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Abstract

In an effort to reduce the Levelized Cost Of Energy (LCOE) of offshore wind energy to a
market competitive level, a new wind turbine prototype with hydraulic drive train has been
introduced by the start-up company Delft Offshore Turbine (DOT). In the DOT concept,
a seawater pump is directly connected to the rotor shaft. The pump pressurizes sea water,
which is transferred to a hydro-power station at sea level. There, the hydraulic power is
converted to electric power by means of a Pelton turbine, which is mechanically connected to
an electric generator.
In below-rated wind conditions, practically all commercial wind turbines regulate the rotor
speed by adjusting the generator torque demand. However, due to the decoupling of the
rotor and generator in the DOT concept, conventional below-rated torque control is no longer
possible. With the hydraulic drive train concept considered in this thesis, an alternative
torque control strategy is designed and implemented, where fluid pressure is regulated to
vary the system torque. The developed hydraulic torque control strategy is integrated in the
turbine control system, which includes e.g. yaw, pitch and supervisory control.
Functionality of the derived strategy is validated through field trials, performed on a 500 kW
prototype of the DOT wind turbine. A second-hand Vestas V44 wind turbine was retrofitted
with hydraulic components and installed on the Maasvlakte II for this purpose (see Figure 1).
Since the required seawater pump for the ideal DOT concept is not yet commercially available
on the market, an intermediate hydrostatic oil transmission was used as a hydraulic gearbox
between rotor and water pump. However, the operating principles of the control strategy
remain identical for both the ideal and intermediate DOT scenario.
Results show that below-rated speed regulation is possible with the derived hydraulic torque
controller. The developed strategy enables operation along the theoretical optimal tip-speed
ratio for attaining the maximum (rotor) power coefficient. The blade fine-pitch angle, which
leads to maximum rotor power extraction in the below-rated region, was subsequently found
with the direct data-driven Extremum Seeking Control (ESC) algorithm. Finally, the ESC
method was implemented to find the generator speed feedforward control gain. Results indi-
cate an instant generator power increase and led to the detection of a malfunctioning sensor.
Therefore, ESC appeared to be a valuable tool to deal with modelling and measurements
uncertainties.
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ii

The developed strategy enables operation at the tip-speed ratio for which the turbine rotor
attains maximum power extraction from the wind. However, due to the mismatching efficiency
operating envelopes of the rotor and the hydraulic components, optimal rotor power extraction
does not necessarily lead to maximum electricity generation. Deviation from the theoretic
optimal tip-speed ratio is therefore expected to result in higher electricity generation. For
future DOT prototypes, where the intermediate oil loop will be omitted, an Extremum Seeking
Control power maximisation approach is suggested.

Figure 1: Photo of the DOT500 prototype at Maasvlakte II, the Netherlands.
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Chapter 1

Introduction

This chapter starts with an introduction to Delft Offshore Turbine and the motivation behind
this thesis research topic. Then, in Section 1-2, the problem is formalised into a clear research
objective. Finally, the thesis structure is given in Section 1-3.

1-1 Motivation: control design of the DOT500 hydraulic turbine

Background: Delft Offshore Turbine (DOT)

The start-up company Delft Offshore Turbine (DOT) aims to make offshore wind farms a cost-
effective source of energy, by redesigning the way wind energy is converted and transported
to the onshore electricity grid. The main concept idea is to radically reduce the weight,
complexity and costs of offshore wind turbines by removing multiple heavy components from
the nacelle and replacing them with robust hydraulic components (see Figure 1-1).

(a) Offshore wind industry standard (b) Ideal DOT design concept [1]

Figure 1-1: Wind turbine configurations
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2 Introduction

In this concept the turbine rotor powers a water pump that pushes a high-pressure water
flow to a hydro-power station at sea level. There, the hydraulic power is converted to electric
power by means of a Pelton turbine, which is mechanically connected to an electric generator.
Eventually, the main goal is to combine high-pressure water lines from multiple turbines
to centralize and simplify electricity generation, as shown in Figure 1-2. The DOT idea
was patented by Van der Tempel [2], and a successful feasability study was carried out by
Diepeveen [1].

Figure 1-2: Artist impression of DOT wind farm [1]

The use of water instead of oil reduces the risk of oil pollution in case of leakages and
obviates the need of a return line to the hydro-power station. This should, together with the
abundantly availability of seawater offshore, outweigh the unfavourable viscous properties of
water with respect to oil hydraulics.

Current state of DOT

Unfortunately the required low-speed, high-torque water pump is not yet commercially avail-
able and therefore a 500 kW water pump is currently being developed by DOT. In order to
speed up the development of the DOT concept, an intermediate transmission oil loop was
introduced to the set-up, as presented in Figure 1-3. The intermediate hydrostatic transmis-
sion acts as a gearbox between rotor and water pump. Off-the-shelf components are selected
for this design, resulting in a reduced overall efficiency compared to the original concept, but
allows for faster development.

Figure 1-3: DOT500 set-up with integrated oil loop [1]
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1-1 Motivation: control design of the DOT500 hydraulic turbine 3

A second-hand Vestas V44 turbine, with a nominal power rating of 600 kW, is acquired and
converted to the intermediate hydraulic configuration in Figure 1-3. This set-up will be
referred to in this thesis as the DOT500 turbine. A prototype was erected in June 2016 at
Maasvlakte II, the Netherlands.

Problem: control design of the DOT500

Practically all drive trains of commercial offshore wind turbines consist of a rotor-gearbox-
generator configuration in the nacelle. In the DOT500 configuration, however, the generator
is mechanically decoupled from the rotor. This eliminates the generator torque control possi-
bility, which is normally used to regulate turbine rotor speed in below-rated wind conditions.
Instead, the system torque of the DOT500 turbine is controlled by varying the high-pressure
water flow by altering the effective nozzle diameter. For this purpose, spear valves are used
with an adjustable nozzle diameter, as shown in Figure 1-4.

Figure 1-4: Spear valve actuator configuration. The system torque of the DOT500 is controlled
by varying the high-pressure water flow by altering the effective nozzle diameter.

Where in conventional turbines the required system torque is directly regulated by the gen-
erator torque demand, the relation between spear valve travel position (effective water flow
area) and system torque of the DOT500 turbine is still unknown. Furthermore, based on this
relation, a suitable spear valve control strategy has to be formulated and incorporated in the
turbine control system; which includes e.g. yaw, pitch and supervisory control.

Since the acquired Vestas V44 is second-hand, the existing software can no longer be used and
has to be redesigned and rewritten. Due to confidentiality reasons, accurate rotor aerodynamic
data of the turbine is unavailable. Therefore yaw, pitch and supervisory control has to be
derived through literature research, computer modelling and experimentation. Easy and
reliable control design and implementation is essential, since the software is put into practice
and tested on the actual wind turbine.

The control objective is to maximize wind energy capture, while taking into account of safe
operation restrictions such as rated power, rated speed and cut-out wind speed. Due to
many estimated design parameters, data-driven techniques are used for further parameter
tuning once the turbine is operational. Due to the influence of turbulent wind conditions
and the difficulties to distinguish these effects on the turbine performance, these data-driven
techniques are still scarcely applied in the wind industry.

Master of Science Thesis S.M. Jager



4 Introduction

1-2 Research objective

Main research question

Due to the absence of the standard generator torque possibility, an alternative control solu-
tion is required for the DOT500 turbine. Therefore, the main research question of this thesis
becomes:

How to implement below-rated hydraulic drive train control in the DOT500 wind turbine, as
a substitute to regular generator torque control, and use direct data-driven optimization for

verification of assumed controller parameters?

Which includes:

• How to derive the system torque mapping of a hydraulic wind turbine drive train and
use this mapping to augment the standard control law for below-rated operation?

• How to incorporate hydraulic torque control into integrated wind turbine control?

• How to design and implement data-driven controller optimization techniques to deal
with modelling and measurement uncertainty on a practical wind turbine set-up?

Deliverables

The main deliverable of this thesis is the design of a control strategy applied to the DOT500
hydraulic wind turbine, both in software and a functional description thereof. Functionality
over the entire turbine operating range is proven through field trials. In addition, this work
gives proof of performance increase by using Extremum Seeking Control parameter tuning.

Approach

First, a literature study is performed to analyse existing hydraulic wind turbine concepts. The
DOT500 turbine is compared to these concepts, and its novelty is explained. In addition,
since the DOT500 has many unknown parameters, different methods to improve turbine
performance by tuning controller parameters directly from measurement data are explored.

Next a control strategy for the DOT500 is developed. Essential in this development is the
replacement of traditional generator torque control by fluid pressure control. Furthermore,
the strategy had to be robust, safe and conveniently implementable.

The effect of spear valve control on the system torque of the DOT500 drive train is analysed
in detail on an indoor test set-up, before it is placed in the Vestas V44 turbine. With the
acquired knowledge of the hydraulic drive train, fluid pressure control is incorporated into
the developed overall control system, which includes e.g. yaw and pitch control. Design of

S.M. Jager Master of Science Thesis



1-3 Thesis structure 5

the latter required approximation of rotor dynamics and specific turbine knowledge through
literature research, computer modelling and experimentation.

The overall performance of the control strategy is analysed through field trials. Finally,
Extremum Seeking Control (ESC) is used to tune parameters of the DOT500 control system.
First, the fine-pitch angle that leads to maximum rotor power in the below-rated region
is experimentally derived. Second, the ESC algorithm is used to find the generator speed
feedforward control gain. The latter experiment is also used to show the capability of the
ESC algorithm to compensate for modelling and measurement errors.

1-3 Thesis structure

The mentioned approach is incorporated in the thesis structure, as depicted in Figure 1-5.
First a literature study is performed in Chapters 2 and 3. Then the DOT control design is
outlined and tested in Chapters 4 through 6. After a functional control system was devel-
oped, data-driven controller tuning is applied and described in Chapter 7. Conclusions &
recommendations are presented in Chapter 8.

Figure 1-5: Flowchart of the structure of this thesis.
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Chapter 2

Hydraulic drive trains in wind turbines

The objective of this chapter is to provide background information on the how and why
hydraulic drive trains are used in wind turbines. Section 2-1 explains the turbine energy
conversion principle and outlines the necessity to replace state-of-the-art wind turbine drive
trains with robust hydraulics. Next, in Section 2-2, the working principle of hydraulic drive
trains is explained. Section 2-3 gives a detailed overview of the developments in hydraulic
wind turbines and Section 2-4 explains the novelty of the DOT concept. Finally, in Section 2-
5, specifications of the DOT500 prototype are given.

Figure 2-1: Chapter outline
.
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8 Hydraulic drive trains in wind turbines

2-1 Turbine energy conversion

The main goal of an offshore wind turbine is to convert aerodynamic power from wind into
electrical power. This conversion is accomplished in two main stages. The primary energy
conversion process occurs at the rotor, where aerodynamic power is converted into mechanical
high-torque, low-speed power. The rotor shaft mechanical power is transformed into electricity
in the second stage. The turbine energy conversion stages are schematically presented in
Figure 2-2.

Figure 2-2: Schematic overview of the two stages in wind turbine energy conversion.

In this thesis, the second stage is of interest. DOT aims to redesign the way wind energy is
converted to the electricity grid. This chapter outlines the use of a hydraulic drive train as
an alternative to the state-of-the-art solutions that are mentioned hereafter. Hydraulics are
widely used in the wind turbine industry, but only for active control purposes (like pitch and
yaw actuators). Hydraulics were briefly considered for wind turbine drive train purposes in
the early 1980s [3], but a lack of suitable components made their use unsuccessful. However,
the industry has matured and nowadays hydraulics are considered as a robust and reliable
way for power transmission purposes. Hydraulics therefore made their comeback in several
turbine drive train concepts in the past decade and are considered as a promising alternative
to state-of-the-art solutions.

State-of-the-art solutions

For the second stage, two main concepts are commercially applied in current wind turbines.

• A mechanical gearbox coupled to a high-speed generator is the most used
configuration in offshore wind turbines. However, the gearbox has been singled out as
a key source of high operation & maintenance (O&M) costs in offshore wind farms.
The typical design lifetime of a turbine is 20 years, but gearboxes commonly fail within
an operational period of 5 years [1, 4, 5]. A gearbox replacement can cost up to 10
percent of the original wind turbine installation costs [4]. Vibrations and asymmetric
loading have caused components, mainly bearings, to break down sooner than expected
[1]. Any misalignment in the transmission concentrates mechanical loads within the
gearbox, hence requiring the underlying mechanical structure to be inherently rigid,
which adds undesired weight to the transmission.
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2-2 Hydraulic drive train working principle 9

• The alternative solution used in onshore turbines is direct drive technology [1, 4, 6],
where the rotor is directly coupled predominantly to a low-speed, high-torque generator
and full size converter. This concept sets new references for drive train efficiencies and
reliability onshore, mainly due to component reduction. Some trade-offs in terms of
weight, cost and size became evident, but the market was willing to pay for them [7].
However, because of the current trend of increasing rotor size for offshore power maxi-
mization, the direct drive technique has been considered too bulky to install offshore in
multi-MW turbine wind farms.

The main objective of any drive train is the transformation of power into a desired output
power configuration. Transfer of power is commonly accomplished via mechanical, electrical
and/or fluid power solutions [8]. The amount of intermediate stages is typically highly cor-
related with the overall efficiency and reliability of the turbine. The motivation to increase
the rotational speed via a gearbox is to allow for smaller generators, since the required rota-
tional speed at the generator increases linearly when the number of its poles decreases. The
rotational speed of the rotor is limited by the airspeed experienced by the blade tips. The
world’s current biggest wind turbines have rotor speeds around 10RPM and due to the cur-
rent trend towards larger blades even lower rotor speeds are expected in the near future [9].
The expected size increase makes mass reduction and reliability of paramount importance to
the system’s economy [1].

2-2 Hydraulic drive train working principle

This section gives a short theoretical background on hydraulic drive trains. The aim is to
provide sufficient background knowledge for the reader to be able to understand the concepts
discussed in the next section. With this objective in mind, a classification of hydraulic drive
trains is given in Figure 2-3. The individual components of this classification are discussed
next.

Figure 2-3: Classification of hydraulic drive trains.

Operating principle

Hydrodynamic transmissions operate at high rotational speeds to give and take kinetic
energy from a fluid flow. In a hydrodynamic transmission, fluid is generally impelled by
a centrifugal pump and harvested again by a turbine runner. There, it is reconverted into
mechanical power, as shown in Figure 2-4. The intermediate fluid transports hydraulic energy
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10 Hydraulic drive trains in wind turbines

at high flow and low pressure. Hydrodynamic transmissions make it possible to regulate torque
and are known for high efficiencies, but require high rotational speed at the input shaft. Due
to the latter, hydrodynamic transmissions are not well suited to be directly connected to a
wind turbine rotor. This type of transmission is however widely used for the transport of
fluids.

Figure 2-4: Hydrodynamic drive train energy conversion: the mechanical power introduced by a
centrifugal pump is transmitted to a fluid, that transports it as hydraulic energy and forwards it
to the turbine runner [10].

Hydrostatic transmissions are based on volume displacement and typically operate at low
flow rates and high pressures. Using a hydraulic pump, the torque and rotational speed of the
inlet shaft are transformed to fluid flow and pressure. As the pump shaft rotates, the positive
volume of fluid is sealed from the inlet and transported to the outlet where it is subsequently
discharged. A hydraulic motor converts the pressure and flow back into mechanical energy,
with the desired torque and rotational speed (see also Figure 2-5). Systems that handle the
largest force densities are normally from the hydrostatic type, with a radial or axial piston
configuration [7].

Figure 2-5: Hydrostatic drive train energy conversion. The pump transforms the torque and
rotational speed of the inlet shaft into fluid flow and pressure. The motor converts the flow and
pressure back into mechanical energy, with the desired torque and rotational speed.

Hydrostatic transmissions are widely recognized as excellent systems for power transmission
when variable output velocity is required. There are many hydraulic power transmission
applications with low speeds and high torques, such as excavators, but there is a lack of
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2-2 Hydraulic drive train working principle 11

suitable components for multi-MW drive trains required for wind turbines [1]. Nonetheless,
developments in the last decades pushed towards renewed potential in the wind industry.
Critical is the selection of the pump, which should match the rotor characteristics.

The pump required in the hydrostatic transmission is comprised of a lot of small hydraulic
cylinders, so the redundancy of cylinders enables high availability to be maintained if some
cylinders fail. Also, total replacement is not required in case of failure since the hydraulic
components are partially exchangeable. Moreover, if larger capacity is required, the modular
design concept enables easier scale-up in shorter time and at lower development costs [11].

Fixed vs variable transmission

In the hydrostatic configuration, a further distinction can be made between fixed and variable
transmissions, as shown in Figure 2-3. If the displacement volumes of both pump and motor
are fixed, the hydrostatic transmission simply acts as a gearbox with fixed gear ratio. A fixed
displacement pump has a predefined flow rate, hence in the ideal situation every stroke of the
pump moves the same amount of fluid. Control can only be performed through an external
flow control circuit, fluid properties, or by the mechanical power at the shaft. However,
when the pump works at power levels below its rated capabilities, at partial load, reduced
efficiencies are generally obtained.

The phenomenon of reduced efficiency at partial load is typically avoided by using either
multiple pump configurations or by variable displacement pumps, where the flow rate con-
figurations can be changed as the pump operates. Pumps with variable displacement allow
the operator to vary the fluid displaced per revolution of the pump. This can be done ei-
ther mechanically using swash plates or by (digitally) enabling/ disabling individual cylinder
valves.

However, no matter how compact and robust they may be, state-of-the-art hydrostatic trans-
missions suffer from reduced efficiency at partial load and displacement volumes different
from the nominal value [12]. The interest for applications of this type of transmission in wind
turbines is mainly related to the potential increase of reliability and reduction of maintenance
costs in spite of an expected reduction of overall efficiency [12].

Decoupling

Hydraulic drive trains allow for complete mechanical decoupling of the rotor from the genera-
tor. The characteristics of each can be optimized without concern for the torsional dynamics
of the drive shaft. This produces a substantial increase in expected lifetime, since accuracy
of alignment of the power train is less critical [13]. The decoupling in variable hydraulic
transmissions is often used to maintain constant generator speed, which allows a synchronous
generator directly to the grid.
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12 Hydraulic drive trains in wind turbines

2-3 Existing hydraulic wind turbine concepts

The first hydraulic wind turbines have emerged as a response to the oil crises in the 1970s.
Over the past decades there have been a number of research projects investigating the use
of hydraulics in the wind turbine drive train to replace the gearbox and electrical converters.
These research projects have led to prototypes being produced and major wind turbine man-
ufacturers acquiring some of the hydraulic technologies developed. This section provides an
overview of the developments in the industry.

Bendix SWT-3 Already in the early eighties the Bendix SWT-3 concept (Figure 2-6) in-
corporated a hydraulic drive train into a 3MW wind turbine in the San Giorgino Pass, USA
[3]. This concept included a mechanical gearbox that was driving a hydrostatic transmission,
which consisted of fourteen fixed displacement pumps in the nacelle operating in conjunction
with eighteen variable displacement motors at the tower base (Figure 2-7).

Figure 2-6: Bendix SWT-3 turbine, 1980 [7]
Figure 2-7: Original schematic diagram
of Bendix SWT-3 drive train [3]

The fourteen fixed displacement pumps were sequentially activated in such a way that only
one out of fourteen was working at partial load. The motor displacements were varied in
order to vary the effective gear ratio accordingly. The transmission was then led through a
second mechanical gearbox to a low voltage electrically excited synchronous generator, which
in turn was connected to a step-up transformer that was directly connected to the grid.
The generator, step-up transformer and yaw system were all located at the base of the rigid
triangular tower truss configuration. Three charge pumps supplied fluid from a reservoir to
the low-pressure side of the fixed displacement pumps. In terms of control, it was provided
with full blade pitch and yaw control, which was controlled via a microprocessor.

Although the feasibility of a hydraulic drive train in wind turbines was proven, it may not
come as a surprise that the extensive list of drive train components made the overall system
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overly complex and therefore inefficient. That, in combination with the end of the oil crisis,
was the reason why the turbine was taken apart several years after construction.

Orbital2 Ltd. At the other side of the Atlantic Ocean, on the Orkney Islands in Britain,
another hydraulic turbine concept arose in 1982 as a potential solution to the oil crisis. The
Orkney LS1 was a 2 bladed, 3MW wind turbine on a concrete tower as shown in Figure 2-
8. The drive train of the Orkney LS1 laid the foundation for the hybrid variable ratio
transmissions category.

Figure 2-8: Orkney LS1 wind turbine
with concrete tower, 1982 [14]

Figure 2-9: Super Positioned Gear (SPG),
with input carrier in blue, sun wheel in purple
and output annulus in orange [7].

The LS1 consisted of a mechanical gearbox and an electrical reaction motor, both connected
to a by Hicks [15] patented Super Positioned Gear (SPG) as shown on the left of Figure 2-9.
The gearbox is connected to the input carrier of the differential and the electrical reaction
motor to the sun wheel. On the right in Figure 2-9, the generator is connected to the annulus
of the SPG.

The SPG technology led to the company Orbital2 Ltd. and was in 2006 licensed to Wikov
Wind, a Czech wind turbine manufacturer. Wikov Wind replaced the electrical reaction
motor at the sun wheel with a hydrostatic transmission in their Wikov W2000 2MW turbine.

The mechanical input power from the turbine rotor shaft is split by a parallel shaft. The
largest part is passed through the mechanical gearbox to the SPG input carrier, whereas a
smaller part is now passed through the hydrostatic transmission to the sun wheel. When a
wind gust increases the torque on the parallel shaft, the variable hydrostatic transmission is
adjusted such that the generator speed remains constant. This enables variable rotor speed
while maintaining constant speed of the generator shaft. As a result a high voltage electrically
excited synchronous generator can be directly connected to the grid.

The Orbital2 method is used commercially in a wide variety of multi-MW turbines all over the
world, up to 5MW turbines in China. Nonetheless, W2000 SPG is still a geared transmission
that makes use of a hydrostatic transmission to control a secondary set of mechanical gears.
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14 Hydraulic drive trains in wind turbines

WinDrive The WinDrive concept from the German company Voith is based on a hydrody-
namic transmission torque converter, where turbines give and take energy from an oil flow.
The concept was conceived in 2003, and in 2005 Voith partnered with the company DeWind
for the development of their first 2 MW prototype turbine.

The WinDrive technology can be considered a variable-speed hydrodynamic gearbox that
is located between the main gearbox and the electrical generator (see Figure 2-10). The
WinDrive converts the wind turbine rotor’s speed into a constant speed for the generator.
It replaces the power electronic converter and step up transformer functions by making it
possible to fit a high voltage electrically excited synchronous generator. It can even be used
as an upgrade for conventional drive train systems.

Figure 2-10: Placing of WinDrive between
the mechanical gearbox and synchronous
generator [16]

Figure 2-11: WinDrive variable-speed hy-
drodynamic gearbox overview [16]

The WinDrive variable-speed hydrodynamic gearbox (Figure 2-11) uses a planetary gear
set to split the power input in two sections. The first transmits the major portion of the
power directly through a fixed ratio rotating output shaft to the generator. The second uses
hydrodynamic fluid power through a torque converter, which diverts only a small fraction of
the overall power. This diverted power is fed back to the planetary gear through the ring
gear. The planetary gear combines the power from the wind rotor with the adjustable power
fed back through the ring gear to then drive the sun gear at a constant speed. This increases
the effective torque of the output shaft, reduces mechanical stresses in the main gearbox and
provides additional damping.

The company built several more 2MW prototypes in 2008, placed in Texas, USA and even at
4300m altitude in Argentina. The Voith WinDrive then proved to be commercially successful,
as it was later installed in several wind farms in both the USA and Canada.

As in the Orbital2 method, the product is an addition to the existing main gearbox instead of
a replacement. The main difference between the two concepts is the use of a hydrodynamic
implementation in the Windrive concept versus the Orbital2 hydrostatic transmission.
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Artemis Intelligent Power Artemis is a spin-off company from a research group at the
University of Edinburgh which initially focused on wave energy converters. Already in 1984,
Artemis co-founder Professor Stephen Salter mentioned the potential of hydraulics for wind
turbines [13]. The company has developed since then a high efficient hydraulic pump/motor
combination by means of computer controlled high speed valves.
In conventional variable displacement machines, such as an axial swash plate pump, no means
are provided to regulate the flow of the fluid that leaves the individual cylinders. It is left
to a hydraulically or mechanically driven swash plate to adjust the stroke of all the pistons
together and hence control the amount of displacement that the pump provides. However,
efficiency and power losses are inevitable at displacement levels different from the nominal
value.
In contrast, the Artemis Digital Displacement pump controls solenoid valves associated with
each individual cylinder by a small computer driven, electro-magnetic latch. The displacement
of a pump, or the speed of a motor, is accurately controlled by opening or closing the valves
associated with each cylinder on each stroke. This overcomes operation at partial load,
resulting in high efficiencies over the complete range of operation (see Figure 2-12). In wind
energy applications, where the average load on a system is 30 percent of the peak power, that
part-load efficiency is critical. The obtained efficiencies are comparable to those of current
wind turbine transmissions and the technique is widely regarded as potentially revolutionary
for fluid power drives.

Figure 2-12: Typical efficiency and power loss
comparison between Digital Displacement pump
(blue) and swash-plate pump (red) indicates
higher partial load efficiency for the first [17].

Figure 2-13: Impression of Artemis
Digital Displacement system [17]

The Digital Displacement system relies entirely on software to implement pump and motoring
function and even braking. It has a 30ms response time to setpoint changes, independent
of pressure. The variable ratio transmission takes care of angular speed regulation and is
directly linked to a synchronous generator (see Figure 2-13). This makes it easier to meet
grid requirements. In 2009 Artemis reported laboratory results for their 1.6MW test bench
prototype. The hydrostatic transmission integrates a 1.6MW Digital Displacement pump
and the output fluid drives two 800kW hydraulic motors that can work independently and
are coupled to high speed synchronous generators.
In December 2010 Artemis Intelligent Power was acquired by the wind turbine manufacturing
division of Mitsubishi Heavy Industries Ltd. Together, both companies worked on several
Digital Displacement Transmission (DDT) prototype wind turbines, including the SeaAngel
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16 Hydraulic drive trains in wind turbines

7MW turbine (see Figure 2-15). The drive train consists of a 7MW hydraulic pump and two
3.5MW hydraulic motors, in the same configuration as depicted in Figure 2-13. Feasibility of
the transmission was first proven on a 7MW test bench in [11], which is shown in Figure 2-14.

The SeaAngel is placed at the Hunterston, Schotland, test site in 2014, and is the largest
capacity hydrostatic transmission currently built. The company claims that the heaviest
component in the DDT system is just 25kg, and states that most of the parts are small
enough to be carried by an individual technician [18].

Figure 2-14: 7MW test bench [11] Figure 2-15: 7MW SeaAngel nacelle [18]

Mitsubishi Heavy Industries Ltd and Vestas Wind Systems A/S joined forces in 2014 and
decided to concentrate its future offshore turbine efforts in the MHI Vestas joint venture rather
than across two platforms. Mitsubishi has abandoned plans to develop its 7MW SeaAngel
offshore wind turbine as a commercial product and will instead focus on development of its
hydraulic drive as a standalone component [19]. The joint venture is currently working on
the MHI Vestas V164-8MW turbine.

ChapDrive AS The Norwegian company ChapDrive AS is a spin-off company from the
Norwegian University of Science and Technology (NTNU) in Trondheim, Norway. It was
originated in 2004 as a proposition to floating offshore structures. ChapDrive developed a
hydraulic drive train solution for wind turbines that serves to reduce top weight, eliminate
the mechanical gearbox and reduce cost of energy compared to conventional wind turbines.
Several full scale prototypes were built.

The core technology is a hydraulic transmission with a variable speed control system (Figure 2-
16). A fixed displacement pump is attached to the rotor shaft and pumps oil directly from the
reservoir to the variable displacement motor. The motor is intended to maintain a constant
speed due to fast displacement control by digital valve control. The motor is directly coupled
to a synchronous high voltage generator, eliminating the need for a mechanical gearbox,
frequency converter, permanent magnets and a voltage transformer. The transmissions allows
variable speed control, reduction of power fluctuations and grid stabilization.

The original idea was further characterized by relocating the majority of the critical compo-
nents from the nacelle in the top of the turbine down to a power unit at the foundation. This
would reduce the top weight significantly and simplifies service access. This configuration is
also used at DOT. Nonetheless in 2010, ChapDrive diverted from their initial idea of having
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2-3 Existing hydraulic wind turbine concepts 17

Figure 2-16: Chapdrive prototype design [20]. The fixed displacement pump is attached to the
rotor shaft and pumps oil directly from the reservoir to the variable displacement motor. Motor
and generator remain at constant speed due to digital valve control.

the generator at ground level and placed it in the nacelle as depicted in Figure 2-16. Although
ChapDrive made successful 50kW (2005), 300kW (2006) and 900kW (2008) prototypes in the
past and secured sufficient funding from Statoil for their 5MW concept in 2010, the company
is no longer in business.

The Statoil/Hägglunds two-speed concept Statoil and the hydraulic motor company Häg-
glunds proposed in 2011 a two-speed hydraulic concept that allows for a discrete hydraulic
gear ratio by switching hydraulic motors on and off depending on the current operating point
[21, 22]. In this way, only a single motor is working at partial load for all operating conditions.
The reasoning is that current variable displacement motors are less efficient at partial load.
The proposed solution implies that the aerodynamic efficiency would be somewhat reduced,
but the improved hydraulic efficiency leads to an increased overall efficiency compared with
other hydraulic transmission concepts. A 5MW turbine modelling study was presented in
2012, using a set of six fixed displacement radial piston hydraulic motors in conjunction [22].
A simplified schematic overview of the Statoil concept is shown in Figure 2-17.

Figure 2-17: The Statoil concept with six fixed displacement motors in conjunction [1]

Statoil made several other significant investments in the offshore wind industry, including
their recent Hywind project to build the first floating wind farm off the Scottish coast. The
30MW pilot project will consist of five 6MW floating turbines operating in waters exceeding
100m of depth and construction is planned in 2017 [23]. A world’s first floating full-scale wind
turbine Hywind demo was installed in 2009. The incorporation of a hydraulic drive train into
a floating wind turbine would be particularly interesting due to the expected mass reduction.
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18 Hydraulic drive trains in wind turbines

IFAS - 1MW test bench The Institute for Fluid Power Drives and Controls (IFAS) at
Aachen University in Germany developed a 1MW hydraulic drive train for wind turbines (see
Figure 2-18). The idea behind the concept is similar to the Statoil concept, with multiple
motors in conjunction, but uses variable displacement motors and a second pump (see Fig-
ure 2-19). Each component, except for the smallest pump, can be switched to idle mode,
which allows different pump-motor combinations for different operating points. The 1MW
test bench allows real time simulation of the different components both in static and dynamic
operating conditions. For more details regarding the system and test bench the reader is
referred to [1, 24, 25, 26].

Figure 2-18: IFAS 1MW test bench [1]

Figure 2-19: The IFAS concept [1] with
two pumps and four variable displacement
motors in conjuction.

2-4 Novelty of the DOT concept

This section outlines the novelty of the DOT concept. First the advantages of the hydraulic
drive train with respect to current commercial wind turbines are summarized. Second, the
novelty with respect to the drive train concepts that were discussed in the previous section is
explained.

Replacement of a gearbox by a hydraulic transmission has a number of advantages. Hydraulic
transmissions are known for their redundancy and have a proven track record in a wide variety
of industries. Due to their high torque to weight ratio, mass reduction of the nacelle can be
accomplished. The nacelle mass can be further decreased by bringing the hydraulic motor
and generator down to foundation level. The gearbox, generator and converter in the nacelle
are then replaced by only a hydraulic pump. These mass reductions have a positive effect
on the dimensioning of the support structure design, resulting in an overall reduced mass.
Moreover, hydraulic drive trains can be made continuously variable. This allows the use of
a synchronous generator directly connected to the grid, without the need of a converter, due
to the decoupling of generator speed from rotor speed. Finally, hydraulic transmissions add
desired damping to the load shaft and transmission.

Mentioned advantages should outweigh these of traditional gearbox usage, which are known
for their high efficiency but also for their high failure rates and maintenance costs. The
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main disadvantage of hydraulic transmissions is its reduced efficiency at partial load and
displacement volume different from the nominal value. However, cost reductions are expected
to outbalance this disadvantage over the turbine lifetime. The use of water hydraulics in the
DOT concept, instead of oil, reduces the risk of pollution and obviates the need of a return
line from the hydro-power station to the turbines.

The discussed WinDrive torque converter concept is of the hydrodynamic type, which make
use of a spinning body to give and take kinetic energy from a fluid flow. Since hydrodynamic
transmissions require high speed at the input shaft, most other discussed concepts are of the
hydrostatic type, based on volume displacement, which typically operate at low flow rates and
high pressure. For the same reason DOT concept uses an hydrostatic transmission between
pump and spear valve. However, the fluid power transmission between spear valve and Pelton
wheel is of the hydrodynamic type.

Hydrostatic transmissions can be fixed or variable displacement. The ratio of fixed displace-
ment transmissions is only dependent on the fluid properties and mechanical power input.
Variable displacement transmissions allow, in addition, fluid flow control. This can be done
by adjustable swash plates in pump and/or motor, or by digitally deactivation of individual
pressure chambers. The latter, an Artemis invention, is considered as a promising solution
to the partial load problem. Finally, as in both the Bendix and Statoil/Hägglunds two-speed
concept, variable displacement can be achieved by using multiple pump/rotor combinations
in conjunction.

Current concepts prove the feasibility of hydraulic transmissions in wind turbines. The DOT
concept, described in Section 1-1, takes an important step further by taking the hydraulic
motor and generator down to sea level. This concept was also mentioned by Chapdrive,
but they never built it on full scale. The improved accessibility, in contrast to the nacelle
based critical components in current turbines, reduces maintenance costs. Moreover, the use
of only a single generator at the hydro-power station further reduces the amount of critical
components and copper usage.

Another important new aspect of the DOT concept is the use of spear valves to control the
fluid properties. This novelty leads to the mechanical decoupling between generator and
spear valve, hence allowing separate optimization of turbine and generator control. However,
decoupling also requires an alternative torque control implementation where fluid pressure
is regulated to vary the system torque. This is an alternative solution to the one discussed
in [27], where the system torque is controlled by the swash-plate of a variable displacement
pump and the spear valves are only varied to maintain constant pressure in the high-pressure
water line in the above-rated region. The same research group proposes to use sea water in
an additional heat exchanger to increase the overall DOT efficiency [28].

The most innovative part of the DOT concept is the integrated wind farm design approach.
Individual DOT turbines are not necessarily more efficient, but the slender and robust design
should ultimately lead to lower construction, operation and maintenance costs of future wind
farms. However, a prototype of a single DOT turbine was build first to prove its feasibility.
Specifications of the DOT500 prototype are discussed in the next section.
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20 Hydraulic drive trains in wind turbines

2-5 Specifications of DOT500 prototype

This section describes the DOT500 prototype, which is considered in the sequel of this thesis.
Note that this prototype uses the turbine tower structure, nacelle and rotor of a second-hand
Vestas V44 turbine. The drive train of the V44 is retrofitted with the DOT intermediate
concept. Specifications of the original Vestas V44 turbine are given in Table 2-1.

Parameter Value
Manufacturer, model Vestas V44
Nominal power 600 kW
Rated rotor speed 28RPM
Optimal tip-speed ratio / power coefficient 7.55 / 0.43
Gearbox ratio 1 : 52.8
Rotor diameter 44m
Number of blades 3
Total weight 87000 kg

Table 2-1: Original Vestas V44 specifications [29]

The DOT500 prototype is shown in Figure 2-20 and schematically depicted in Figure 2-21.
The intermediate oil loop serves as a hydraulic gearbox between the rotor and water pump.
This oil loop will be omitted in the final DOT concept, where the water pump is directly
attached to the rotor shaft, as explained in Chapter 1.

Figure 2-20: Photo display of DOT500 test
set-up during prototype testing.

Figure 2-21: Overview of DOT500 test set-
up with integrated oil loop [1].

The rotor of the DOT500 prototype drives the Hägglunds CB840 oil pump (see Figure 2-22).
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(a) Nacelle top view (b) Nacelle back view

Figure 2-22: Photos of the DOT500 Nacelle. Located central in the middle is the blue hydraulic
pitch cylinder, linked to the grey link push rod, which goes through the red Hägglunds CB840 oil
pump to the pitch traverse in the hub. The pump is attached to the turbine rotor shaft.

The pressurized oil flow then drives the Rexroth A6VLM oil motor, which is placed in the
tower at access platform height, by means of a hydrostatic transmission. The displacement
volumes of both pump and motor are fixed, hence the hydrostatic transmission acts as a
hydraulic gearbox with fixed gear ratio. The oil motor is mechanically coupled to the Kamat
water pump, which pressurizes the water inlet flow (see Figure 2-24).

The high-pressure water line is controlled by two adjustable spear valves, which transmit
the fluid power to the Turbogen Pelton turbine by means of a hydrodynamic transmission.
Finally, a Motec 400kW electro-motor, mechanically connected to the Pelton turbine, is used
as an electrical generator (configuration overview shown in Figure 2-23 and located at ground
level in the bottom-left corner of Figure 2-20).

Figure 2-23: Mechanically coupled Pelton tur-
bine and generator. The two variable spear valves
are pointed towards the Pelton turbine buckets
(located in the white housing).

Figure 2-24: Left the Rexroth oil mo-
tor, mechanically coupled to the Ka-
mat water pump (green) which pres-
surizes the water inlet flow.

The DOT500 uses the original Vestas V44 collective blade-pitch mechanism, to keep the
blades in fine-pitch position at below-rated wind speeds and to turn the blades in the correct
position at above-rated wind speeds. A hydraulic cylinder assembly, mounted to the nacelle
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frame (see Figure 2-22), is connected to a link push rod, going through the middle of the
Hägglunds pump. On the rotor side, the push rod is mechanically attached to the pitch
traverse of the rotor blades. The unidirectional movement of the hydraulic cylinder pushes
the traverse (see Figure 2-25), which translates the unidirectional movement into rotation of
all three rotor blades (see Figure 2-26).

Figure 2-25: Original Vestas V44 hub, with
in the middle the triangular pitch traverse.

Figure 2-26: Blade-to-hub bearing, with
below the traverse connection link.

Finally, a yaw orientation system is used to keep the DOT500 rotor aligned with the dominant
wind direction. The primary component is a large bearing that connects the nacelle frame to
the tower. Two yaw motors drive pinion gears against a bull gear attached to the yaw bearing
(see Figure 2-27, showing one of the two motors).

Figure 2-27: One of the two yaw motors driving the small pinion gear against the large bull gear
of the bearing, which connects the nacelle frame to the tower.
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Chapter 3

Direct data-driven controller
optimization

This chapter serves as a study on the practical applicability of data-driven controller opti-
mization algorithms. First in Section 3-1, the motivation for data-driven tuning is outlined,
as opposed to model-based techniques. Then, in Section 3-2, the following three data-driven
methods are elaborated: Iterative Feedback Tuning (IFT), Virtual Reference Feedback Tun-
ing (VRFT) and Extremum Seeking Control (ESC). Finally, in Section 3-3, the potential
applicability of these methods to the DOT500 turbine is discussed.

Figure 3-1: Chapter outline
.
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3-1 Performance implications of model-based control

Current industry-standard wind turbine control designs still heavily rely on detailed first-
principles modelling [30]. Linear control-oriented models are generally obtained from high-
fidelity wind turbine simulation first-principle software packages, which approximate the non-
linear wind turbine dynamics in the vicinity of selected operating points. The linear model
is used to design a controller, of which the closed-loop performance is evaluated on the high-
fidelity model. The use of a first-principles model, however, directly implies that there are
modelling errors and therefore differences with the real world wind turbine dynamics of inter-
est. The controller performance is highly dependent on this modelling accuracy. An experi-
mental study conducted by the US National Renewable Energy Laboratory (NREL) reported
large discrepancies between computational modelling results and the actual measurements on
turbines [31].
An alternative to first-principles modelling is the use of system identification techniques,
where a control-oriented model is derived from wind turbine input/output experiment data.
In this way the collected set of data is used to identify a model, which is subsequently
used to design a controller. A major drawback of this approach is that it might be time
consuming and complicated to obtain the dynamics for all operating conditions. Currently,
system identification is rarely used in the wind energy industry, but recently several major
manufacturers have performed studies to determine the potential for system identification in
their control approaches [32]. It is to be expected that once multivariable and multi-objective
control design becomes commonplace, the need for accurate and refined models will increase
[32].
As for the first-principles case, the identification methods remain a model-based approach,
where the controller is calculated in a second step using the derived model. Several factors
deteriorate the controller performance once implemented on the actual turbine [33]. First,
the performance of the controller is limited by the general mismatch between the model and
the real turbine. Second, the real-world turbine will deviate from the specifications due to for
instance manufacturing errors and imperfections [32]. Third, due to manufacturing and other
environmental differences such as varying soil dynamics throughout a wind plant, dynamics
vary among turbines. Fourth, due to wear and tear dynamics will change over time. Finally,
in many practical control applications, a mathematical description of the plant is not available
or too costly and time-consuming to obtain.

3-2 Overview of 3 direct data-driven solutions

In recent years, several data-driven techniques have been proposed as an alternative to the
model-based approaches described in the previous section. In a data-driven approach, the
modelling step is omitted and the problem of undermodelling of the plant is avoided. Instead,
measured data is used directly to minimize a control criterion. This concept has attracted
the attention of control engineers since the forties with the pioneering work by Ziegler and
Nichols [34], which focuses on the design of industrial PID controllers. Since there is no
intermediate model, the structure of the designed controller does not depend on the structure
of this model, and the order and structure of the controller are fixed [35]. This led to the
development of new powerful methods for direct controller tuning.
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In this overview three methods are discussed that use this data-driven controller tuning ap-
proach. First, in Section 3-2-1, the concept of Iterative Feedback Tuning (IFT) is explained.
Subsequently, in Section 3-2-2, Virtual Reference Feedback Tuning (VRFT) is outlined, fol-
lowed by Extremum Seeking Control (ESC) in Section 3-2-3. Each of the methods is intro-
duced with a brief introduction, followed by a simplified description of the algorithms. Then
extensions to more complex systems are discussed and each section finishes with several ap-
plications of the described method. Finally, in Section 3-3, the applicability of these concepts
to the DOT project is discussed.

3-2-1 Iterative Feedback Tuning (IFT)

Iterative Feedback Tuning (IFT) was first proposed by Hjalmarsson et al. in [36]. There it
was observed that the earlier described model bias problem could be avoided by replacing the
information carried by the model by information obtained directly from the system itself. This
led to an iterative scheme where the fixed-structure controller parameters were successively
updated, using information from special defined closed-loop experiments with the most recent
controller in the loop. A control objective is minimized using a gradient search approach to
find a local optimum, with an initial stable controller as a starting point. The method relies on
a specific selection of system inputs, in such a way that the gradient of the cost function with
respect to the control parameters are estimated from the corresponding measured closed-loop
experiments.

Implementation

The overview in [37] is used to explain the basics of the IFT framework, using an unknown
Single-Input Single-Output (SISO) linear time-invariant (LTI) system described by

y(t, ρ) = Pu(t, ρ) + v(t), (3-1)
u(t, ρ) = C(ρ) (r(t)− y(t, ρ)) , (3-2)

where P is an unknown LTI operator, r(t) the reference input, v(t) an unmeasurable noise
disturbance, u(t, ρ) the process input and y(t, ρ) the corresponding process output. C(ρ)
represents a fixed-structure controller, parametrized by the parameter vector ρ. See also
Figure 3-2 for a schematic overview of this closed-loop system representation.

Figure 3-2: Closed-loop representation of the described system. r(t) is the reference input, v(t)
an unmeasurable noise disturbance, u(t, ρ) the process input and y(t, ρ) the process output.

Master of Science Thesis S.M. Jager



26 Direct data-driven controller optimization

Minimizing the cost function

Now let yd be the desirable output response to the reference signal r(t). The error between
the achieved and desired response is formulated as

ỹ(t, ρ) = y(t, ρ)− yd. (3-3)

It is desirable to minimize some norm of this error quantity ỹ(t, ρ) with respect to the control
parameter vector ρ. In this section, for reasons of simplicity, a quadratic norm function is
used that is described by

J(ρ) = 1
2N

N∑
t=1

E [ỹ(t, ρ)]2 , (3-4)

where E [...] denotes the expectation w.r.t. the disturbance v(t). Notice, however, that
the discussion below is valid for basically any signal-based objective function defined by the
user, and the quadratic norm of the input signal is often included in a second term. Some
alternatives are discussed in [37]. The optimal set of control parameters ρ∗ minimizing the
described cost function J(ρ) is defined by

ρ∗ = arg min
ρ
J(ρ). (3-5)

Gradient estimation

The optimal set of control parameters is obtained by taking repeated steps in a gradient
descent direction with the initial controller as starting point. This is done by using a local
gradient based search algorithm of the type

ρi+1 = ρi − γiR−1
i

∂J

∂ρ
(ρi), (3-6)

where i is the iteration number and γ the step size of the algorithm, which is a positive scalar
and may vary after each iteration to improve speed of convergence. Ri is some appropriate
positive definite matrix, typically an estimate of the Hessian of J , such as a Gauss-Newton
approximation of this Hessian. Especially when ỹ is small,

Ri = 1
N

N∑
t=1

 ∂̂ỹ
∂ρ

(t, ρi)
∂̂ỹ

T

∂ρ
(t, ρi)

 , (3-7)

is a desirable choice. The minimization problem now boils down to computing the partial
derivative of the cost function with respect to the control parameter vector ρ,
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∂J

∂ρ
(ρi) = 1

N

N∑
t=1

E

[
ỹ(t, ρi)

∂ỹ

∂ρ
(t, ρi)

]
. (3-8)

Hence, to find the optimal parameter vector ρ, the following quantities are required

1. the signal ỹ(t, ρi),

2. the gradient ∂ỹ/∂ρ(t, ρi).

Experiment design

The signal ỹ(t, ρi) can easily be obtained only by measuring the output of the closed-loop
system when the reference r(t) is exciting the system and subsequently subtracting the desired
response yd from the measured output. Note also, from Equation 3-3 and the fact that the
desired response yd is independent of the parameter vector ρ, that the required gradient
is equal to the gradient ∂y/∂ρ(t, ρi). Hence, with the use of Equation 3-3, 3-1 and 3-2
subsequently,

∂ỹ

∂ρ
(t, ρi) = ∂y

∂ρ
(t, ρi), (3-9)

= P
∂u

∂ρ
(t, ρi), (3-10)

= P
∂C

∂ρ
(ρi)(r(t)− y(t, ρi))− PC(ρi)

∂y

∂ρ
(t, ρi). (3-11)

Rewriting and defining the sensitivity function S(ρi) = (I + PC(ρi))−1 results in

∂y

∂ρ
(t, ρi) = S(ρi)P

∂C

∂ρ
(ρi)(r(t)− y(t, ρi)). (3-12)

An estimate of this partial derivative is obtained by adding r1(t)− y1(t, ρ) of the first exper-
iment to the process input of a second closed-loop experiment, according to Figure 3-3.

Figure 3-3: Schematic overview of the gradient experiment. An estimate of the required gradient
∂̂y
∂ρ is obtained by adding r1(t)−y1(t, ρ) of the first experiment to the process input and multiplying
the output y2(t, ρ) with the known gradient ∂C/∂ρ.
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The output y2(t, ρ) is multiplied with the known gradient ∂C/∂ρ to obtain the required
gradient. However, the gradient retrieved with this second experiment is only an estimate,
since it is contaminated with the noise v2(t). Hence,

∂̂y

∂ρ
(t, ρi) = ∂C

∂ρ
(ρi) (S(ρi)P (r1(t)− y1(t, ρi) + S(ρi)v2(t)) , (3-13)

where the subscript indicates the experiment number and Sv2(t) denotes the noise contamina-
tion. This noise contamination is removed by using data from a third experiment for ỹ(t, ρi) in
the partial derivative described by Equation 3-8 . The motivation for the third experiment is
to end up with an unbiased estimate of the cost function gradient, as its noise is uncorrelated
with the noise present in both y1(t, ρi) and S(ρi)v2(t) in Equation 3-13. Summarizing, and
defining T (ρi) as the complementary sensitivity function, the following three experiments for
data collection need to be performed

y1(t, ρi) = T (ρi)r(t) + S(ρi)vi,1(t), (3-14)
y2(t, ρi) = T (ρi) (r(t)− y1(ρi)) + S(ρi)vi,2(t), (3-15)
y3(t, ρi) = T (ρi)r(t) + S(ρi)vi,3(t). (3-16)

Convergence by iteration

Now all the required information of the gradient in Equation 3-8 is derived, a new set of
control parameters can be obtained that is one step closer to the local minimum with the use
of Equation 3-6. This minimum is found by iteration of the 3 described experiments, provided
that the successive controllers in each iteration all stabilize the system. Unfortunately, guar-
anteeing stability is not straightforward and it is in general not known whether this condition
is satisfied. A possible solution to this problem is adjusting the step size γ of the gradient
search algorithm, to control how much a controller changes from one iteration to the next
one, based e.g. on Bode plot comparison of each new derived controller with the previous one
[36]. This solution, however, makes the iteration procedure more time-consuming which is a
crucial problem with respect to practical points of view.

Extensions

The method was initially only intended for Single-Input Single-Output (SISO) linear time-
invariant (LTI) systems under the assumption of closed-loop stability throughout the iter-
ations. It has later been shown that IFT is capable of optimizing control parameters for
disturbance rejection [38], non-linear systems [39, 40, 41], multivariable LTI systems [42] and
periodic time-varying systems [43]. Extensions to non-linear controllers have been developed
in [44, 45].

A number of articles have appeared on the subject of including stability constraints for the
optimization procedure. In [46] both an H∞ cost function and a robust H2 criterion were
proposed to ensure robust stability. Both approaches strive to achieve a compromise between
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robustness and performance in iterative tuning steps. The H2 optimization is simpler which
typically means fewer iterations, i.e. faster convergence whereas the H∞ design offers better
control over the frequency behaviour. In [47] the robust stability is treated by a sensitiv-
ity shaping approach, and using a new criterion reflecting both performance and robustness
specifications. In [48] a constrained IFT problem is formulated that is solved by introducing
a frequency-domain penalty function, obtained through a non-parametric model of the con-
trolled system, in order to penalize violations of the frequency-domain specifications imposed
on the closed-loop sensitivity function.

Applications

Performance of the method has been shown in several application examples, together with an
overview of the framework, in [37]. This reference mentions e.g. successful implementation for
temperature regulation in a distillation column, and more recently, IFT was used to tune the
control parameters of a robotic rehabilitation device for ankle injuries. It was concluded that
the IFT scheme provided robustness to the control system by adapting to different situations,
which in turn improved the effectiveness of robotic rehabilitation [49].

The main requirement that the initial closed-loop system is stable, implies that it can be
directly used for optimization of wind turbine controllers [33]. The method is only recently
applied to simulated wind turbines in [50] and in [33], both showing large potential in the
wind industry. However, a warning for potential robustness issues and the explicit advise to
be careful when implementing such algorithm on an actual turbine due to possible instability
is also given in [33].

3-2-2 Virtual Reference Feedback Tuning (VRFT)

Another data-driven controller tuning approach is Virtual Reference Feedback Tuning (VRFT),
which was originally introduced by Guardabassi and Savarasi in [51] and developed as a ready-
to-use technique for controller design by Campi et al. in [52]. VRFT uses only a single record
of input/output measurement data during normal closed-loop operation of the system.

The basic idea is that of interpreting the derived data as closed-loop data, produced by a
virtual reference signal. This reference signal is computed by backpropagating the measured
output of the system through a reference model, which describes the desired closed-loop of the
system. In this way the fixed-structured controller can be optimized as a standard open-loop
identification problem. A global optimum is found offline, without the need for any iterations.

Implementation

This implementation of the VRFT, applied in a Single-Input Single-Ouput (SISO) and Linear
Time-Invariant (LTI) setting, is adopted from [51]. A schematic overview of the implementa-
tion is given in Figure 3-4. The process input u(t) and corresponding output y(t) are obtained
through a single record on the actual unknown system. The reference model M(z) describes
the desired closed-loop of the system.
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Figure 3-4: VFRT feedback control scheme, adapted from [51]. The reference signal r̄(t) is
computed by backpropagating the measured system output y(t) through the reference model
M(z). Next the tracking error signal e(t) is computed. What is left is a standard open-loop
identification problem between the computed e(t) and the measured signal u(t).

A virtual reference signal r̄(t) is calculated in such a way that it reproduces the system output
y(t) by filtering it through the reference model M(z)

y(t) = M(z)r̄(t), (3-17)

and the tracking error signal e(t) is defined as the difference between virtual reference signal
r̄(t) and the system output y(t)

e(t) = r̄(t)− y(t). (3-18)

Estimation of the control parameters θ is then reduced to an open-loop estimation problem,
using filtered versions of both the tracking error e(t) as input and the actual system input
data u(t) as output (for suitable selection of the pre-filter L(z) the reader is referred to [52]),

eL(t) = L(z)e(t), (3-19)
uL(t) = L(z)u(t), (3-20)

such that the optimal control parameter vector θ̂N minimizes the following criterion

JNV R(θ) = 1
N

N∑
t=1

(uL(t)− C(z, θ)eL(t))2 . (3-21)

This criterion is an explicit function of the data, computable without any knowledge of the
system other than the single set of input/output measurement data under normal operation.
The solution C(z, θ̂N ) then results in a (nearly) optimal solution to the actual control objective

JMR(θ) =
∣∣∣∣∣∣∣∣( P (z)C(z, θ)

1 + P (z)C(z, θ) −M(z)
)
W (z)

∣∣∣∣∣∣∣∣2
2
, (3-22)

that minimizes the difference between the system P (z) response in closed-loop with the con-
troller and the desired reference model. W (z) represents an appropriate frequency domain
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weighting function, as was introduced in [52] and is similar to the one used in [37] for IFT.
If the controller is parametrized linearly, the optimization problem becomes convex and, in
contrast to IFT, convergence to the global optimum can be shown [35].

The controller complexity is fixed in the beginning when the controller structure is selected
and does not require a parameter initialization. Provided that the controller structure C(z, θ)
is only slightly under-parameterized, the resulting C(z, θ̂N ) is nearly optimal, and represents
a good approximation of the optimal controller. If the optimized controller gives perfect
matching between the closed-loop and the reference model, the obtained C(z, θ̂N ) is the
optimal one.

Extensions

The VRFT method has been extended to two-degree-of-freedom problems in [53] and non-
linear systems in [54]. Improvements to the earlier implementation are made in [38], where a
set of constraints is included for ensuring closed-loop stability and the correlation approach
is used to deal with the influence of measurement noise. The latter approach to deal with
noise is an alternative to the one in [52], which introduces instrumental variables consisting
of either an additional experiment or identification of the plant (hence, in the latter case,
making it model-based again). In [55] it is proposed to use VRFT in an iterative manner,
gradually tightening the performance specifications, to fine-tune the controller closer to the
optimal solution.

VRFT typically outperforms IFT in convergence rate [56] and only requires a single exper-
iment, but often results in a nearly optimal solution. Therefore, in e.g. [52] and [57], it is
suggested to use VRFT as an effective initialization tool and to use gradient-based iterative
algorithms (like IFT) for the fine-tuning of controllers. Recently in [58], VRFT is used in
combination with a reinforcement Q-learning algorithm for position control of a simulated
multi-variable aerodynamic system.

Applications

In [59] an application of the VRFT method to an active suspension has been presented. The
corresponding results show that the method has been able to provide satisfactory controllers
in this context. In [60] VRFT was used to design feedback controllers for knee joint movement
of paraplegics. Traditionally, this is done by model identification tests, requiring an iterative
method of system excitations. The use of the VRFT strategy significantly reduces the time
required for controller design and considerably simplifies the patient rehabilitation protocols.
More recently, in [61], a multi-variable VRFT simulation study is performed for waste-water
treatment plant control. The possible interactions amongst different control loops are handled
using a decoupling approach where each control signal is computed depending on the error
signal of all the loops at the same time. The results show substantial improvements in the
plant performance after the controllers are implemented.
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3-2-3 Extremum Seeking Control (ESC)

Extremum Seeking Control (ESC) is an online data-driven algorithm, built upon the gradient
search scheme. The theory behind ESC was introduced by Leblanc and dates back to 1922
[62]. The algorithm estimates the online gradient by using a pair of dither and demodulation
signals in combination with proper filtering, and optimality is achieved by closing the control
loop via integral action. By locking the gradient extraction process to the dither frequencies,
the search process is decoupled from changes due to exogenous disturbance and/or process
variation provided that appropriate signal-to-noise ratio (SNR) is present in the dithered
output [63].

Implementation

This implementation of the ESC control algorithm, applied in a Single-Input Single-Output
(SISO) setting, is adopted from [63]. A schematic overview of the implementation is given
in Figure 3-5. The objective is to maximize the function f by proper selection of the control
parameter û in real time. ESC accomplishes this goal by finding the input that leads to a
vanishing gradient of ∂f/∂u = 0. The gradient is estimated from measurements of the objec-
tive function f using an additive perturbation S(t) on the control parameter.

Figure 3-5: Schematic overview of the ESC control loop, adapted from [63]. The algorithm
estimates the gradient ĝ online, by using the sinusoidal dither S(t) and demodulationM(t) signal
in combination with proper filtering. Optimality is achieved by closing the control loop via integral
action.

The dither signal S(t) = asin(ωt), where ω defined as the dither frequency, is added to the
control parameter û in real time (see lower left of Figure 3-5). The plant input u becomes

u = û+ asin(ωt). (3-23)

The corresponding plant output y is then

y = f(û+ asin(ωt)). (3-24)

S.M. Jager Master of Science Thesis



3-2 Overview of 3 direct data-driven solutions 33

The Taylor series expansion of the plant output is

y = f(û) + asin(ωt)∂f
∂u

+ h.o.t. (3-25)

where ”h.o.t.” stands for higher order terms. The high-pass filter is designed to filter out the
DC term of Equation 3-25, while passing the AC terms, i.e.

asin(ωt)∂f
∂u

+ h.o.t. (3-26)

This high-pass filtered signal is then multiplied by the demodulation signal M(t) = 1
asin(ωt),

1
a
sin(ωt) ·

(
asin(ωt)∂f

∂u
+ h.o.t.

)
= (1− cos(2ωt)) ∂f

∂u
+ h.o.t. (3-27)

The low-pass filter is designed to retain the DC term ∂f/∂u, which is the estimated gradient
ĝ, and meanwhile filtering out the AC terms. Closing the loop with an integrator drives the
gradient to zero in steady-state provided that the closed-loop is asymptotically stable, hence
resulting in a local optimum.

Finally, the integrator gain K is a major parameter effecting the convergence speed, i.e. the
larger the gain, the faster the convergence speed. However, too large gain leads to overshoot
in the searching process, or even instability. A small integrator gain increases the degree of
relative stability, however, results in slower convergence [63].

Extensions

Leblanc’s work [62] and its application to electric railways in 1922 is often cited as the earliest
work on ESC and is even quoted as the very first "adaptive" controller reported in literature
[64]. He desribed an extremum seeking mechanism to maintain the desirable maximum power
transfer from an overhead electrical transmission line to a tram car. There was also great
interest in the field of ESC in 1950s and 1960s along with optimization theory, adaptive control
and nonlinear control theory. However, it lost attention in the theoretical control literature
because of the difficulties that arose in a rigorous analytical treatment. Still Åström and
Wittenmark [65] put, in 1995, extremum control among the most promising future areas for
adaptive control and mention applications in chemical reactors, combustion engines, and gas
furnitures.

A major breaktrough came in 2000, when Krstić and Wang first proved stability of an ex-
tremum seeking feedback scheme [64]. They did this by employing the tools of averaging and
singular perturbation analysis, and their research allowed for general SISO nonlinear dynamic
systems. Some performance improvements were made by Krstić in [66], in particular the use
of dynamic compensation to improve the rate of convergence. This reignited a renewed in-
terest in ESC and many applications followed, of which multiple are listed in the overview of
[67].
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Rotea in [68] derived a model for the general case of multivariable optimization with constant
parameters, which was used for stability and performance calculations in the presence of noise.
Time-varying dynamics were transformed into a linear time-invariant (LTI) system with the
use of averaging. The model was also used to derive a set of multivariable extremum seeking
guidelines, which are often cited in literature. Ariyur and Krstić provided the multivariable
ESC scheme for general time-varying parameters [69]. For a comprehensive overview of the
method the reader is referred to the book of Ariyur and Krstić [70] on real-time optimization
by ESC.

Applications

Unlike the previous two discussed methods in this chapter, ESC has been applied to several
wind turbine related problems for more than a decade. A first attempt to control the pitch
angle of a fixed-speed wind turbine was made by Komatsu et al. in 2001 [71]. The simulated
turbine operated at a constant speed with pitch control only, but it appeared that the optimal
pitch angle under different wind speeds remained the same, which did not reflect the fact that
the optimal pitch varies with wind speed [67]. Ishii et al. [72] applied in 2003 a adaptive
extremum control scheme to a two-bladed micro wind turbine with variable pitch structure
and modelling was performed through a wind tunnel experiment.

Creaby et al. [67] proposed in 2009 a multi-input ESC algorithm for maximizing the wind
power output using the generator torque gain and blade pitch, and simulation was performed
for both fictitious and field recorded wind profiles. Significant improvement in power capture
was was demonstrated, but no experimental field data was given. Another simulation based
research was presented in 2014 by Ghaffari and Krstić, they applied a Newton-based multi-
variable ESC scheme to a two-layer control scenario, with the ESC torque control as the outer
loop and a nonlinear power conversion controller for the squirrel-cage induction generator as
the inner loop [73].

Finally, in 2016, Xiao et al. [63] presented both experimental and simulation based results on
the CART3 facility at the National Renewable Energy Laboratory (NREL). Two individual
single-input ESC schemes were used, i.e. collective blade pitch and torque gain ESC respec-
tively. Double-digit percentage increases in energy capture with respect the NREL baseline
controller were shown. Xiao et al. also proposed in [74], unfortunately only simulation based,
a novel region 2 control scheme with a multi-objective ESC so that nearly optimum power
capture is achieved while reducing structural loads. Hence, despite the ongoing research, field
recorded results with respect to wind turbines remain scarce.

3-3 ESC as direct data-driven solution for DOT500

This section discusses the selection of a suitable data-driven controller tuning method for the
DOT500 turbine. This method is later used in Chapter 7 to update actual control parameters
of the DOT500, with the use of operational field data.

The underlying control design of both the Iterative Feedback Tuning (IFT) and Virtual Ref-
erence Feedback Tuning (VRFT) were set as a reference tracking problem, e.g. for the rotor
speed regulation problem in region 3. In this region the suitable reference is known and the
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tuning methods could be applied to update the blade pitch controller, which is used to regu-
late the rotor speed and to reject disturbances from wind fluctuations. In [33], collective pitch
control was tuned with the IFT framework in simulation. As was discussed in Section 3-2-2,
it could be interesting to combine this study with a VRFT approach as an initialization tool.
The initialization then localizes the global optimum offline, reducing instability risks and tur-
bine excitations, followed by local optimization through IFT. From a more practical point of
view this would also reduce the amount of required iterations and time spent at the turbine.

Notice however that the key control novelty of the DOT500 turbine lays in the spear valve
controller action, which is mainly active in below-rated wind regions. This region in particular
is also very interesting for data-driven controller tuning, since modelling of this region is a
cumbersome task. This region is less suited for reference tracking, since this would require the
reference to be obtained from the (modelled) power map. Instead, Extremum Seeking Control
(ESC) could be used for optimization of a certain performance index. Using this method to
directly optimize the DOT500 power output would eliminate the reference requirement.

In addition, there are a number of other benefits to use ESC. First, the framework has been
proven to work well in the presence of a wind disturbance [63]. Second, ESC requires a single
experiment with only slowly varying excitation of the input signal. The framework does not
require any iterations with newly derived controllers, hence reducing the risk of implementing
an unstable controller. Third, stability issues could be further reduced by gradually increasing
a conservatively chosen integrator gain. Finally, the ESC framework is fairly easy to obtain,
implement and understand. This implies that the method could be easily reproduced, without
the need of expert knowledge. In contrast, the main disadvantage is that ESC leads to a local
optimum only. This could require multiple experiments from different starting points to check
for the presence of additional minima in order to find the global minimum.

Tuning of the DOT500 with ESC not only improves turbine performance, but field recorded
data also delivers an important contribution to the ongoing feasibility study concerning the
applicability of the algorithm to wind turbines.
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Chapter 4

DOT500 control design

This chapter outlines the development of the DOT500 control design. It first states the control
objectives for the DOT500 turbine in Section 4-1. This is followed by the selection of a suitable
control strategy in Section 4-2. Next the individual controller designs are introduced: spear
valve control is explained in Section 4-3, the derivation of blade pitch and yaw control are
given in Section 4-4 and 4-5 respectively. Finally, in Section 4-6, the control interaction and
software implementation are given.

Figure 4-1: Chapter outline
.
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4-1 Control objective: maximum energy capture

As in conventional turbine control, the primary control objective is to design a safe, functional
controller for the DOT500. Once a functional control system is developed, maximum energy
capture will be taken into account. Hence, the overall control objective is formulated as:

Maximisation of energy capture, while taking account of safe operation
restrictions such as rated power, rated speed and cut-out wind speed.

The turbine is prevented from excessive dynamic mechanic loads by keeping the system within
the regions of operation of the original Vestas V44. Load mitigation is not explicitly stated
in the control objective, since both load design limitations and accurate load measurements
are unavailable. In contrast to common practise, conditioning the generated power to comply
with interconnection standards is also not taken into account, since the DOT500 is not yet
connected to the grid.

Finally, due to inclusion of the oil loop, reduced partial load efficiency of the hydraulic drive
train is expected from earlier performance tests. Therefore, a distinction in objective definition
is made between below- and above-rated turbine operating conditions. In the below-rated
region, the objective is to maximise rotor power, whereas generator power is maximised at
rated operation.

The latter distinction is justified by the assumption that partial load efficiency will be im-
proved in later design stages. For now, technical feasibility analysis of hydraulic transmissions
over the turbine full operating range is the company’s target. In this stage it is not yet ex-
pected to operate cost-effective in the below-rated wind speed region.

4-2 Control strategy definition

The control strategy describes the approach for the DOT500 turbine to attain the desired
power curve in steady state. First the regions of operations are given in Section 4-2-1, followed
by the main control loop strategy in Section 4-2-2. In conclusion, in Section 4-2-3, the control
strategy is defined on the torque-rotational speed plane.

4-2-1 Regions of operation

The DOT500 has three main regions of operation, as depicted in Figure 4-2. In region 1, the
power available in the wind is too low to start-up the rotor; hence, the turbine does not run.
The cut-in wind speed (Vcut-in) is therefore defined as the minimum required start-up wind
speed. Note that this approach deviates from industry standard, where often operation cost
and losses are taken into account.

As mentioned in the previous section, the region 2 objective is to capture as much rotor power
from the wind as possible. Region 3 is entered when the wind speeds are high enough (Vrated)
that the turbine must limit the fraction of the wind power captured so that electrical and
mechanical loads restrictions are not exceeded. Pitching the blades or yawing the turbine out
of the wind are methods to actively limit the available aerodynamic torque.
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Figure 4-2: DOT500 turbine regions of operation

Above cut-out wind speed (Vcut-out), the turbine is shut down to prevent it from structural
overload. The turbine rated power output normally arises from a compromise between avail-
able energy and manufacturing costs. For instance, designing the turbine to extract all the
available energy up to cut-out wind speed would lead to an increment in the cost per kW,
while wind speeds above rated are not frequent enough to justify the extra sizing of the tur-
bine required to capture power above rated [75]. Rated power, rated speed and cut-out wind
speed are taken from Vestas V44 turbine data sheets (see Table 4-1).

Parameter Value
Cut-in wind speed 5 m/s
Cut-out wind speed 20 m/s
Rated rotor speed 28 RPM
Rated rotor power 600 kW

Table 4-1: Key operational parameters of the original Vestas V44 turbine [29]

Finally, an intermediate operation state is introduced: region 21
2 . This region is used for the

transition between control objectives around rated speed. Using a transition region smoother
than the ideal one alleviates transient loads significantly at the cost of some loss in energy
capture [75].

The remainder of this chapter will describe how the turbine control system is designed to
approach the ideal power-versus-wind-speed curve in steady-state. The control strategy will
settle steady-state values of rotor speed and torque within the range of turbine operation.

4-2-2 Main rotor speed control feedback loops

In accordance with widespread current practice and the original Vestas V44 design, the
DOT500 turbine control design is based on the principle of Variable-Speed, Variable-Pitch
(VSVP) control. Variable-speed operation increases the energy capture at low wind speeds
whereas variable-pitch operation enables an efficient power regulation at higher than rated
wind speeds [75].
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However, as mentioned in Chapter 1, the novelty in the DOT500 control design is the use
of hydraulic pressure regulation instead of generator torque to influence rotor speed in the
below-rated region. Both spear valve and pitch control use the rotor speed as the sole feedback
input, as shown in Figure 4-3.

Figure 4-3: DOT500 control feedback loops

In below-rated wind speed conditions, the turbine operates at variable speed and a fixed fine-
pitch angle in order to maintain operation at the maximum rotor power coefficient. In high
wind speeds, the pitch angle is adjusted to limit the captured power at its rated value. Both
control loops are Single-Input Single-Output (SISO) and are decoupled from each other.

Low-pass filter

The filter in Figure 4-3 is a first order low-pass filter on the rotor speed, discretized using
Tustin’s method [76] and the discrete time step Ts. This output of the filter is then given by

y(k) = 2− Tsωb
2 + Tsωb

y(k − 1) + Tsωb
2 + Tsωb

u(k) + Tsωb
2 + Tsωb

u(k − 1), (4-1)

where in this case y(k) is the filtered rotor speed, u(k) is the unfiltered rotor speed and ωb the
filter cut-off frequency. The drawback of this simple filter is its gentle roll-off in the stop band.
Jonkman et al. in [77] considered other linear low-pass filters, such as Butterworth, Cheby-
shev, Elliptic, and Bessel filters. However, none were found to give superior performance in
the overall system response, so they did not warrant the added complexity of implementation.

4-2-3 Control strategy defined on the torque-rotational speed plane

The DOT500 control strategy is depicted on the torque-rotational speed plane in Figure 4-4.
Once the wind is above Vcut-in, a start-up sequence will be performed between the points O
and B. In region 2 the turbine is operated along the Cp,max locus between the points B and
C, as will be discussed in Section 4-3.

As proposed by Bossanyi in [30], a torque-speed ramp strategy is implemented in the transition
region 21

2 between the points C and D. In above-rated wind speeds, the pitch angle is
controlled in order to keep the turbine operating at point D.
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Figure 4-4: DOT500 turbine control strategy, adopted from Bianchi [75]

Due to the rated rotor speed restriction, the point D is used instead of the ideal point D′.
Furthermore, a slightly higher energy capture could have been obtained by following the
Cp,max locus up to the point C ′, but this would require a PI-control strategy between C ′-D.
The latter is however infeasible with the current spear valves, due to insufficient bandwidth
in the spear valve position to rotor speed system in this operating region.

4-3 Spear valve torque control

The DOT system torque is based on fluid pressure regulation and is controlled by adjusting
the spear valve positions, which are located at the end of the high-pressure water line. Where
in conventional turbines the required system torque is directly regulated by the generator
torque demand, the relation between spear valve travel position (effective water flow area)
and system torque of the DOT500 turbine is still unknown.

In region 1, during start-up, the spear valves are opened as wide as possible. In this con-
figuration the system torque is minimised to allow for rotor spin-up. On the other hand, in
region 3, the spear valves are nearly closed in order to maximize energy capture.

The real difficulty arises in region 2, where the system torque should match the aerodynamic
rotor torque at varying rotor speed, while maintaining the optimal tip-speed ratio. This
relation will be discussed first in Section 4-3-1, followed by the relation between spear valve
position and system torque in Section 4-3-2.

4-3-1 Standard torque control

The region 2 objective is to maximize energy capture from the available wind. Energy capture
efficiency can be expressed by the power coefficient Cp, which is defined as the ratio of the
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aerodynamic rotor power P to the power Pwind available from the wind, that is,

Cp = P

Pwind
, (4-2)

where the available power from the wind is given by

Pwind = 1
2ρAV

3, (4-3)

where ρ is the air density, A is the rotor swept area and V is the rotor effective wind speed,
which is assumed to be uniform across the rotor swept area. The aerodynamic rotor power
P in Equation 4-2 is given by

P = τaeroω, (4-4)

where τaero is the aerodynamic rotor torque and ω is the rotor speed. The aerodynamic torque
of a rotor with radius R is given by

τaero = 1
2ρAR

3ω2Cp(λ, β)
λ3 . (4-5)

The Cp in Equation 4-5 is a nonlinear function of Tip-Speed Ratio (TSR) λ and pitch angle β,
that can be altered via torque and/or blade pitch control. Figure 4-5 shows a typical turbine
Cp surface. Since turbine power is proportional to the power coefficient, the turbine is ideally
operated at the peak of the surface, which is often denoted by Cp,max.

As the tip-speed ratio continuously changes, and because the wind changes speed more quickly
than the turbine rotor speed, there does not exist a static relationship between wind speed
and turbine power in dynamic conditions. However, under steady-state conditions, a static
relationship exists [78]. Thus, region 2 control is primarily concerned with varying the rotor
speed to maintain the optimal TSR, resulting in Cp,max.

Figure 4-5: Typical wind turbine Cp-λ-β curve
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Since maximum Cp is achieved at the turbine’s fine-pitch angle, the region 2 objective should
be solely met by system torque control. The region 2 control law is is given by

τsys = Kω2, (4-6)

where the optimal torque mode gain K is given by

K = 1
2ρAR

3Cp,max
λ3
∗

, (4-7)

where R is the rotor radius, and λ∗ is the tip-speed ratio at which the maximum power
coefficient Cp,max is located. From Newton’s second law of motion, a first-order model of the
turbine is given by

ω̇ = 1
J

(τaero − τsys) , (4-8)

hence, by substituting Equation 4-5 through 4-7 into 4-8, the following relation is obtained

ω̇ = 1
2J ρAR

3ω2
(
Cp(λ, β)
λ3 − Cp,max

λ3
∗

)
. (4-9)

Since the rotor inertia J , the air density ρ, the rotor swept area A, the rotor radius R, and the
squared rotor speed ω2 are all non-negative, the sign of the angular acceleration ω̇ depends
on the sign of the subtraction in Equation 4-9. When the tip-speed ratio λ > λ∗ and the fact
that Cp ≤ Cp,max, it follows from Equation 4-9 that ω̇ is negative and the rotor decelerates
toward λ = λ∗. On the other hand, when λ < λ∗ and

Cp > Cp,max
λ3
∗
λ3 , (4-10)

it follows that ω̇ is positive. Above control strategy is often referred to as the standard torque
control [78]. The torque control loop thus regulates the rotor speed ω towards the turbine’s
optimal Cp,max in region 2.

4-3-2 Relation between spear valve position and standard torque control

The required addition to the standard torque control strategy for hydraulic control of the
DOT500 turbine is the translation between the required system torque (Equation 4-6) and
the associated spear valve position. In order to find this mapping, steady-state tests on the
hydraulic drive train system are performed in Section 5-1-2. The current section explains the
theoretical control framework and its implementation.

According to the control law given in Equation 4-6, the optimal torque is a function of rotor
speed in the below-rated region. Given a detailed mapping of the system torque over the
rotor-speed-versus-spear valve-position plane, the identified system torque is matched to the
optimal torque. This is depicted in Figure 4-6, where the system torque is given in red and
the optimal below-rated rotor torque in blue.
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Figure 4-6: Optimal torque control path for DOT500. The intersection between the rotor torque
at Cp,max (blue) and the system torque (red), denoted by B-C, results in optimal aerodynamic
efficiency of the rotor. The region O-B describes a start-up procedure, while in C-D the turbine
is ramped up to the rated operating point D.

Based on the experiments, the optimal control path for DOT500 is depicted in Figure 4-6.
Between points O and A, the rotor is accelerated from standstill by pitching the blades to
45 deg. When sufficient rotor speed is measured, such that point A is passed, the system
torque is linearly ramped up until point B is reached and the pitch angle is directed towards
fine-pitch. From there on the rotor is in region 2, between points B and C, with maximum
energy capture as the objective.

The turbine operates at its highest aerodynamic efficiency point Cp,max at a specific fine-pitch
angle and tip-speed ratio. The pitch angle is easily maintained at the optimally efficient vine-
pitch angle. However, tip-speed ratio depends on the incoming wind speed and is therefore
continually changing. Hence, region 2 control is primarily concerned with varying the rotor
speed to track a constant tip-speed ratio [79].

To find the relation between measured rotor speed and required spear valve setting, a parametri-
sation of the intersection between the rotor and system torque plane is identified (see Fig-
ure 4-7). For this purpose, a third order polynomial fit is applied to the intersection projected
on the x-y plane, which now directly relates the rotor speed to the optimal spear valve settings
(see Figure 4-8). The polynomial fit to the projected fit is calculated in the form

s(ω) = a3ω
3 + a2ω

2 + a1ω + a0, (4-11)

where s is the desired spear valve position in [mm] at rotor speed ω, and ai the polynomial
coefficients. The polynomial fit function now provides a feedforward reference signal to the
spear valves for optimal system torque at the operating rotor speed. When the rotor acceler-
ates, the spear valves close and vice versa. This concept replaces the direct generator torque
control normally used in standard wind turbines.
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Figure 4-7: Intersection (yellow) between
rotor (blue) and system torque (red) plane

Figure 4-8: Polynomial fit (red) to
parametrization of the intersection (blue)

When nearing rated rotor speed, from point C in Figure 4-6 onwards, the spear valve controller
deviates from the optimal Cp,max plane and increases torque up to rated power. This transition
corresponds to region 21/2 in Figure 4-2. By evaluation of spear valve actuation characteristics,
with the bandwidth required for active tracking of the rotor speed in this region, it is concluded
that the spear valve actuators are too slow for active speed guidance once the slope is further
increased. More advanced techniques could be developed for this intermediate region, once
the current controller stabilizes the turbine.

Finally, point D then corresponds to region 3, where rated rotor speed is reached and the
system torque is held constant. From here on blade pitch control takes over the speed reg-
ulation and the objective to maintain rated turbine power, by continuous adjustment of the
rotor aerodynamic characteristics.

4-3-3 Pelton turbine rotational speed regulation

The spear valves convert the high-pressure, low-speed flow into a low-pressure, high-speed wa-
ter jet (Vjet), i.e. hydrostatic to hydrodynamic power. This hydrodynamic power is harvested
by the Pelton turbine. The nominal pressure in the Pelton feed water pipeline determines the
nominal speed of the water jet exiting the spear valves according to

Vjet =
√

2∆pfeed
ρwater

, (4-12)

where ρwater is the water density and ∆pfeed the pressure difference over the spear valve. The
relation between the jet speed and the free run rotational speed Vfreerun of the turbine is based
on the Pitch Circle Diameter (PCD) of the Pelton turbine according to

Vfreerun = Vjet
30
π

2
PCD . (4-13)
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Based on Euler’s turbo machinery equation [80], maximum power extraction is attained when
the speed of the Pelton bucket (Vb) is half the jet velocity

Vb = Vfreerun
2 . (4-14)

Note that the Pelton turbine wheel is mechanically coupled to the generator, whereas the
hydrodynamic power transfer between spear valves and Pelton wheel is mechanically decou-
pled. Hence, by substituting Equation 4-12 through 4-14, the following relation between
the generator rotational speed setpoint and the nominal water pressure in the Pelton feed is
obtained

ωgen = K
√

∆pfeed, (4-15)

where K is defined as the generator speed control gain and consists of

K =
√

2
ρwater

30
π
.

1
PCD (4-16)

Based on the theoretical parameters required in Equation 4-12 through 4-14, this gain is
found to be approximately 0.495. Later, in Chapter 7, this gain is experimentally tuned with
Extremum Seeking Control.
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4-4 Blade pitch speed control

Like in conventional wind turbines, the DOT500 uses pitch control to maintain a near constant
rotor speed in above-rated wind conditions. This section starts with a general overview of the
blade pitch control functionality in the different regions of operation. Then, in Section 4-4-2,
the model derivation and gain scheduling will be explained.

4-4-1 Pitch control requirements

Rotor start-up

In the below-rated regions, blade pitch control is obtained by simple case logic. When the
cut-in wind speed threshold is exceeded and the system is released from its idling state, the
system moves into a start-up procedure, wherein the blade pitch angle is set to 45 deg. In
Figure 4-9, the rotor torque is measured, keeping the rotor at standstill on parking brake, while
a stair-case input signal is applied to the blade pitch angle. Around the 45 deg configuration
the blades clearly obtain maximum torque, which is beneficial to accelerate the rotor.

Figure 4-9: Rotor torque measurements at different pitch angles at standstill. Results indicate
that maximum start-up torque is obtained around the 45 deg configuration.

Below-rated operation

When the rotor gained sufficient start-up speed, the blades are ramped with a constant rate
to their fine-pitch angle. In the below rated regions, maximum power capture is obtained by
keeping the rotor blades fixed at the fine-pitch angle. As stated earlier, little information on
rotor performance characteristics are available for the acquired Vestas V44 turbine. Therefore,
the DOT500 fine-pitch angle is assumed to be 0 deg, but will be further investigated by data-
driven tuning in a later stage of this thesis.
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Rated operation

Active blade pitch control is primarily used to limit the aerodynamic power in above-rated
wind speeds, in order to keep the turbine within the design limits formulated in Section 4-
2-1. In most commercial wind turbines, pitch control in region 3 is performed using the
proportional-integral-derivative (PID) collective pitch control law

βc(t) = KPωe(t) +KI

∫ t

0
ωe(τ)dτ +KD

dωe(t)
dt

, (4-17)

where ωe = ωd − ω is the rotor speed error and the desired rotor speed is ωd. Because of its
sensitivity to measurement noise, the derivative term is often combined with a low-pass filter
or set to KD = 0, leaving just a PI pitch controller. The latter method is applied to DOT,
and a flowchart of its configuration is depicted in Figure 4-10.

Figure 4-10: Flowchart of PI pitch control system for the DOT500

The pitch angle is limited by saturation between fine-pitch and feather position. At below-
rated rotor speeds, the pitch angle is forced to the fine-pitch limit, as the rotor speed error
becomes negative.

In addition, the pitch rate is saturated during start-up until either the fine-pitch angle or rated
speed is obtained. This saturation allows for a smoother start-up procedure and reduces rotor
speed overshoot during rotor start-up at rated wind speeds. After the start-up procedure, the
maximum pitch rate of 8 deg/s is used, so the controller reacts adequate (near) rated speed.

Finally, the pitch rate saturation is lowered to 0.65 deg/s above 66 deg, since excessive loads
were noticed when more aggressive rates were used around feather position. This rate limi-
tation is also visible in the measured pitch angle line in Figure 4-9, at pitch angles between
66 and 88 deg.
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4-4-2 Modelling of blade pitch control

Modelling of the blade pitch control system is done in three subsequent steps. First, an initial
control design has been carried out using classical first-principles control design methods.
Second, the derived initial design is applied to a high-fidelity model of the actual turbine at
a number of operating points. This closed-loop data is used to obtain linear models of the
turbine using subspace identification. In the third and final step, loop shaping techniques are
applied to the obtained linear models.

Step 1: Initial controller design

Since accurate data of the Vestas V44 turbine was unavailable, a scaled version of a Vestas
V66 turbine model is used in the high-fidelity wind turbine simulation software package GH
Bladed v4.5. Both turbines originate from the same manufacturer and product series, and
therefore are assumed to be similar in behaviour. However, in order to stabilise the wind
turbine model at different operating points, an initial controller design is required.

The initial design of the required controller is based on the NREL baseline blade pitch con-
troller described by Jonkman et al. in [77]. The derivation of this controller is based on a
simple single-degree-of-freedom model and is given in Appendix B. Jonkman et al. use the
following direct expressions for calculating the PI gains,

KP(β) = 2JΩ0ζφωφn

Ngear
[
−∂P
∂β (λ, β)

] , (4-18)

and

KI(β) =
JΩ0ω

2
φn

Ngear
[
−∂P
∂β (λ, β)

] , (4-19)

where J is the rotor moment of inertia, Ω0 the rated rotor speed, and Ngear the gearbox
ratio. The desired natural frequency ωφn and damping ratio ζφ are taken as 0.6 rad/s and
0.65 respectively. Finally, the sensitivity of aerodynamic power to rotor-collective blade pitch
δP/δβ is derived from the Cp (λ, β) relation of the Vestas V66 (see Figure 4-11). Both turbines
are from the same manufacturer and product series, and therefore the power coefficient plane
is assumed to be similar in shape.

Figure 4-11: Cp − λ− β relation for the Vestas V66
(see Figure 4-5 for enlarged version)
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Above surface is related to the aerodynamic power P according to

P = 1
2ρAV

3Cp (λ, β) , (4-20)

where A is the rotor swept area of the Vestas V44 and the power coefficient Cp (λ, β) is a
non-linear function depending on blade pitch angle β and tip-speed ratio λ. The blade pitch
angle sensitivity δP/δβ is hence an aerodynamic property of the rotor that depends on the
wind speed V , the blade pitch angle β and tip speed ratio λ according to

∂P

∂β
(λ, β) = 1

2ρAV
3∂Cp
∂β

(λ, β) . (4-21)

The change in power coefficient depends on the local gradient of the power coefficient surface
and this gradient clearly varies with the operating point. This is shown in Figure 4-12.

Figure 4-12: De graph of the ∂Cp/∂β relation for the Vestas V66. The red star markers indicate
the selected operating points at wind speeds between 11 and 20m/s.

Hence, the control authority of the pitch input varies with the current operating point. Taking
the latter into account by a simple gain scheduling on the measured pitch angle, the initial
KP and KI described by Equation 4-18 and 4-19 are now ready to use in the next design step.

Step 2: Derivation of linear input-output turbine models

The PI controller, with the derived initial KP and KI scheduled on the measured pitch
angle βmeas, is implemented in MATLAB/Simulink and used as an external controller in the
high-fidelity wind turbine simulation software tool GH Bladed v4.5. Bladed simulations are
performed to obtain the pitch angle required to keep the rotor speed at rated speed Ω0, for
wind speeds between 11 m/s and 20 m/s, with intervals of 1 m/s.
This linearisation analysis involved perturbing the blade pitch angle at each wind speed and
measuring the resulting variation in rotor speed. For persistent excitation, a Generalized
Binary Noise (GBN) perturbation is applied on top of the controller blade pitch angle, with
an amplitude of 1◦ and a bandwidth of 20 rad/s.
Then closed-loop LTI system identification using the Predictor-Based Subspace IDentifica-
tion (PBSIDopt) [81] method is applied to the retrieved closed-loop input-output data from
Bladed. The obtained linear models relate blade pitch angle to rotor speed around the spec-
ified operating points. The open-loop Bode diagrams of the models are given in Figure 4-13.
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Figure 4-13: Bode and phase plots of the identified open-loop turbine models using the PBSIDopt
method. Plots are given for different wind speed operating points between 11 and 20m/s.

Step 3: Control loop shaping

In this final step, loop-shaping techniques are applied to the derived linear models in order to
construct a gain-scheduled PI pitch controller. The controller is designed for every model to
attain a bandwidth of 0.5 rad/s and a phase margin of 75 deg in closed loop, to ensure that
the controller is robust against uncertainties. Loop shaping is done with the MATLAB pidtune
function, of which the results are shown in Figure 4-14. The corresponding closed-loop step
responses are presented in Figure 4-15.

Figure 4-14: Bode and phase plot of
the open-loop system times controller (CG),
with a designed 0.5 rad/s bandwidth and
75 deg phase margin.

Figure 4-15: Closed-loop rotor speed step
response at different wind speeds between
11 and 20m/s.
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The required PI gains KP and KI are summarized for every wind speed in Table 4-2.

Wind Speed [m/s] Pitch Angle [◦] KP KI

11.0 1.4046 0.4669 1.2464
12.0 5.4143 0.6401 0.5936
13.0 8.2134 0.6148 0.4114
14.0 10.5279 0.5903 0.3218
15.0 12.5707 0.5642 0.2626
16.0 14.4295 0.5420 0.2241
17.0 16.1599 0.5149 0.2007
18.0 17.7898 0.4854 0.1852
19.0 19.3353 0.4571 0.1733
20.0 20.8081 0.4321 0.1639

Table 4-2: Required controller gains at different wind speeds and corresponding pitch angles.

From Table 4-2 it is observed that constant PI gains are not adequate for effective speed
control, since they vary considerably over region 3. Close to rated, since the fine-pitch angle
is selected to maximize power, it follows that the blade pitch sensitivity is very small. Thus
a much larger controller gain is required here than at higher wind speeds, where a small
change in pitch can have a large control effect. Hence, in order to change the controller gains
according to the current turbine operating point, a gain-scheduling is required. The gain
scheduling is based on the current pitch angle and modelled with a data polyfit in the form

GK(β) = a2β
2 + a1β + a0, (4-22)

for both KP and KI separately. The parameters in Equation 4-22 are given in Table 4-3.

Gain a2 a1 a0
KP 6.2255 -1.9824 0.9586
KI -10.9638 24.2432 0.0759

Table 4-3: Gain scheduling parameters, used in the polynomial given by Equation 4-22.

The KP (0.4469) and KI (1.2464) at 11m/s are then divided by the gain scheduling in
Equation 4-22, which is presented in Figure 4-16. The choice of controller gains is crucial to
the performance of the controller. With too little overall gain the turbine will wander around
the setpoint, while too high chosen gain can make the system completely unstable. Therefore,
the controller is first verified in conjunction with the pitch actuators in a hardware-in-the-loop
configuration in Chapter 5.

Figure 4-16: Gain scheduled (dashed) en modelled version (solid) of KP (blue) and KI (red).
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4-5 Yaw controller design

A yaw orientation system is used to keep the DOT500 rotor aligned with the dominant wind
direction. The primary component is a large bearing that connects the nacelle frame to the
tower. An active yaw drive, containing two yaw motors, drives a pinion gear against a bull
gear attached to the yaw bearing (see Figure 4-17). The turbine is said to have a yaw error
if the rotor is not aligned to the wind, which implies that a lower share of the available wind
energy will be able to be captured by the rotor. The NREL CART3 yaw system, described
in [82], is used as basis for the DOT yaw control design.

The goal of the yaw controller is to keep the turbine oriented upwind using non-continuous
corrections of yaw angle. The yaw error, which is the difference between the measured wind
direction and the yaw angle of the turbine, is measured by the wind vane mounted at the
rear of the nacelle. This error is filtered by two low-pass filters in parallel, one with a time
constant τ of 60 seconds, and the other 1 second, producing slowly and a more quickly chang-
ing measurement of error respectively, presented in Figure 4-18 for clarification. The quickly
changing measurement is integrated and monitored. When the integrated error (notated Ac-
cErr for accumulated error) reaches a value such that it has been off by 10 deg for 10min (or
much less time for larger errors due to the squaring of the error) the turbine is rotated to the
location given by the slowly changing measurement of the error. Finally, the turbine operates
within a yaw cone, since the turbine can only yaw two rounds clock and counter clockwise.
The ends of this cone are monitored by an encoder. Prior to yawing it is checked whether
the desired location is within the allowable cone. If the latter is not the case, the nacelle will
rotate in reversed direction to the desired location.

Figure 4-17: One of the two yaw
motors driving the small pinion gear
against the large bull gear

Figure 4-18: Schematic overview of the
DOT500 yaw controller design, adapted from [82]

Yaw control is slower than generator torque control and blade pitch control. Since the yaw
rate of the DOT nacelle is 0.48 deg/s, investigation of advanced controllers for yaw control
provide less potential for improvement compared to controllers for the remaining actuators.
This is typically the case for wind turbines, as stated by Pao and Johnson in [79]. Due to
its slowness, yaw control is often considered of less interest to control engineers [78]. The
effects of yaw misalignments on the loads of the non-rotating turbine parts and the power
production are studied in [83]. An improvement of the yaw alignment can be accomplished
by using a rotor speed dependent correction factor on the nacelle direction measurement, as
explained by Kragh et al. in [82], but this is considered to be out of the scope of this thesis.
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4-6 Control software implementation

The operational controllers derived earlier in this chapter now determine how the DOT500
turbine achieves its control objectives in region 2 to 3. On a higher level, supervisory control is
introduced in Section 4-6-1. Flowcharts of sub-system controllers are presented in Section 4-
6-2. Finally, emergency procedures are addressed in Section 4-6-3.

4-6-1 Global State Machine (GSM) overview

This section outlines the supervisory control of the DOT500, named the Global State Ma-
chine (GSM). The top-level control determines when the turbine starts and stops in response
to changes in operating conditions or human operator inputs, and also monitors the health
of the turbine. Furthermore it manages individual sub-systems, such as the generator and
boost pressure systems, which have their own individual controllers. For the DOT500 several
global states are introduced, as presented in Figure 4-19.

Figure 4-19: Global State Machine of DOT500

The three main states of interest, indicated by the green boxes in Figure 4-19, are:

• Idle: the software is initialised.

• Standby: all boost systems are running and the turbine is ready to operate.

• PowerProduction: the turbine is fully operational in automatic mode.

Forward switching between the three main states is initiated by operator input, indicated
by the yellow boxes in Figure 4-19. Backward switching is initiated either trough operator
input, or after automatic fault detection. Since the Idle state is considered the safest state,
the turbine is always brought back to Idle after fault detection or emergency stops.

Transient states, indicated by circles, are used to switch between the three main states:

• Init: Initialisation of software
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• PreStart: switch on boost and electrical systems in a predefined order (Section 4-6-2)

• ShutDown: switch off boost and electrical systems in a predefined order (Section 4-6-2)

• Standby-to-PowerProduction (S2PP): performs rotor start-up sequence.

• PowerProduction-to-Standby (PP2S): performs rotor stopping sequence.

The elapsed time while in a transient state is monitored. Exceeding the allowed forward
switching time brings the system back in the previous main state, while exceeding the back-
ward switching time will trigger the emergency stop sequence. In addition, since the DOT500
turbine is an experimental prototype, two manual modes (shown by blue boxes in Figure 4-19)
are introduced for manual handling of the turbine’s sub-systems:

• ConfigManual: manually switch on/off boost systems, without rotor movement.

• PowerProductionManual: manually operate all operational controllers of the wind
turbine (spear valves, pitch, yaw), under the condition that all boost systems are run-
ning. Rotor movement is allowed in this state.

As is observed in Figure 4-19, it is not possible to switch to the next main state via the manual
states. For switching between main states it is required to run through the automatic sequence
and corresponding safety barriers. This extra safety procedure is inserted to overcome human
operator error. Finally, in the Global State Machine the machine health is continuously
monitored. Three fault detection levels are used:

• Code Yellow: warning only.

• Code Orange: automatically return back to Idle.

• Code Red: emergency procedures activated.

All alarms require a manual reset from the operator, before the system can switch again
forward to the next main state. Code Orange triggers a two-stage stopping procedure. First
priority is to bring the rotor to a full stop through the PP2S state. Once the rotor is at
standstill, the turbine is brought to Idle via the ShutDown transient state. Emergency stop
procedures will be discussed in Section 4-6-3.

Finally, the function of the derived operational controllers earlier in this chapter is defined
for every global state. Yawing of the nacelle is allowed in all stable states, except Idle. In this
way, the rotor is always aligned with the dominant wind direction before automatic power
production, or moved from the wind when required during manual operation. The rotor
start-up sequence is performed in the transient state S2PP. In power production the DOT500
rotor is controlled with both spear valve and pitch control, as described earlier in Section 4-3
and 4-4, enabling variable speed operation below rated wind speed and blade pitch control
to limit power between rated and cut-out wind speed [84]. The PP2S state main objective
is stopping the rotor, which is done by pitching the blades to their feather position during
normal operation or by the emergency stop procedures described in Section 4-6-3.
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4-6-2 Individual State Machine (ISM) of turbine sub-systems

In addition to the Global State Machine (GSM) described in the previous section, several
sub-systems have their Individual State Machine (ISM). The ISM controls the specific sub-
system and monitors its status. The ISM configuration is outlined in Figure 4-20.

Figure 4-20: Individual State Machine of DOT500 sub-systems

Three main stable states are defined in each ISM, which are indicated by the green boxes in
Figure 4-20.

• Idle: sub-system is initialised and waiting for operator to reset alarms.

• Standby: sub-system is warning free and ready for operation.

• Running: sub-system is fully operational.

Forward switching between the Idle and Standby state is controlled automatically, solely based
on the system health. This threshold requires the operator to check and reset all alarms,
before sub-systems are able to operate. Releasing the ISM Standby state requires automatic
activation from the GSM or manually from the operator. The sub-system transient states,
indicated by circles, are:

• Starting: sub-system is waiting for transition to Running state until starting conditions
are fulfilled

• Stopping: sub-system is waiting for transition to Idle state until stopping conditions
are fulfilled

Three main sub-systems are defined: the generator (ELEC), the water boost pressure system
(WATER), and the Hydraulic Power Unit (HPU) of the oil loop. Each sub-system has its
own starting and stopping conditions, which are summarized in Table 4-4. The sub-system
has to fulfill all starting conditions once its starting timer has elapsed, otherwise the turbine
is brought back to the Idle state according to the GSM. In contrast, the sub-systems are held
in their stopping state until it is considered safe to switch them off.
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Sub-system Starting Conditions Stopping Conditions
HPU Starting timer elapsed Rotor at standstill

Oil boost pump 1 ON ELEC in Idle or Standby
Oil boost pump 2 ON GSM in Shutdown, Config or Estop
Oil pump feed pressure > low threshold

ELEC HPU running WATER in Idle or Standby
Starting timer elapsed GSM in Shutdown, Config or Estop
Brake resistor fan ON
Generator ON

WATER ELEC running Kamat water pump OFF
Starting timer elapsed Water feed pressure < threshold
Water boost pump ON GSM in Shutdown, Config or Estop
Water pump feed pressure > low threshold

Table 4-4: Starting and stopping conditions for Individual State Machines

4-6-3 Fault detection and emergency stop procedures

The DOT500 software design includes an extensive alarm list, which links fault detection
measurements to the corresponding alarm level. Most turbine fault detection is done by com-
paring measured states to allowable limits (thresholding) and by comparing related sensors.
Failure detection of safety-critical sensors is carried out by using redundant sensors; e.g. the
rotor speed is measured with two different speed sensors, of which one is used as control input
and the other is used for fault detection only. Three fault detection levels are used:

• Code Yellow: warning only.

• Code Orange: automatically return back to Idle.

• Code Red: emergency procedures activated.

The first alarm level, Code Yellow, is only used to warn the human operator that a measured
state nears a critical value. Once the measured state exceeds its threshold value, a Code
Orange procedure is activated in order to stop the turbine. The Code Orange shutdown
procedure is identical to normal turbine shutdown and runs through the states PP2S-Standby-
Shutdown of the global state machine, to return to the turbine Idle state. An example of a
normal turbine shutdown procedure is given in Figure 4-21.

Figure 4-21: Normal rotor shutdown procedure after 3 s: blades are pitched to feather position,
with a lower pitch rate saturation of 0.65 deg/s between 66 - 88 deg in order to reduce loads.

In Figure 4-21, a Code Orange alarm is triggered after 3 s. A rotor shutdown is subsequently
enforced by pitching the blades to their feather position (displayed in red). This is first done

Master of Science Thesis S.M. Jager



58 DOT500 control design

with a pitch rate of 8 deg/s, until the measured pitch angle is 66 deg. Thereafter, the blades
are returned to feather with a lower pitch rate of 0.65 deg/s, in order to reduce loads on the
pitch actuator. Finally it is observed that after 20 s the rotor is in standstill position, while
it takes about 35 s to fully pitch the turbine to feather (88 deg).
A Code Red alarm is triggered either when the turbine rotor or sub-systems failed to stop
during normal shutdown, after an unsuccessful Code Orange procedure, directly at several
dangerous threshold exceedances, or by the human operator. Code Red alarms bring the
turbine in its emergency stop procedure, which is executed in three sequential steps. In the
first step, a pitch emergency stop is enforced. An example of this is given in Figure 4-22.

Figure 4-22: Pitch Emergency stop: blades are pitched to feather position at full pitch rate.

Once the pitch emergency stop is triggered, rotor deceleration is monitored by the global
state machine. The main difference between normal and emergency shutdown is the rate of
shutdown. Emergency shutdown slows the turbine as fast as possible by pitching all blades to
feather at the maximum pitch rate (8 deg/s). When no deceleration is detected after 5 s, or
when the rotor is not in standstill position after 45 s, a hydraulic emergency stop is enforced
as back-up option in the second emergency step. This is done by choking the high-pressure
oil line, of which an example is given in Figure 4-23.

Figure 4-23: Hydraulic Emergency stop at 140 s: choking the high-pressure oil line results in
increased system braking torque, which decelerates the rotor to standstill.

In Figure 4-23, an hydraulic emergency stop is enforced at approximately 140 s. The high-
pressure oil line is choked, which is observed by the pressure build-up in the high-pressure oil
line (displayed in red). This results in increased system braking torque, which decelerates the
rotor to standstill position at 153 s (displayed in blue). The hydraulic emergency stop only
serves as a back-up option to the pitch emergency stop, but its functioning appeared reliable
during multiple tests (of which the data is attached in Appendix C).
Once the rotor is at standstill, the system switches to the final Estop ALL state in which all
hardware is turned off as fast as possible. This state also functions as a last resort, while
having a rotating rotor, once the other mentioned stopping methods where ineffective. The
latter is however highly undesirable and should only be used once all the aforementioned
methods are insufficient.
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Chapter 5

DOT500 preliminary experiments

This chapter describes the preliminary experiments, which are used to design and test con-
trollers for the DOT500 turbine. The main objective is to identify the steady-state Power
Transmission System (PTS) characteristics, which are used in the spear valve torque con-
troller implementation. In addition, a hardware-in-the-loop rotor model is developed, to gain
experience with both the PTS system and blade pitch actuators in a controlled transient
environment.
First, in Section 5-1, the steady-state mapping of the PTS response is examined. Next, in
Section 5-2, a theoretical estimation of the turbine rotor mass moment of inertia is validated
through experiments. This estimation is required in Section 5-3 for the development of a
rotor model, which is used to simulate dynamic load cases on the power transmission in a
hardware-in-the-loop configuration. Finally, in Section 5-4, dynamic load cases are performed
on the pitch actuators at a stationary rotor.

Figure 5-1: Chapter outline
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5-1 DOT500 Power Transmission System (PTS) response

As described in Chapter 4, the hydraulic PTS torque mapping on the rotor-speed-versus-
spearvalve-position plane is essential to construct the below-rated torque control law. This
section summarizes the steps taken to obtain this mapping. First, in Section 5-1-1, the
power transmission test set-up is explained. Then, in Section 5-1-2, the steady-state tests are
outlined. Finally, in Section 5-1-3, transient stair-case tests are conducted on the transmission.

5-1-1 Transmission set-up overview

The complete hydraulic transmission system is constructed and tested separately in the form
of an indoor set-up, in which a 500 kW electro-motor is used to simulate the rotor. This set-up
allows for close observation of the transmission system in a more controlled environment. A
simplified hydraulic diagram is given in Figure 5-2, a photo is presented in Figure 5-3.

Figure 5-2: Simplified hydraulic diagram of the power transmission system [1]

The original Vestas V44 gearbox is attached backwards to the electro-motor, in order to
decrease the input rotation speed and increase the input torque, which drives the Hägglunds
CB840 oil pump. The oil pump then drives the Rexroth A6VLM oil motor by means of a
hydrostatic transmission. The oil motor is mechanically linked to the Kamat water pump,
which pressurizes the water inlet flow. The high-pressure water line is controlled by two
adjustable spear valves, which transmit the fluid power to the Pelton turbine by means of
hydrodynamic transmission. Finally, a Motec 400kW electro-motor, connected to the Pelton
turbine, is used as electrical generator.

Figure 5-3: Photo of the power transmission system test set-up. The electro-motor, in combi-
nation with the reversed Vestas V44 gearbox, simulates the rotor.
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Inputs

The test set-up can be controlled with a number of input parameters, of which two are chosen
as the variable parameters for the tests described in the remainder of this section. These are:

• Rotor-motor speed setpoint [RPM]: the electro-motor is tasked to maintain an ad-
justable rotation speed, and is allowed to use 100% of its available torque. The maxi-
mum setpoint is 1500RPM, the minimum setpoint is 0RPM.

• Spearvalve travel setpoints [mm]: the two spearvalve setpoints can be adjusted sepa-
rately to alter the nozzle diameter. The maximum spear travel setpoint is 26mm (fully
open), and the minimum is 0mm (completely closed). Lowering the spear valve travel
setting leads to a decreasing effective nozzle area/diameter. The relation between spear
valve travel position and the effective nozzle area is given in Figure 5-4 and 5-5.

Figure 5-4: Relation between spear valve
travel position and nozzle area

Figure 5-5: Schematic visualisation of
spear valve configuration

Outputs

The main outputs that are used in the indoor PTS tests are:

• Hägglunds (rotor) speed [RPM]

• Hägglunds feed oil pressure [bar]

• Hägglunds discharge oil pressure [bar]

• Spearvalve measured position [mm]

• Kamat discharge water pressure [bar]

where the Hägglunds speed represents the rotor speed measurement. As the torque read-
ings from the electro-motor appeared to give unreliable measurements, the system torque is
calculated from the pressure difference over the Hägglunds oil pump by

τp = ∆ppVp
ηm(ω) , (5-1)

where ∆pp is the measured pressure difference over the oil pump in [Pa], Vp the volumetric
displacement in [m3/rad] and ηm(ω) represents the mechanical efficiency of the pump. The
pump efficiency is provided by the manufacturer and is a function of the rotational speed ω.
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5-1-2 Steady state system response

In this section, the system torque is evaluated over a grid of available rotational speeds and
spear valve settings. This grid search based result is used to augment the standard torque
control law. With the latter in mind, a distinction in operation area is made between (1) the
area around maximum Cp-tracking of the Vestas V44 rotor torque characteristics in below-
rated conditions and (2) around the rated-speed operation range. The grid search is performed
according to the following 4 steps:

1. Set the electro-motor to a predetermined rotational speed.

2. Apply a stair-case signal over the desired spear valve position range.

3. Measure the pressure over the Hägglunds oil pump, which is translated to torque using
Equation 5-1.

4. Repeat step 1-3 for the whole set of desired rotational speeds.

The range of rotational speeds is kept bounded by the rated-speed (28RPM) of the Vestas V44
rotor. Due to practical limitations of the electro-motor, the minimum speed was 5.7RPM,
which is well below the expected operational speed of the DOT500 turbine after start-up.

Below-rated rotor speed

To gather some first insights, one spear valve was incrementally opened whereas the second
remained closed in the first test. The minimum spear valve position was restricted by the
torque limit the electro-motor could deliver and was opened in steps of approximately 0.5mm
until the maximum 26mm setpoint. The rotor speed is taken in steps of 2RPM. In Figure 5-
6 the system torque results are displayed in red and compared to the theoretical maximum
attainable torque from the Vestas V44 rotor at the maximum power coefficient in blue.

Figure 5-6: System torque response with 1 varying spear valve in red, as a function of rotor
speed and spear valve position. The second spear valve is remained closed. Results are compared
to the theoretical maximum attainable torque from the Vestas V44 rotor at fine-pitch in blue.
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From Figure 5-6 it is clear that when only 1 spear valve is used, the system torque is always
larger than the maximum attainable rotor torque at fine-pitch, meaning that it is not possible
to operate at Cp,max. As mentioned in Section 4-4, higher rotor torques are obtained at
different pitch angles. Deviating from Cp,max by choosing a different fine-pitch angle would
thus allow the turbine to start and operate, but at reduced rotor power efficiency. Therefore,
in the second test both spear valve setpoints are varied simultaneously and identically in order
to allow for a larger effective nozzle diameter. The results of this second test are presented
in Figure 5-7.

Figure 5-7: System torque response with 2 spear valves varying simultaneously in red, as a
function of rotor speed and spear valve position. Compared to the theoretical maximum attainable
torque from the Vestas V44 rotor at fine-pitch in blue.

In comparison with the first experiment more useful results are observed in Figure 5-7, since
this time an intersection between the system and rotor torque plane is present. This intersec-
tion is examined in more detail in the third test, this time with a more accurate rotor speed
step size of 1RPM and a spear valve step size of 0.2mm. The results of this finer grid search
are presented in Figure 5-8.

Figure 5-8: System torque response with 2 spear valves varying simultaneously around the Cp,max
plane intersection, this time using a smaller grid size in order to increase accuracy.
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Rated rotor speed

Once the rotor approaches rated speed, it is allowed to further increase its torque until rated
power is obtained. In the fourth and final test, a similar mapping is made around the rated
RPM of the rotor. The rotor speed is ramped from 25.5 to 28.5RPM in steps of 0.5RPM. The
spear valve position is varied with steps of 0.17mm. The results are depicted in Figure 5-9.
The results were limited by the rotor-motor torque limitation and/or pressure relief valve,
which is visible in the rounding of the system torque at spear valve settings lower than 5mm.

Figure 5-9: System torque response with 2 spear valves varying simultaneously, at different rotor
RPM setpoints around maximum rotor speed.

Above results are combined in Figure 5-10, which shows the system response torque over the
Vestas V44 operating range to the extend possible with the indoor test set-up. From this
figure it is derived that the system is able to operate at its maximum rotor efficiency from
15RPM (which corresponds to a wind speed of 4.6m/s at a tip-speed ratio of 7.55), followed
by maximum Cp-tracking along the intersection of the two planes, and finally moving to rated
power by further torque increase while deviating from the Cp,max intersection.

Figure 5-10: Combined system torque response with 2 spear valves varying simultaneously,
mapped over the Vestas V44 operating range to the extend possible on the indoor test set-up.
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5-1-3 Transient state system response

The goal of the transient state tests is to obtain first insights in the spear valve tracking
capability and the transient effect on the system pressures. This first transient state test
consists of measuring the system response to an immediate stair-case setpoint change of
the two spear valves. The rotational speed is kept fixed during the test at a predefined
RPM. Tests are repeated at different rotational speeds, but results show similar time-domain
characteristics as for the 22RPM case, which is presented in Figure 5-11.

Figure 5-11: Top: transient response of spear valves to setpoint changes; middle: transient
response of high-pressure oil; bottom: transient response of high-pressure water.

From Figure 5-11 it is observed that the spear valves are only able to track a setpoint change
with a maximum rate of 2.4mm/s, which is in line with the spear actuator data sheet.
Furthermore, the high-pressure water measurement is noisy, caused by the use of a high-
range, low-resolution sensor. This led to the use of a low-pass filter for better evaluation of
the signal. Finally, in Figure 5-11, small fluctuations around steady states are found in both
the spear valve positions, the high-pressure oil line and the high-pressure water line.
The reason for these resonances was found in the constant on and off-switching of the spear
valve actuators, to keep their position near the given setpoint. To overcome this problem, a
deadband around the spear valve setpoint is implemented, as depicted in Figure 5-12. The
spear valve now only reacts when its position is located outside the deadband, and switches
on in the direction of the setpoint until the setpoint is crossed.

Figure 5-12: Spearvalve deadband implementation
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5-2 Estimation of rotor mass moment of inertia

In order to simulate more realistic transient scenarios than the step responses of the previ-
ous section, a turbine rotor model is developed based on Newton’s second law of rotation.
This model, however, requires an estimation of the DOT500 rotor mass moment of inertia.
Therefore, a theoretical approximation of this parameter is derived in Section 5-2-1, which is
afterwards compared to DOT500 field data in Section 5-2-2.

5-2-1 Theoretical approximation

The rotor mass moment of inertia has an important influence on the time response of pressure
and rotational speed, leading to a slower but smoother response of the system. The rotor
inertia acts as a low-pass filter to high-frequent wind speed variations on the rotor speed,
dampens pressure changes and allows active pressure control by spear valves [1]. Dynamic
analysis in [85] showed that the parameter that sets the main characteristics of a wind turbine
is the aerodynamic rotor with its large inertia. The rotor inertia and associated damping
is therefore an important parameter to include in turbine simulations. Rodriquez et al.
presented in [86] a method to estimate the inertia constant J for a generic blade using the
turbine blade mass and length with the formula:

J = KJML2, (5-2)

where M and L are the blade mass and length respectively. KJ ≈ 0.212 is an empirical
constant, for which in [86] a distribution is given based on blade length. The distribution
gives rise to KJ = 0.222 (20 meter blade) and KJ = 0.197 (for a 62 meter blade).
Equation 5-2 is applied to several known turbines and compared to their actual mass moment
of inertia. The resemblance with the inertia from data sheets is given in:

Turbine Blade Length [m] Resemblance [%]
NREL 5MW 61.5 112
Vestas V90 43 96.6
Vestas V80 38.75 103.9
Vestas V66 32.15 121.6
Vestas V44 21.7 -

CART3 (600kW) 20 122.9

Table 5-1: Resemblance between actual blade mass moment of inertia and the proposed method.

To go from a single blade inertia to full rotor inertia, the inertia in Equation 5-2 is multiplied
by the amount of blades and an extra 10% is added to include for hub and shaft inertia. The
overall inertia resemblance for the CART3 turbine then becomes 103.5%.
Since for the DOT500 turbine only the blade mass and length are known, which are both
in the same order of magnitude as the CART3 turbine, the above method is used to get
an estimate of the DOT500 rotor mass moment of inertia. This inertia is approximated by
6.6 ·105 kgm2. This theoretical result is validated with field recorded data in the next section.
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5-2-2 Experimental approximation

The purpose of the experimental test in this section is to determine the mass moment of
inertia of the DOT500 turbine rotor. The inertia constant is derived from Newton’s second
law of motion, with the use of field recorded measurements. The relevant measurement data
is obtained during emergency stop tests. Results are compared with the theoretically derived
result of the previous section.

Test Outline

The rotor mass moment of inertia J is the parameter of interest. The rotor speed ω and
pressure difference over Hägglunds pump ∆pp are obtained through measurements. The
rotor shaft torque τshaft is measured through load pins, which are located between the pump
and its support structure (forces acting on the load pins are denoted by FL in Figure 5-13).
The pump volumetric pump displacement Vp = 0.0084m3/rad is taken from manufacturer
data.

Figure 5-13: Free body diagram of left the Hägglunds pump and right the DOT500 rotor

The relation between between the rotor aerodynamic torque and the measured shaft torque
is depicted on the right of Figure 5-13 and derived from Newton’s second law of motion

Jω̇ = τaero − τshaft, (5-3)

which suggests that the shaft and rotor torque are equal in steady state, once the rotor
acceleration ω̇ is equal to zero. Hence, in steady state, the aerodynamic rotor torque is
measured from the load pins. Furthermore, in steady state, the system torque acting on the
Hägglunds support structure should be equal to the shaft torque. If the latter would not be
the case, the Hägglunds pump would rotate. A theoretical expression for the system reaction
torque is derived from the pressure difference over the Hägglunds pump and given by

τsystem = ∆ppVp
ηm

. (5-4)
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The mentioned steady state assumption, that the system torque should be equal to the aero-
dynamic torque, is used to derive the pump efficiency ηm at the steady state operating point.
Finally, the relation between aerodynamic and system torque is given by

Jω̇ = τaero − τsystem, (5-5)

and is approximated by

J
∆ω
∆t = τaero − τsystem, (5-6)

which is rewritten in order to obtain the required rotor mass moment of inertia

J = (τaero − τsystem)∆t
∆ω . (5-7)

In Equation 5-7 the aerodynamic rotor torque is now assumed constant at the measured steady
state value, whereas the system torque is measured from the system pressures according to
Equation 5-4.

Hydraulic emergency stop tests are conducted by choking the high-pressure oil line. An
example is of this experiment is given in Figure 5-14, where at 142 s the choking is applied.
The result is an increase of pressure and thereby system braking torque. Once the system
braking torque becomes greater than the aerodynamic torque, the rotor speed decreases.
The rotor deceleration is presented in the lower plot of Figure 5-14. The data required for
Equation 5-7 is highlighted.

Figure 5-14: Data and calculation example of rotor mass moment of inertia test.
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Results

The mentioned test is repeated eight times, of which the data and calculations are attached
in Appendix C. The results of this appendix are summarized in Table 5-2.

Test number [-] 1 2 3 4 5A 5B 6 7 8
Inertia [×105 kgm2] 5.9 11.3 6.6 5.6 7.8 6.0 7.0 6.1 7.2

Table 5-2: Calculation results of rotor mass moment of inertia tests

In test number 5 the calculation was repeated on two different sections, due to a jump in
both the deceleration and pressure measurement. Averaging the results of Table 5-2 leads to
a mass moment of inertia of 7.1 · 105 kgm2.

Finally, the result of test 2 is believed to be higher due the fact that the test did not start
from an exact steady state. Data of this test is given in Appendix C. Leaving test 2 out of
the results would even lead to an average mass moment of inertia of 6.5 · 105 kgm2. Either
way, the experimental derived mass moment of inertia is in the same order of magnitude as
the theoretical calculated value of the previous section.

It should be noted that both the constant aerodynamic torque assumption and the inertia
calculations are very imprecise. They do show however that the theoretical calculated value
of the previous section is in the same order of magnitude as the experimentally derived rotor
mass moment of inertia and the rough estimation therefore seems reasonable to use in the
rotor model.
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5-3 Dynamic load cases on transmission with rotor model simula-
tions

As the indoor power transmission system (PTS) set-up is driven by an electro-motor, the
system response to actual rotor dynamics is unavailable. The purpose of applying a rotor
model to the PTS set-up is to gain experience with the system under realistic wind scenarios.

To simulate environmental conditions and rotor characteristics on the indoor test set-up, a
rotor-model is derived in Section 5-3-1. This model calculates the required rotational speed of
the low-speed rotor shaft, while using the system state and a predefined wind signal as inputs
to the model. In Section 5-3-2 dynamic wind load simulations are outlined. Furthermore, in
Section 5-3-3, emergency stop simulations are performed.

5-3-1 Rotor model with hardware-in-the-loop configuration

An aerodynamic wind turbine simulation model is constructed to perform a hardware-in-the-
loop simulation on the indoor test set-up. The model is implemented in Python [87] and data is
exchanged with the Programmable Logic Controller (PLC) using the ModBUS communication
protocol [88]. The implementation of the rotor model in-the-loop configuration is given in
Figure 5-15, and its derivation is given in a series of relations below.

Figure 5-15: Rotor model-in-the-loop implementation scheme. The red box contains all rotor
model software components, including Newton’s second law for rotation, power coefficient evalu-
ation and wind speed input. The blue box includes all hardware components of the PTS system,
interacting with the PLC software.

The system torque is calculated from the pressure difference over the Hägglunds oil pump by

τp[k] = ∆pp[k]Vp
ηm(ω) , (5-8)

where k is represents the index value of the fixed time step simulation, ∆pp is the measured
pressure difference over the oil pump, Vp the volumetric displacement and ηm(ω) represents
the mechanical efficiency of the pump. The pump efficiency is provided by the manufacturer
and is a function of the measured rotor speed ω.
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The simulated tip-speed ratio λ is calculated using

λ[k] = ω[k]R
V [k] , (5-9)

where R represents the DOT500 rotor radius and V a simulated wind signal. Using this
tip-speed ratio, the aerodynamic rotor torque τaero is evaluated by

τaero[k] = 1
2ρairV [k]2πR3Cp(λ[k])

λ[k] , (5-10)

where ρair represents the air density and Cp(λ) the rotor power coefficient as function of the
tip-speed ratio λ only, taken from a lookup function at a fixed fine-pitch angle. Finally, a
discretized version of Newton’s second law of motion rotation is used for calculation of the
required rotational speed for the next time step according to

ω[k + 1] = J−1(τaero[k]− τsystem[k])∆t+ ω[k], (5-11)

where J is the rotor mass moment of inertia estimate, which was derived in Section 5-2. The
rotational speed setpoint is given to the electro-motor that drives the PTS test set-up. The
derived rotor model, schematically depicted in the red box in Figure 5-15, is hence based on
the following measured signals and system property data:

1. Simulated wind signal V ;

2. Current rotor speed from measurements ω;

3. Pressure difference over the Hägglunds pump, taken from measurements ∆pp;

4. System properties: rotor radius R, moment of inertia J , volumetric pump displacement
Vp, pump efficiency ηm, air density ρair, power coefficient Cp and tip-speed ratio λ.

The model configuration as derived above is valid for below-rated operation, due to the fixed
fine-pitch angle assumption in Equation 5-10. The modularity of the model, however, makes
it possible to easily adjust to other configurations. This is done e.g. in Section 5-4, where the
model is applied in a hardware-in-the-loop configuration with the DOT500 pitch actuator.

Simulation results are presented in subsequent sections. During these experiments, the main
purpose was to gain first experience with the closed-loop system under realistic transient
scenarios. In this way, bugs and errors were quickly identified and fixed, without taking the
risk of damaging the actual wind turbine by unexpected behaviour. In addition, emergency
stop scenarios are simulated on the indoor set-up. Simulation of these scenarios contributed
to the design of the emergency stopping procedures, prior to the start of the outdoor DOT500
field tests. Finally, the experimental results are also compared to the actual behaviour of the
DOT500, in order to improve the derived model for later use.

Master of Science Thesis S.M. Jager



72 DOT500 preliminary experiments

5-3-2 Dynamic wind load simulations

In this section two types of simulations are considered. First, a turbulent wind signal is applied
to the power transmission system, using passive spear valve control only. This simple example
illustrates the effects of the spear valve setpoint on the system dynamics and performance.
Second, the effect of the modelled rotor mass moment of inertia on the system dynamics is
evaluated and compared to field recorded data of the DOT500.

Turbulent wind with passive nozzle control

The working principle of the hardware-in-the-loop configuration is observed during 10min of
operation. In this test, a turbulent wind signal is applied to the power transmission system
according to the method explained in the previous section. The transient system response is
evaluated, while using passive spear valve setpoints. Two cases are considered, with a fixed
spear valve setpoint of 6mm and 8mm respectively. The results are shown in Figure 5-16,
where on the left the turbulent wind signal, rotor speed and Cp-trajectory are given. On the
right of Figure 5-16, the oil and water high pressure measurements are presented.

Figure 5-16: Power transmission system response to a simulated wind signal, with fixed spear
valve setpoint (6mm in blue, 8mm in red). Lowering the spear valve setting results in higher
pressures in the system, resulting in a higher system torque and hence in a lower rotor speed.

First, it is observed in Figure 5-16 that the rotor indeed acts as a low-pass filter to the reaction
of the rotor speed to high-frequent wind speed variations. More important, the figure shows
that closing the spear valves setting results in increased pressures in the system, resulting in a
higher system torque and hence a lower rotor speed. Furthermore, the fixed setpoint at 8mm
results in a higher average Cp-value, but this is correlated to the applied wind signal: using
a wind speed with a higher average speed would show results in favour of the 6mm setpoint.
The Cp-graph does show however the importance of choosing the correct spear valve setpoint
in attaining the optimal rotor power coefficient.
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Effect of mass moment of inertia on system dynamics

In the following test the effect of choosing a different rotor moment mass of inertia is shown.
The nominal (large) inertia is compared to an inertia (small) that is 10 times smaller than
the nominal value of 1.4 ·105 kgm2. The same turbulent wind speed signal is applied as model
input in both cases. Results are depicted in Figure 5-17.

Figure 5-17: Damping effect of rotor mass moment of inertia on modelled rotor speed.

The filtering effect of the rotor mass moment of inertia is observed in Figure 5-17. The mass
moment of inertia behaves as the filter cut-out frequency, meaning that a larger inertia adds
more damping to wind speed variations. It is therefore important to compare the hardware-
in-the-loop results with actual DOT500 rotor dynamics, in order to improve the model.

The inertia relevance is also found in Figure 5-18, where the spear valve responses to the
turbulent wind signal are depicted for both the small and large inertia. When the rotor
speed changes rapidly, the spear valve actuator bandwidth is insufficient to actively follow
the setpoint generated by the rotor speed driven feedforward control law. This is the case
for the small inertia in the upper plot of Figure 5-18, where the spear valve position runs
continuously behind its setpoint. A larger mass moment of inertia is thus beneficial for the
tracking capabilities of the spear valve actuators to the controller setpoints.

Figure 5-18: Spear valve response with above a small, and below a large mass moment of inertia.
In the upper plot the spear valves are lagging their setpoint, whereas below tracking is possible.
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Comparison between rotor model and DOT500 field data

Actual DOT500 field data is used afterwards to validate the hardware-in-the-loop system
dynamics. A field recorded data set of equal length and similar wind conditions as in Figure 5-
17 is selected, which is depicted in Figure 5-19.

Figure 5-19: Field data of the DOT500, for comparison with hardware-in-the-loop configuration.

A normalized version of the wind speed and rotor speed is given in Figure 5-20, with left the
large rotor model case and right the actual field data. From Figure 5-20 it is appears that the
mass moment of inertia in this rotor model test is smaller than the actual inertia. This is in
line with the calculations made in Section 5-2, where the inertia estimate was found to be five
times higher than the nominal one used in the tests depicted in Figure 5-17. This new inertia
estimate is taken into account in the pitch actuator-in-the-loop, described in Section 5-4.

Figure 5-20: Comparison between normalized rotor model (left) and the smoother field data
(right) indicates that the inertia used in the rotor model was lower than actual DOT500 inertia.

Finally, it is observed in the lower plot of Figure 5-19, that the actual DOT500 rotor mass
moment of inertia is large enough to allow the spear valves to track their setpoints. Hence,
it is possible to use active spear valve control in the below-rated region.
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5-3-3 Emergency stop simulations

The most important feature of wind turbine control is the ability to stop the rotor at all times.
Since new control algorithms are written and tested on the DOT500, emergency stopping
scenarios are included in the design phase. First a pitch emergency stop is simulated on the
power transmission system. In addition, since their was no prior experience with the pitch
mechanism, an alternative spear valve method is discussed as back-up option.

Pitch emergency stop

As common in industry, emergency shutdown of the DOT500 turbine is achieved by pitching
away the blades into their vane position. In the next test series, pitching away to vane is
simulated by lowering the wind speed instantaneously to 0m/s after 25 s. This simplified
model does not take blade stall effects into account, which results in a longer stopping time
then expected during actual field operation. The results are depicted in Figure 5-21, where
a distinction is made between simultaneously opening (red), closing (blue) and leaving the
spear valves untouched (green).

Figure 5-21: System response of instantaneously lowering the wind speed to 0m/s, while simul-
taneously opening (red), closing (blue) and leaving the spear valve positions untouched (green)

From Figure 5-21 it is observed that leaving the spear valve positions untouched while lowering
the wind speed to 0m/s, results in a stopping time of 58 s; opening the spear valves results in
a near similar response and stopping time of 61 s. In both cases the system torque is already
close near its minimum.
In contrast, active closing of the spear valves results in a faster slowdown of the system, with
a stopping time of 43 s. The higher pressure build-up in the system results in a higher system
torque and therefore faster slowdown. More details on the effects of spear valve controlled
system slowdown is given in the following test.
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Spear valve emergency stop

Due to a lack of experience with the implemented pitch controlled stop, a back-up emergency
stop which closes the spear valves in the water circuit is considered. The spear valve setpoint
is after 15 s instantly decreased to 1mm and 2mm, respectively, in two distinct experiments
on the power transmission system. The results are depicted in Figure 5-22.

Figure 5-22: System response to an emergency stop enforced by decreasing the spear valve
settings: setpoint decreased to 1mm (red), setpoint to 2mm (blue)

From Figure 5-22 it is again observed that the spear valves are limited by their positioning
speed of 2.4 s/mm. Moreover, after the spear valves reach their new setpoint, an overshoot
occurs followed by ringing. This spear valve ringing results in large pressure fluctuations in
both the high-pressure oil and water line, since in this region small position changes have a
large effect on the effective nozzle area, and thus system pressure (see Figure 5-4).
The spear valve ringing is found to be related to the fluctuations in rotor speed. In the 2mm
case (blue), this leads to 3 saddle points that are also observed in the high-pressure lines.
Thereafter the rotor speed stabilizes to a new steady state around 3RPM. However, in the
1mm case (red), the initial spear valve position overshoot resulted in a complete standstill
of the system at approximately 37 s. The spear valve ringing subsequently causes unwanted
start-up acceleration and deceleration.
A solution to the ringing problem was given in Section 5-1-3, however these tests were per-
formed before implementation of this deadband solution. Nevertheless, from the tests dis-
cussed in this section it is concluded that decreasing rotor speed by lowering spear valve
setpoints up to standstill is possible, but full spear valve closure tests require more research
considering safety and wear of the system. Until then the spear valve emergency stop is con-
sidered too risky, and a more suitable alternative is developed which chokes the high-pressure
oil line. This method was described earlier in Section 4-6-3 and was used in Section 5-2, where
field data of this emergency stop was used to derive the rotor mass moment of inertia.
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5-4 Preliminary validation of pitch control

In this section a slightly modified version of the rotor model from the previous section is
used, in order to test the pitch controller implementation on the actual pitch cylinder and
rotor of the DOT500. The main purpose of the tests described in this section is to verify the
implementation of the pitch controller at rotor standstill, as a last check before the controller
is tested in above-rated wind conditions. In this way, bugs and errors were quickly identified
and fixed, without taking the risk of damaging the turbine by unexpected behaviour.
During the pitch actuator tests, the rotor position is locked using the rotor parking brake.
Hence, instead of using the actual rotor speed and assumed fine-pitch angle, the rotor torque
is now based on the calculated rotor speed and actual measured pitch angle. A schematic
representation of the implementation is presented in Figure 5-23, and is given in a series of
relations below.

Figure 5-23: Hardware-in-the-loop implementation scheme. The red box contains all software
components, including Newton’s second law for rotation, power coefficient evaluation, and wind
speed input. The blue box includes all hardware components interacting with the simulation
software, such as the PLC and pitch actuator.

Since the rotor is locked, there is no pressure build-up in the system. However, because the
pitch controller is only active in the above-rated region, the system torque is now taken as a
constant input to the model

τsystem = Prated
ωrated

, (5-12)

where Prated and ωrated are the rated rotor power and rotational speed, which are taken as
500 kW and 28RPM, respectively. The rotor torque induced by a wind signal is evaluated by

τaero[k] = 1
2ρairV

2[k]πR3Cp (λ[k], β[k])
λ[k] , (5-13)

where k represents the index value of the fixed time step simulation, ρair the air density, V
the rotor effective wind speed, R the rotor radius, and λ the current tip-speed ratio. The
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power coefficient Cp is again evaluated for each interval using a power curve obtained from
the scaled wind turbine model, but is now a function of both the tip-speed ratio λ and the
actual measured blade pitch angle β.
Finally, using Equation 5-12 and 5-13, the following discretized version of Newton’s second
law for rotation is used for calculation of the new simulated rotor speed

ω[k + 1] = J−1 (τaero[k]− τsystem) ∆t+ ω[k], (5-14)

where J is the combined rotor mass moment of inertia estimate of the rotor and low-speed
shaft, taken 6.6 · 105 kgm2 as derived in Section 5-2. The main difference with Equation 5-11
is that now the system torque is considered as a constant. The rotor speed setpoint is sent
to the PLC, using the ModBUS communication protocol [88], from where the pitch cylinder
is actuated.

5-4-1 Blade pitch step response at standstill

This test incorporates a stair-case wind signal to evaluate the transient response of the closed-
loop system. The stair-case wind signal (displayed in red) ranges from 15 to 24m/s with steps
of 1m/s and time intervals of 50 s, and results are presented in Figure 5-24.

Figure 5-24: Response to step changes in the wind from 15 to 24m/s

After an initial overshoot, caused by the initialization of the hardware-in-the-loop simulation,
it is observed that the rotor speed is actively controlled to the reference rotor speed setpoint of
28RPM. The rotor speed transient after each step in wind speed shows similar characteristics
(blue), which is a result from the gain-scheduled PI-controller at different operating conditions,
as described in Section 4-4. The corresponding measured pitch angle is displayed in green.
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5-4-2 Pitch actuator hardware-in-the-loop with rotor model simulations

In this final preliminary test, the rotor model is used in combination with a turbulent wind
signal to evaluate real-world performance of the controller. The turbulent wind signal ranges
from 16 to 24m/s with a duration of 500 s, and results are depicted in Figure 5-25.

Figure 5-25: Hardware-in-the-loop for evaluation of the pitch control implementation, simulating
rotor speed and actuating the pitch cylinder

It is observed that the pitch controller is able to stabilize the wind turbine in this realistic
turbulent wind field, with a maximum overshoot of approximately 1RPM. It should be noted
that the wind signal average was actually taken too high, resulting in wind speeds above
the turbine cut-out speed of 20m/s. However, this test demonstrated the functioning of the
pitch controller design, and the controller was sufficiently trusted for subsequent tests with a
rotating rotor.
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Chapter 6

Experimental validation of individual
and integrated controllers

The objective of this chapter is to validate the control strategy that was designed in Chapter 4.
First, in Section 6-1, validation of the individual controllers is performed. Field recorded data
of the DOT500 is used to check controller performance. Then, in Section 6-2, nominal per-
formance of the DOT500 with integrated control is evaluated.

Figure 6-1: Chapter outline
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6-1 Validation of individual controllers

This section evaluates the individual controllers during field operation. First, in Section 6-1-1,
field recorded data related to the spear valve torque controller is introduced. The same is
done for the blade pitch and yaw controllers in Section 6-1-2 and 6-1-3, respectively.

6-1-1 Spear valve control

In Figure 6-2a, one hour of active spear valve control is presented. The upper plot shows the
wind speed measurement, the middle plot the measured rotor speed. In the lower plot, both
the spear valve setpoint and position are presented. Data is recorded during a single test,
the two data gaps around 1200 and 2400 s are due to the start of a new log file. A zoomed-in
version, to show the spear valve tracking capability, is given in Figure 6-2b.

(a) One hour of field recorded data of the DOT500. (b) Zoomed-in version.

Figure 6-2: Spear valve movement during below-rated operation.

The average wind speed is 6.3m/s and the goal in this below-rated region is to achieve the
maximum power coefficient Cp,max, which corresponds to a theoretical tip-speed ratio of 7.55
at fine-pitch. Figure 6-3 presents the actual tip-speed ratio during the experiment. During
this hour of operation, an average tip-speed ratio of 7.43 is obtained, which is 1.6 % below
the theoretical optimum. The high peaks in Figure 6-3 are caused by wind drops below the
cut-in wind speed of 4.6m/s (see Figure 6-2a), which is too low for operation at Cp,max.

Figure 6-3: Tip-speed ratio (TSR) during one hour of operation.
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Determination of spear valve position in above-rated region

This section aims to determine the spear valve setpoint in the above-rated region, from
DOT500 field recorded data. In this region rotor speed is regulated and kept constant by
blade pitch control only, and a fixed spear valve position is used to attain the torque required
for rated power. As stated in Section 5-1-2, identification of the indoor power transmission
system was not possible around the rated operating region, due to both torque limitations
of the electro-motor and the pressure relieve valve, and therefore field recorded data of the
DOT500 is used to update this parameter setting. Figure 6-4 presents the rated rotor power
output, measured at different spear valve setpoints.

Figure 6-4: Experimental relation between spear valve position and rated rotor power. A spear
valve setpoint of 1.75mm results in the desired average rotor power of 600 kW for the DOT500.

From Figure 6-4 it is derived that a spear valve setpoint of 1.75mm results in the desired
average rotor power of 600 kW. The duration of the 1.50mm test is shorter than the others,
since the measured average 675 kW was probably outside the design limits of the V44 turbine
and therefore considered unsafe to proceed for a longer period of time.

Figure 6-5 displays a zoomed-in version of Figure 5-5 from Section 5-1-1, and shows a near
linear relation between the spear valve needle position and nozzle area in the region of interest.
Furthermore, the nozzle area Anozzle is supposed to have an inversely quadratic relation to
the high water pressure drop ∆p according to the following relation [1]

∆p = ρwater
2 ·

( 1
Cd ·Anozzle

)2
·Q · |Q|, (6-1)

where ρwater is the water density, Q the volumetric flow and Cd the discharge coefficient which
considers pressure losses depending on geometry and Reynolds number. The resulting high
water pressure is linearly proportional to the system torque and, since the turbine operates
at a constant rotational speed in the above-rated region, to the rotor power.

Figure 6-5: Relation between spear valve position and nozzle area.
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However, this trend between spear valve position and power is not clear from Figure 6-4,
in particular not around the 2.25mm setpoint. The reason for this deviation is found in
the second spear valve position, of which the position did not settle exact at the required
setpoint. This is shown in Figure 6-6. The offset between position and setpoint matches with
the non-proportionality in Figure 6-4 and also shows the sensitivity to spear valve changes in
this rated region.

Figure 6-6: Difference between second spear valve setpoint and position

The use of spear valves to regulate fluid pressure to vary the system torque, as opposed to the
industry standard generator torque control, is not seen in any other of the existing hydraulic
wind turbine concepts discussed in Chapter 2. The results in this section show that spear
valve control is a feasible solution in both below- and above-rated regions.
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6-1-2 Blade pitch control

The blade pitch controller performance is presented in Figure 6-7. The upper plot shows the
wind speed measurement, the middle plot the measured rotor speed. In the lower plot, both
the blade pitch setpoint and position are depicted. Data is recorded during a single test with
a duration of 10 minutes.

Figure 6-7: Blade pitch control operation in the above-rated wind speed region, with the control
objective to maintain a rotor speed of 28RPM. Ten minutes field recorded data of the DOT500.

During this test an average wind speed of 16.6m/s was present, which is well in the above-
rated wind speed region. Note that the wind speed exceeds the cut-out wind speed of 20m/s
several times, but just not long enough to pass the designed 30 s threshold that would trigger
the CodeOrange stopping procedure described in Section 4-6-3.

It is observed in the middle plot of Figure 6-7 that the blade pitch controller keeps the DOT500
rotor speed at 28RPM within 1RPM overshoot during these rough wind conditions. This is in
line with the preliminary pitch actuator-in-the-loop simulations described in Section 5-4 and
the control objective stated in Section 4-4. The combination of a fixed spear valve setpoint
and the use of active blade pitch control, to maintain rated torque and speed respectively,
leads to the desired rated power output in the above-rated region.
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6-1-3 Yaw control

When the turbine is turned on after some offline time, the nacelle often has an initial mis-
alignment with the dominating wind direction. In Figure 6-8 the yaw controller was enabled,
while the nacelle position had a 80 deg offset to the wind direction. Due to this large offset,
the accumulated error threshold is passed almost instantaneously and starts yawing counter
clockwise. The overshoot is counteracted by a clockwise yaw motion. After 314 seconds the
nacelle is aligned and no further yaw control actions are required.

Figure 6-8: Yaw start-up: from 80 deg offset to nacelle alignment with dominant wind direction.

After the startup procedure has completed, the goal of the yaw controller is to keep the na-
celle aligned in the wind. An example of the steady state performance of the yaw controller is
depicted in Figure 6-9. The effect of the quadratic term in the accumulated error, described in
Section 4-5, is observed around 346 seconds. The offset in the fast filtered wind signal, visible
in the upper plot, results in brief motor action. Lowering the accumulated error threshold
would result in smaller deviations around aligned position. However, this would also imply
more motor activation and the risk of overreacting to instantaneous wind direction changes.

Figure 6-9: Effect of quadratic term in the accumulated error threshold. The high offset in the
fast filtered wind signal around 346 s results in an immediate yaw correction.
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Finally, in Figure 6-10, the yaw controller is evaluated for a full hour. It is observed that the
yaw controller keeps the nacelle aligned around zero with no offset, the slow filtered signal
stays within 10deg amplitude and only 4 moderate motor actions are required.

Figure 6-10: Yaw action during one hour of operation of the DOT500. The controller keeps the
slow filtered wind angle within 10 deg misalignment. Four brief yaw corrections are required.
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6-2 Integrated controller performance during normal operation

In this section, the integrated control strategy for the DOT500 turbine is validated. The
field derived rotor power curve is presented in Section 6-2-1. Next, in Section 6-2-2, the rotor
speed - torque curve is outlined.

6-2-1 Experimental rotor power curve

The experimentally derived rotor power curve of the DOT500 is presented in Figure 6-11. The
grey dots represent field recorded data points, which are binned per 0.5m/s wind speed in the
blue line. The obtained rotor power curve is compared to the power curve originating from
the Vestas V44 data sheet (Appendix A), which is represented by the red line. Furthermore,
the green line shows the theoretical maximum attainable curve, derived from the designed
maximum power coefficient Cp,max and the ideal tip-speed ratio of the Vestas V44 rotor, up
to the maximum allowable rotor power of 600 kW.

Figure 6-11: Experimentally derived rotor power curve of the DOT500 turbine. The grey dots
represent field recorded data, binned per 0.5m/s wind speed in the blue line. Results are compared
to the Vestas V44 data sheet (red) and theoretical maximum power at Cp,max (green).

The DOT500 is able to start from a cut-in wind speed of around 4.5m/s. Furthermore,
the turbine operates with active spear valve control near Cp,max up to a wind speed of ap-
proximately 9m/s. This wind speed corresponds to control point C, whereafter the turbine
deviates from the Cp,max-curve and is ramped up to rated power. A Cp-curve at a fixed 0 deg
fine-pitch angle is also experimentally derived and presented in Figure 6-12.

Figure 6-12: Experimentally derived power coefficient of the DOT500 turbine (raw in grey and
binned per 0.5m/s in blue). Results are compared to the original Vestas V44 data sheet (red).
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The Cp of every measurement (grey) in Figure 6-12 is calculated with the Cp(λ, β)-relation
from a scaled V66 model, using field measurements of the rotor speed, wind speed and pitch
angle. The same is done for the blue line, but in this case the data points are binned per 0.5
m/s wind speed. Finally, in red, the curve obtained from the Vestas V44 data sheet.

As the experimental power coefficient is based on the theoretic Cp(λ, β)-relation, it is merely
meant to indicate the trend line. Note e.g. the below-rated operation at constant Cp, the
deviation from this Cp at 9m/s and the clear transition point between below- and above-rated
operation around a wind speed of 14m/s, caused by the decoupled control strategy.

In a similar manner the thrust coefficient is obtained, and is presented in Figure 6-13. The
exclusion of thrust force reduction in the control objective is noticeable in the control transi-
tion region in Figure 6-11; as it results in a power curve that differs from the Vestas V44 curve
and is closer to the theoretical maximum. This outcome is also found in the experimentally
derived thrust force in Figure 6-14, which indicates a 10 % higher maximum thrust force in
this area. The possible unfavourable consequences of this result, however, remain open for
further research.

Figure 6-13: Experimentally derived thrust coefficient of the DOT500 turbine (raw in grey and
binned per 0.5m/s in blue). Results are compared to the original Vestas V44 data sheet (red).

Figure 6-14: Experimentally derived thrust force of the DOT500 turbine (raw in grey and binned
per 0.5m/s in blue). Results are compared to the original Vestas V44 data sheet (red).

With the current control strategy, the DOT500 reaches its nominal power output at a rated
wind speed of 14m/s. Between rated and cut-out wind speed the turbine is kept at rated
power by a fixed spear valve setpoint and active blade pitch control. Supervisory control,
described in Section 4-6, takes operation restrictions such as rated speed and cut-out wind
speed into account. The developed software design includes starting and (emergency) stopping
procedures.
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6-2-2 Rotor speed - torque curve

Figure 6-15 shows in grey DOT500 field data projected on the rotor speed - torque plane.
The blue line displays a binned version, where the raw data is collected in bins of 0.5RPM. In
red the region 2 control law is depicted, derived from the maximum power coefficient Cp,max
and the ideal tip-speed ratio of the Vestas V44 turbine rotor (as was given by Equation 4-6).

Figure 6-15: Experimental torque - speed curve of the DOT500 turbine.

In the start-up procedure, where the blades are pitched toward their fine-pitch angle, the rotor
accelerates as shown in the lower left of Figure 6-15. Since the turbine requires a minimum
cut-in wind speed of 4.5m/s, the rotor accelerates immediately to point B at 15RPM to obtain
the optimal tip-speed ratio of 7.55. Performance data is therefore mainly available from this
rotor speed and higher. Between the transition points B and C, the turbine operates along
the region 2 control law (described in Section 4-3-2).

After point C, which corresponds to 22RPM at the rotor, the spear travel setpoint is linearly
ramped up to achieve rated power. This leads to the quadratic torque increase between the
points C and D in Figure 6-15, as the system pressure varies quadratically with the effective
nozzle area according to Equation 6-1. Finally, at above-rated wind speeds, the objective
becomes to maintain rated power. Data from three above-rated experiments is visualized in
dark grey in Figure 6-15, to indicate decoupled pitch controller operation.

A higher rotational speed at point C would lead the turbine longer along the red optimal
torque line, but then the linear travel slope becomes too steep for the spear actuators to
follow. This effect becomes visible in the increased spread of data points between the tran-
sition points C and D. Performance in this region could be improved by using faster spear
valves, or a Multi-Input Multi-Output (MIMO) control strategy that includes a saturation
overlap of the two controllers. The latter requires identification of the actual turbine in a
stable configuration, for which the current strategy is suitable.
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Furthermore, the current Vestas V44 rotor is not designed to match the hydraulic drive train
optimal efficiency envelope that is used in the DOT500 turbine. Performance tests, that were
performed outside the scope of this thesis, indicate that operating at a far lower tip-speed ratio
could result in a higher overall turbine efficiency in the below-rated region. Operation at this
lower tip-speed ratio results in reduced flows at higher system pressures, which increases the
pressure sensitivity to small spear valve positions. This results in a higher torque requirement
at every below-rated rotor speed, and hence a more gentle transition between the points C
and D in Figure 6-15. This result, however, is highly correlated to the partial load efficiencies
of the individual drive train components and requires further research.

The current decoupled strategy, however, does prove that maximum power coefficient control
is achieved in the below-rated region with the current spear valve actuators. Furthermore,
it stabilizes the DOT500 system above-rated and functions as a baseline control strategy for
further research at DOT.
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Chapter 7

Tuning of DOT500 with Extremum
Seeking Control

This chapter outlines the data-driven performance optimization routines that are performed
on the DOT500 with Extremum Seeking Control, in order to optimize several of its control
parameters. This is first performed on the turbine’s fine-pitch angle in Section 7-1. In Sec-
tion 7-2 this method is used for optimization of the generator speed feedforward control law.
Finally, in Section 7-3, future parameters that could be relevant to update with data-driven
techniques are discussed.

Figure 7-1: Chapter outline
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7-1 Optimal blade fine-pitch angle

This section starts with a brief introduction to fine-pitch optimization. Then the Extremum
Seeking Control (ESC) algorithm implementation is outlined. Finally, test results are given
and a conclusion on the optimal fine-pitch angle is derived.

7-1-1 Introduction to fine-pitch optimization

As stated several times in this thesis, exact information on the Vestas V44 blade geometry
and thus aerodynamic rotor characteristics of the turbine were unavailable during the con-
troller design process. Hence, as a consequence, the fine-pitch angle used for maximum power
extraction in the below-rated region was assumed to be equal to 0 deg. However, operating at
a non-optimal fine-pitch angle results in reduced rotor power capture and therefore the aim
of this section is to find the pitch angle for maximum power extraction.
Figure 7-2 shows the difficulty to distinguish the effect of the fine-pitch angle from wind
fluctuations in the measured rotor power. In this test the fine-pitch angle was varied over a
stair-case input signal and the effect on the rotor performance was measured, but this effect
seems more related to the poor Signal-to-Noise Ratio (SNR) caused by large wind fluctuations.

Figure 7-2: The top plot shows a stair-case on the fine-pitch angle during below-rated operation.
The corresponding rotor power measurements are given in the middle plot, and below the wind
speed measurement is depicted. Note the increase in power after 300 s which is most likely an
effect of the sudden large wind fluctuation.

Therefore, Extremum Seeking Control (ESC) is employed on the fine-pitch angle during field
tests, to find the pitch angle for maximum rotor power extraction in the below-rated region.
Extremum Seeking Control is a control algorithm that searches online the input signal for
optimization of a predefined cost function, without the need for a system model. The theo-
retic framework is adapted from Xiao et al. in [63], for the derivation of the mathematical
framework of the ESC algorithm the reader is referred to [70]. A general description of the
method is also included in Section 3-2-3.
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7-1-2 Implementation of the fine-pitch ESC algorithm

In the implementation described in this section, ESC optimizes the DOT500 effective rotor
power Protor = f(β) as a function of the blade pitch angle β. The rotor power is obtained
using load pins, located in the suspension of the pump connected to the rotor, measuring the
effective rotor torque. The algorithm is based on a dither-demodulation scheme, by periodic
excitation at a single frequency on a turbine input: in this case the pitch angle β in the
below-rated region of operation. It optimizes the power signal by finding the input β that
results in a gradient ∂P/∂β that goes to zero. A schematic overview of the implementation
is given in Figure 7-3, of which the theoretical framework was given in Section 3-2-3.

Figure 7-3: Schematic overview of the ESC implementation for maximizing the rotor power
P , with the blade pitch angle β as the decision variable. An integrator saturation is included,
preventing infeasible pitch actuator setpoints.

For tuning parameters needed by the ESC scheme, the design guidelines as described in [63]
are used. The optimization scheme is excited by the sinusoidal dither and demodulation
signals S[k] and M [k], for which both the dither frequencies should be within the bandwidth
of the system input-output dynamics, and the dither amplitude must provide a significant
Signal-to-Noise Ratio (SNR) for the dithered output. To identify the dither frequency, the
simulated open-loop step response tests from Section 5-4-1 are used. In these tests, transient
characteristics of the rotor speed after a step change on the pitch angle showed a maximum
time constant τ of 25 seconds, resulting in a dither frequency of 0.04 rad/s.

The low- and high-pass filter cut-off frequencies ωL and ωH should be chosen such that they
sufficiently suppress and include dither related harmonics on the dither frequency, respectively.
They are chosen as 0.0230 and 0.0205 rad/s, such that at the dither frequency the input signal
is subjected to a gain of −6 and −1 dB, respectively. This is in correspondence with the
derivation in Section 3-2-3 and shown in the Bode plot in Figure 7-4.

Figure 7-4: Bode plots of low-pass filter (blue), high-pass filter (red) and dither frequency (green)
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After simulation of the ESC scheme on a high-fidelity wind turbine model under turbulent
wind conditions, a dither amplitude of 2 deg is considered to have a significant SNR at the
dither frequency, with respect to measurement noise and the external wind disturbances.

The integrator gain K determines the algorithm convergence rate, and is initially taken as
2 · 10−4. In general a larger integrator gain results in a faster convergence speed, but a too
large gain could destabilize the ESC optimization algorithm. In addition to the standard
implementation, an integrator saturation on the lower bound (−5 deg) of the pitch angle is
included. This saturation prevents the pitch setpoint to attain values that are infeasible
for the pitch actuator. Finally, the phase shift between the signals S[k] and M [k], which
compensates for the phase change in the ESC scheme, is chosen as 0.5 rad. The mentioned
parameters are summarized in Table 7-1.

Parameter Value
Dither amplitude 2 deg
Phase-offset 0.5 rad
Dither frequency 0.04 rad/s
Low-pass filter cut-off frequency 0.0230 rad/s
High-pass filter cut-off frequency 0.0205 rad/s
Integrator gain 2 · 10−4

Table 7-1: Tuning parameters of the ESC scheme for fine-pitch optimization

7-1-3 Test results and optimal fine-pitch derivation

Field recorded experiments are performed on the DOT500 turbine, according to the afore-
mentioned implementation. Results of the first ESC fine-pitch optimization experiment are
presented in Figure 7-5. The algorithm is started from the hitherto assumed fine-pitch angle
of 0 deg and converges to −2.5 deg after 2000 s.

Figure 7-5: First ESC experiment to optimize the fine-pitch angle for below-rated operating
conditions, starting from initial fine-pitch angle of 0 deg and converging to −2.5 deg after 2000 s.
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In order to reduce the possibility that the derived result is a local minimum, a second ex-
periment is performed from a large initial offset. This time, the algorithm is started form
an initial pitch angle of 5 deg. Results of this experiment are presented in Figure 7-6. The
algorithm quickly shows a downward trend and, as in the previous experiment, converges
again towards a setpoint of −2.5 deg.

Figure 7-6: Second ESC experiment to optimize the fine-pitch angle for below-rated operating
conditions, starting from initial fine-pitch angle of 5 deg to ensure global optimization.

Finally, a third experiment is started from the newly found fine-pitch angle. As observed in
Figure 7-6, the previous experiment neared the integrator saturation lower bound of −5 deg.
Therefore, a slightly smaller dither amplitude of 1.5 deg is chosen in this final experiment, of
which the results are presented in Figure 7-7.

Figure 7-7: Third ESC experiment to optimize the fine-pitch angle for below-rated operating
conditions, starting from the angle obtained from the previous two tests. This time a lower dither
amplitude of 1.5 deg is used.

Figure 7-7 indicates that the ESC algorithm stabilizes around a fine-pitch angle of −2 deg.
Therefore, this angle is considered the new fine-pitch angle of the DOT500 turbine.
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Finally, the derived result is compared to the theoretical approximation based on the Vestas
V66 Cp-curve. Figure 7-8 indicates that maximum power extraction indeed occurs at a fine-
pitch angle between −2 and −2.5 deg. The derived fine-pitch angle should therefore result in
a slightly higher (3.6 %) power extraction relative to the initial fine-pitch of 0 deg. However,
more data needs to be collected to support this statement. Note also, in Figure 7-8, how far
off the initial 5 deg fine-pitch angle was in the second experiment. Still, the ESC algorithm
was able to find the optimum.

Figure 7-8: Selected fine-pitch angles on the Vestas V66 Cp-curve. The data points show the
power coefficient (Z ) for different combinations of tip-speed ratio (X ) and fine-pitch angle (Y ).

Finally, in Figure 7-9, a power coefficient curve from field recorded data under normal op-
eration with the new fine-pitch angle is compared to the previous derived curve (which was
presented in Figure 6-12). The result indicates that the new fine-pitch angle indeed results
in a slightly higher Cp during below-rated operation. However, as stated earlier, more data
needs to be collected to support this statement.

Figure 7-9: Comparison of experimentally derived power coefficient at fine-pitch −2 deg (green),
fine-pitch 0 deg (blue) and the Vestas V44 data sheet (red).

The current example shows rotor power optimization from different initial conditions. How-
ever, the effective power increase between a fine-pitch angle of 0 and −2 deg remains difficult
to distinguish with limited operational data. Therefore, the example in the next section is
used to illustrate a more significant improvement by the ESC algorithm.
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7-2 Generator Speed Control

This section starts with a brief introduction of the generator speed feedforward control law.
Then the Extremum Seeking Control (ESC) algorithm implementation on this controller is
outlined. Finally, test results are given and a conclusion on the optimal generator speed gain
is derived.

7-2-1 Introduction to generator speed gain optimization

The spear valves convert the high-pressure, low-speed water flow into a low-pressure, high-
speed water jet, i.e. hydrostatic to hydrodynamic power. This hydrodynamic power is har-
vested by the Pelton turbine, which is mechanically coupled to the generator. In Section 4-3-3,
the relation between the generator rotational speed setpoint ωgen and the water pressure in
the Pelton feed was modelled as

ωgen = K
√

∆pfeed where K =
√

2
ρwater

30
π

1
PCD, (7-1)

where K was defined as the generator speed control gain. Hence, the generator speed is
determined by a feedforward function evaluation based on the Pelton feed pressure in the
hydrostatic flow. A theoretic approximation of the gain K was derived and resulted in a
gain of 0.495. In this section the generator speed gain is optimized by an Extremum Seeking
Control algorithm, to verify the correctness and optimality of the theoretical value on the
practical set-up (see Figure 7-10).

Figure 7-10: Overview of the mechanically coupled Pelton turbine and generator. The two
variable spear valves are pointed towards the Pelton turbine buckets (located in the white housing).
The Pelton feed pressure sensor is located near the mounting between the two flexible high-pressure
water hoses and the steel Pelton piping.
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7-2-2 Implementation of the generator speed ESC optimization

In the implementation described in this section, ESC optimizes the DOT500 effective gen-
erator power Pgen = f(K) as a function of the generator speed K. The generator power
is obtained through direct measurements from the generator. The algorithm is based on a
dither-demodulation scheme, by periodic excitation at a single frequency on a turbine input:
in this case the generator speed controller gain K. It optimizes the signal by finding the
input Kthat results in a gradient ∂P/∂K that goes to zero. A schematic overview of the
implementation is given in Figure 7-11.

Figure 7-11: Schematic overview of the ESC implementation for maximizing the generator power
P , with the generator speed controller gain K as the decision variable. An integrator saturation
is included in order to prevent generator damage.

The most crucial parameter for the ESC algorithm is the dither frequency, which should
be within the bandwidth of the input-output dynamics of the considered system [63]. As
the system bandwidth from K to Pgen is higher than the one from β to Protor, the slow
varying sinusoidal dither signal from the previous fine-pitch experiment automatically meets
this requirement. This assumption significantly reduced computation time of the low- and
high-pass filter cut-off frequencies ωL and ωH; which where already designed to remove wind
disturbances and to sufficiently suppress and include dither related harmonics on the dither
frequency, respectively. In order to abtain a significant SNR at the dither frequency, a dither
amplitude of 0.03 is used.

The integrator gain K determines the algorithm convergence rate, and is taken as 1 · 10−3.
This integrator gain proved to result in a acceptable convergence speed, without destabilizing
the ESC process. Finally, the phase shift between the signals S[k] and M [k], which compen-
sates for the phase change in the ESC scheme, is set at 6 deg. The mentioned parameters are
summarized in Table 7-2.

Parameter Value
Dither amplitude 0.03
Phase-offset 6 deg
Dither frequency 0.04 rad/s
Low-pass filter cut-off frequency 0.0230 rad/s
High-pass filter cut-off frequency 0.0205 rad/s
Integrator gain 1 · 10−3

Table 7-2: Tuning parameters of the ESC scheme
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7-2-3 Test results and optimal generator speed gain derivation

Results of the ESC generator speed gain optimization are presented in Figure 7-12. The ESC
optimization is initiated from the theoretic approximated value 0.495. The algorithm shows
a downward trend and fast convergence from 0 to 2000 s. Thereafter, the ESC algorithm
stabilizes around a generator speed gain of 0.425, yielding maximum generator power.

Figure 7-12: Extremum Seeking Control implemented to optimize the gain of the generator
speed controller, maximizing the measured generator power

The improved performance with the new generator speed gain is shown in Figure 7-13. The
figure shows both wind speed and generator power, with on left the theoretic approximated
gain and on right the gain found with ESC. From the figure it is observed that the gain found
with ESC results in a higher average generator power, even under a lower average wind speed.

Figure 7-13: Effect of different controller gain on generator power. In the first 600 s the theoretic
approximated gain is used, thereafter the gain derived with the ESC algorithm. Even with a lower
average wind speed, the gain found with ESC results in a higher average generator power.
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The obtained result indicates that the generator speed should be reduced in order to im-
prove generator power extraction, however, more data needs to be collected to support this
statement. Further investigation of the obtained result led to the observation that the ESC
algorithm compensated for a malfunctioning pressure sensor, which is elaborated in the sequel
of this section.

The pelton feed pressure sensor, located at the end of the high-pressure water hoses, is used
in Equation 7-1 for the calculation of the generator speed. When taking account pressure
losses and the height difference, these sensor measurements should be related to the Kamat
discharge pressure measurements at the beginning of the same water hoses. This is schemat-
ically presented in Figure 7-14.

Figure 7-14: Schematic representation of the DOT500 test location. The Kamat feed discharge
pressure measurement (at access platform height) should be related to the Pelton feed pressure
sensor, only corrected 1.5 bar for the 15m height difference between the two locations.

However, as presented in Figure 7-15, the pressure increase between the Kamat discharge
sensor and the Pelton feed pressure sensor is much larger than the 1.5 bar expected from the
15m height difference between the two sensor locations.

Figure 7-15: Comparison between Kamat discharge pressure and Pelton feed pressure.

To analyse the effect of this pressure difference on the generator speed calculation, three
scenarios are considered for comparison. Each of the scenarios uses Equation 7-1, but uses a
different measurement sensor and controller gain combination:
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1. Scenario 1: Pelton feed pressure & theoretical speed gain

2. Scenario 2: Pelton feed pressure & ESC speed gain

3. Scenario 3: Kamat discharge pressure (with 1.5 bar correction) & theoretical speed gain

The results are presented in Figure 7-16. First, in blue, the Pelton feed pressure and original
theoretically derived generator speed gain is used. Second, in red, the Pelton feed pressure is
used with the gain derived from the ESC experiment. Finally, in green, the theoretic gain is
used but now with the Kamat discharge pressure measurements.

Figure 7-16: Required generator speed using three different methods. Blue indicates the original
generator speed calculation. Red presents the generator speed calculation according to the gain
found with the ESC experiment. Green uses the original gain, but with the Kamat discharge
pressure measurements.

As observed in Figure 7-16, the second and third method show a nearly identical result. This
suggests that the initial theoretical generator speed gain approximation was not far off, but
the generator speed setpoint calculation was based on unreliable measurements. Further-
more, it indicates in the second method that the ESC algorithm has compensated for the
malfunctioning Pelton feed pressure sensor.

The observed difference between sensor measurements became more evident at higher flows
and pressures. These circumstances were also present during the ESC optimisation exper-
iment. This suggests that the origin of this measurement problem is related to turbulent
fluid effects, which have a larger influence on the pressure measurement at higher flows and
pressures. However, the exact origin of this sensor problem is considered outside the scope
of this thesis. The example is merely used to prove the capability of the ESC algorithm to
compensate for modelling and measurement errors.
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7-3 Future parameter tuning opportunities of the DOT500.

The earlier mentioned tests in this chapter are merely examples of the opportunities to tune
the DOT500 turbine with Extremum Seeking Control. In the next phase of the DOT project,
where the oil loop will be discarded, passive nozzle control in the below-rated region could be
the solution for power optimization. The study of Diepeveen in [1] showed that by correctly
sizing of the components between the rotor and the pressurized fluid jet at the exit of the
nozzle, the wind turbine operates stable at the maximum power coefficient without any form
of active control. Different "tuning" of the operational characteristics is possible by merely
adjusting the size of the nozzle. Extremum Seeking Control appears to be a valuable method
to perform this nozzle parameter tuning, using a generator power maximization objective. A
schematic overview of this potential future optimization configuration is given in Figure 7-17.

Figure 7-17: Schematic overview of the ESC implementation for maximizing the generator power
P , with the passive nozzle diameter as the decision variable.

Furthermore, the current Vestas V44 turbine rotor is not designed for the hydraulic drive
train concept that is used in the DOT500. Performance tests, that were performed outside
the scope of this thesis, indicate that higher overall efficiency of the DOT500 could be obtained
when the turbine deviates from tip-speed ratio for which the rotor was originally designed.
Therefore, ESC should perhaps be implemented to find the fine-pitch angle that results in
generator power maximization, instead of rotor power. In that case, the rotor characteristics
are accurately coupled to the fluid power transmission characteristics. Due to the modularity
of the designed ESC software implementation, all software for this test is now readily available.

Another opportunity arises when ESC is used to periodically tune parameters of individual
wind turbines of a wind farm. In this way ESC can take into account wear, positioning and/or
manufacturing differences among turbines; just as it did for the malfunctioning sensor in the
previous section. This periodic optimization step requires only remote access and monitoring,
and therefore minimizes offshore maintenance costs while improving energy yield.
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Chapter 8

Conclusions & recommendations

8-1 Conclusions

In this thesis, the control design of the DOT500 hydraulic wind turbine was developed. The
control design was validated through field trials and subsequently improved online with the
data-driven Extremum Seeking Control (ESC) algorithm. In the introduction of this thesis,
the following research objective was formulated:

How to implement below-rated hydraulic drive train control in the DOT500 wind turbine, as
a substitute to regular generator torque control, and use direct data-driven optimization for

verification of assumed controller parameters?

With this objective in mind, the following conclusions are drawn.

• The use of spear valves to regulate fluid pressure to vary the system torque, as opposed
to the industry standard generator torque control, is not found in any other existing
hydraulic wind turbine concept. The results in this thesis proof that active spear valve
control is a feasible solution in both the below- and above-rated region.

• Field recorded tests of the DOT500 show that the implemented active spear valve control
strategy is able to maintain the designed tip-speed ratio of 7.55 during below-rated
operation. In combination with the derived fine-pitch angle of −2 deg, this leads to
operation at the theoretical maximum rotor power coefficient in the below-rated region.
However, the actuator bandwidth of the current spear valves appeared to be too low for
smooth transition between the below- and above-rated region in the current strategy.

• The DOT500 control objective was formulated to maximize wind energy capture, while
taking account of safe operation restrictions such as rated power, rated speed and cut-
out wind speed. However, the omission of thrust force mitigation in this objective was
noticeable in a 10 % higher maximum thrust force during operation in the transition
region, when compared to the original Vestas V44 data sheet.

Master of Science Thesis S.M. Jager



106 Conclusions & recommendations

• A simplified aerodynamic wind turbine simulation model was implemented to perform
hardware-in-the-loop simulations. The modularity of the model allows for rapid modi-
fication, to test different hardware components under a variety of simulated wind con-
ditions. This method is first used to simulate stair-case, realistic turbulent wind and
emergency stop scenarios on a test set-up of the hydraulic drive train. Second, the
method is applied to the blade pitch actuator for verification and fine-tuning of the
pitch controller before actual operation. In this way, bugs and errors were quickly iden-
tified and fixed, without taking the risk of damaging the wind turbine by unexpected
behaviour.

• Extremum Seeking Control (ESC) appeared to be a valuable data-driven method to
compensate for modelling and measurement errors. First, the ESC method was used to
update the optimal fine-pitch angle online for below-rated operation. Results indicate
rotor power optimisation from different initial conditions at the updated fine-pitch angle,
however, more data needs to be collected to support this statement. Second, the method
was used to update the generator speed controller gain. Tracing back the latter derived
result led to the detection of an incorrect pressure measurement at higher flow-pressure
combinations, for which the gain derived with ESC compensated.

• The developed DOT500 control strategy and software implementation in this thesis
proved to be safe and stable over the full turbine range of operation. Software design
includes starting and (emergency) stopping procedures. Choking the high-pressure oil
line proved to be a reliable method to stop the rotor under emergency conditions, as
back-up to the industry standard pitch controlled emergency stop. The functioning of
all controllers is examined during field trials on the actual DOT500 turbine.

8-2 Recommendations

Based on the results and conclusions derived in this thesis, the following recommendations
remain open for further research:

• The current Vestas V44 rotor is not designed for the hydraulic drive train concept that
is used in the DOT500. Due to the mismatching efficiency operating envelopes of the
rotor and the hydraulic components, maximum rotor power not necessarily leads to
generator power maximization. It could therefore be beneficial to no longer optimize
for maximum rotor power extraction, but to use the generator power as decision variable
instead. Preliminary performance tests, outside the scope of this thesis, indicate that
operation at a far lower tip-speed ratio could result in a higher overall turbine efficiency.
Operation at this new tip-speed ratio results in reduced flows at higher system pressures,
which increases the pressure sensitivity to small spear valve position variations. This
increases the controllability of the system torque and could be a solution to the current
controller transition issue between below- and above-rated operation. Performance in
this transition area could also be improved by either using faster spear valves or a Multi-
Input Multi-Output (MIMO) control strategy that includes a saturation overlap of the
two controllers.
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• The thrust force was disregarded in the current control strategy. Results in this thesis
indicate that a higher thrust force was present in the transition region, when compared
to the original Vestas V44 data sheet. The possible unfavourable consequences of this
mitigation, however, require further research and should be incorporated in the control
strategy of future prototypes.

• Once the hydraulic oil loop is abandoned in the next DOT prototype phase, passive
nozzle control for attaining the maximum power coefficient in the below-rated region
should be investigated. Extremum Seeking Control has high potential as a data-driven
tool to find the optimal effective nozzle area in this new control strategy. The modular
nature of the Extremum Seeking Control algorithm makes it plug-and-play for tuning
this nozzle parameter and a implementation is already proposed in this thesis.

• All results are associated with some uncertainty because of the amount of available
data and the wind climate at the wind site. Online data-driven tuning algorithms are
still scarcely applied in the wind industry. Therefore, further work should be focused
at collecting more data to ensure performance improvements during nominal operation
after ESC optimization.

Figure 8-1: Photo of the DOT500 prototype at Maasvlakte II, the Netherlands.
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Appendix A

Vestas V44 data sheet

Figure A-1: Vestas V44 data sheet [29]
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Appendix B

Initial derivation of pitch PI controller
gains from equations of motion

The following derivation of the pitch PI controller gains is adopted from Jonkman et al. in
[77]. A simple single-degree-of-freedom (single-DOF) model of a wind turbine is used. Because
the goal of the blade pitch control system is to regulate the generator speed, the DOF is the
angular rotation of the shaft. To compute the required control gains, it is beneficial to examine
the equation of motion of this single-DOF system. From a simple free-body diagram of the
drivetrain, the equation of motion is

τaero −Ngearτgen = Idrivetrain
d

dt
(Ω0 + ∆Ω) = Idrivetrain∆Ω̇, (B-1)

where τaero is the low-speed shaft aerodynamic torque, τgen is the high-speed shaft generator
torque, Ngear is the high-speed to low-speed gearbox ratio, Ω0 is the rated low-speed shaft
rotational speed, ∆Ω is the small perturbation of low-speed shaft rotational speed about the
rated speed, ∆Ω̇ is the low-speed shaft rotational acceleration, and t is the simulation time.
The drive train inertia consists of:

Idrivetrain = Irotor +N2
gearIgen (B-2)

were Irotor is the rotor mass moment of inertia and Igen the generator inertia relative to the
high speed shaft. Because the controller maintains constant power in region 3, the generator
torque in region 3 is inversely proportional to the generator speed:

τgen (NgearΩ) = P0
NgearΩ

(B-3)

Similarly, assuming negligible variation of aerodynamic torque with rotor speed, the aerody-
namic torque in region 3 is

τaero (θ) = P (θ,Ω0)
Ω0

(B-4)
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Using a first-order Taylor series expansion of Equation B-3 and B-4 one can see that

τgen ≈
P0

NgearΩ0
− P0
NgearΩ2

0
∆Ω, (B-5)

τaero ≈
P0
Ω0

+ 1
Ω0

(
∂P

∂θ

)
∆θ, (B-6)

where ∆θ is a small perturbation of the blade pitch angles about their operating point. With
proportional-integral (PI) control, this is related to the rotor-speed perturbations by

∆θ = KPNgear∆Ω +KI

∫ t

0
Ngear∆Ωdt (B-7)

where KP and KI are the blade pitch controller proportional and integral gains respectively.
Now by using above expressions and setting φ̇ = ∆Ω, Equation B-1 becomes

P0
Ω0

+ 1
Ω0

(
∂P

∂θ

)(
KPNgearφ̇+KI

∫ t

0
Ngearφ̇dt

)
−Ngear

(
P0

NgearΩ0
− P0
NgearΩ2

0
φ̇

)
= Idrivetrainφ̈

(B-8)

Rewriting this equations results in:[
Idrivetrain

]
︸ ︷︷ ︸

Mφ

φ̈+
[ 1

Ω0

(
∂P

∂θ

)
KPNgear −

P0
Ω2

0

]
︸ ︷︷ ︸

Cφ

φ̇+
[ 1

Ω0

(
∂P

∂θ

)
NgearKI

]
︸ ︷︷ ︸

Kφ

φ = 0 (B-9)

From Equation B-9 it is clear that the PI-controlled rotor-speed error will respond as a
second-order system with the natural frequency ωφn and damping ratio ζφ equal to:

ωφn =
√
Kφ

Mφ
(B-10)

ζφ = Cφ
2
√
KφMφ

= Cφ
2Mφωφn

(B-11)

The negative damping from the generator-torque controller, the −P0/Ω2 part in Cφ in Equa-
tion B-9, will be ignored. Then using Equation B-10, and filling in Kφ and Mφ from Equa-
tion B-9, the proportional and integral gain become:

KP = 2IdrivetrainΩ0ζφωφn

Ngear
[
−∂P
∂θ

] , (B-12)

KI =
IdrivetrainΩ0ω

2
φn

Ngear
[
−∂P
∂θ

] (B-13)
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Appendix C

Experimental data for validation rotor
mass moment of inertia

In this appendix the data that is used for the experimental validation of the rotor mass
moment of inertia is given. Each plot shows the exact data points that are used for the
calculations in Section 5-2-2.

Test 1

Figure C-1 shows the data for test 1.

Figure C-1: Data measurements for test 1.
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Test 2

Figure C-2 shows the data for test 2.

Figure C-2: Data measurements for test 2.

Test 3

Figure C-3 shows the data for test 3.

Figure C-3: Data measurements for test 3.

Test 4

Figure C-4 shows the data for test 4.
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Figure C-4: Data measurements for test 4.

Test 5

Figure C-5 shows the data for test 5.

Figure C-5: Data measurements for test 5.

Test 6

Figure C-6 shows the data for test 6.

Figure C-6: Data measurements for test 6.
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Test 7

Figure C-7 shows the data for test 7.

Figure C-7: Data measurements for test 7.

Test 8

Figure C-8 shows the data for test 8.

Figure C-8: Data measurements for test 8.
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