1579 pre _ 1. 10.4 6.315
W5~ = diag (73-5-2’ s+50) , W3~ = diag (s+2, ;) ) ,

post 1. . 10—5 0.5s+0.25 2.9-10°'? _0.01
Wy = diag (7'6 10 ) 0.01s2+s’ 102s+1 * 10s+1 )’

post __ 3: 6.1s+0.76 = . 1n—11 1.18s42.37 _10~*
W3 —dlag< 1055 >0 10770 S50Ge, 71003+1>'

The pre-compensators include first order actuator dynamics,
with time constants that mimic the actuators’ slew-rate
constraints. Whereas WP are tailored to the individual
control objectives: For power maximization, W3 is setup
to primarily reduce the tip-speed ratio error using a PI-
element. For power reference tracking, W5 ! has Pl-elements
for generator speed and output power, resulting in offset
free power tracking while staying within the generator speed
bounds. Low gains are employed for the remaining outputs.

B. Robustness

When synthesizing controllers K, i € {2, 3}, the resulting
cost 7y; b 1S the inverse of the coprime uncertainty level
for which stability can be guaranteed (see Section III-C). In
our case study, we have 1/y; o, = 0.61 and /s = 0.64.
Linearizing the wind turbine model (3a) around different
equilibria in both regions and shaping all models in each
region with the same pre- and post-compensators results
in perturbed systems G777 (s), i € {2,3}, j € {1,2,...}.
From the normalized left coprime factorization, we can then
compute the error TFMs AM; ;(s) and AN; ;(s), and assess
if the robustness condition

H [ANM' AMZ}J'} Hoo < Vi sub

. (22)



holds. If this is the case, controller K; will stabilize the plant
models obtained from linearization around the equilibrium
points j € {1,2,...}.

In Figure 4, different operating points are sampled, re-
sulting in different AM; ; and AN, 4, and (22) is evaluated
for controllers Ko and K3, respectively. Both controllers

- K5 robustness

2 Lin. point Ko
La f}ﬂ' ”[ n
6

8 10 12 14 16
Wind Speed [m/s]

- K5 and K3 robustness K3 robustness

Lin. point K3

Power [MW]

Fig. 4. Robustness analysis for K2 and K3 indicate an overlapping area
(in blue) where both controllers guarantee stability. Note that all operating
points lie below the dashed line that represents the physical maximum power
that can be harvested at a given wind speed.

satisfy (22) for large areas of operating points. As the
power maximization controller K5 operates on or slightly
below the dashed line, robustness is ensured at every wind
speed when maximizing the output power. For controller K,
robustness is ensured in a large area around its linearization
point. Moreover, there is a large area (shown in blue) where
both controllers ensure robust stability and bumpless transfer
can be performed. Note that robustness can be varied by
appropriately choosing the linearization points and the pre-
/post-compensators for the synthesis of Ko and K.

C. Power Maximization and Power Reference Tracking

The primary aim of the presented controller is to achieve
highly accurate power reference tracking while being com-
petitive at power maximization. We compare the presented
controller with a state-of-the-art ROSCO controller [28].
In Figure 5, the resulting output power for a low wind
speed scenario is shown. Note that no switching occurs and
controller K is continuously active in the H, design. The
trajectories are very similar, with larger variations for the
Ho controller. While the ROSCO controller produces a
smoother power output signal, the H, controller harvests
slightly more energy in total. This is achieved by tracking
the optimal tip-speed ratio more accurately by applying more

Power [MW]

Time [min]

Fig. 5. Power maximization below rated wind speed at a mean wind speed
of 6.4m/s and a turbulence intensity of 7 %.

- - - Demand

Power [MW]

Time [min]

Fig. 6. Power tracking above rated wind speed at a mean wind speed of
14.8 m/s and a turbulence intensity of 6 %.

generator torque variations to adjust the generator speed
according to the wind speed observer. Higher variations
in generator torque and generator speed result in higher
fluctuations of the output power. However, as can observed
in Figure 8, this did not negatively affect the DELs. Figure 6
displays a high wind speed scenario, with the ROSCO and
the Hoo controller tracking a power reference. While the
ROSCO has a root mean square tracking error of 29.21 kW,
the Ho controller achives a tracking error of 3.46 kW. This
shows an 8-times improvement of the tracking accuracy.

D. Bumpless Transfer

We now simulate a scenario where wind speed changes
significantly, requiring switching between power maximiza-
tion and power tracking. Figure 7 displays the active con-
troller, wind speed, pitch angle, generator torque, and output
power. In the first 655 s of the simulation, the wind speed was
high and power reference tracking was possible. After 6555,
there is a period, where a number of changes between K3
and K is required. From 665 s, the wind has slowed down
such that the power maximization controller K, is active
continuously. Despite the oscillation from 655s to 665s,
there are no large jumps in the pitch angle and generator
torque because of the bumpless transfer scheme that ensures
smooth transitions. Moreover, the power overshoot remains
small given the strongly fluctuating operating conditions.

E. Damange Equivalent Loads

DELs are used to quantify mechanical stress by extrapo-
lating the load cycles onto the wind turbine lifetime. They
allow us to compare the mechanical wear associated with
different controllers indicating if maintenance is required
more frequently. In numerical simulations, DELs depend
on the specific seed used to generate wind [17]. Therefore,
we ran each simulation using five different seeds, leading
to different DELs. In Figure 8 the DELs are shown for a
selection of components. The ROSCO and the switching H
controllers achieve very similar mechanical loads, with the
Hoo controller achieving slightly better results for tower.

VI. CONCLUSION

We have presented a combined power maximization/power
tracking control scheme based on H., loop-shaping with
bumpless controller transfer between both operating modes.
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Fig. 8. Damage equivalent loads for ROSCO and switching Hoo

controllers. The blade root out-of-plane bending moment (RootMycl),
shaft non-rotating out-of-plane bending moment (LSSGagMys), shaft non-
rotating yaw bending moment (LSSGagMzs), tower top fore-aft bending
moment (YawBrMyn), and tower top torsion bending moment (YawBrMzn)
are displayed.

We provide a robustness criterion, which allows us to guar-
antee stability in a large number of operating points. The
control scheme achieves highly accurate power reference
tracking with slightly decreased mechanical tower loads in
comparison with the ROSCO controller. Future work will
focus on the control scheme’s adaptability to different turbine
models. Additionally, the effects of wind speed observer
delay and noise will be investigated.
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