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ABSTRACT
LITHIUM-ION ULTRACAPACITOR ENERGY STORAGE INTEGRATED WITH A
VARIABLE SPEED WIND TURBINE FOR IMPROVED
POWER CONVERSION CONTROL
By

Goran Mandic

The University of Wisconsin-Milwaukee, 2012
Under the Supervision of Professor Dr. Adel Nasiri

The energy of wind has been increasingly used for electric power generation worldwide
due to its availability and ecologically sustainability. Utilization of wind energy in
modern power systems creates many technical and economical challenges that need to be
addressed for successful large scale wind energy integration. Variations in wind velocity
result in variations of output power produced by wind turbines. Variable power output
becomes a challenge as the amount of output power of the wind turbines integrated into
power systems increases. Large power variations cause voltage and frequency deviations
from nominal values that may lead to activation of relay protective equipment, which
may result in disconnection of the wind turbines from the grid. Particularly community
wind power systems, where only one or a few wind turbines supply loads through a weak
grid such as distribution network, are sensitive to supply disturbances.

While a majority of power produced in modern power systems comes from
synchronous generators that have large inertias and whose control systems can

compensate for slow power variations in the system, faster power variations at the scale

il



of fraction of a second to the tens of seconds can seriously reduce reliability of power
system operation. Energy storage integrated with wind turbines can address this
challenge. In this dissertation, lithium-ion ultracapacitors are investigated as a potential
solution for filtering power variations at the scale of tens of seconds.

Another class of issues related to utilization of wind energy is related to economical
operation of wind energy conversion systems. Wind speed variations create large
mechanical loads on wind turbine components, which lead to their early failures. One of
the most critical components of a wind turbine is a gearbox that mechanically couples
turbine rotor and generator. Gearboxes are exposed to large mechanical load variations
which lead to their early failures and increased cost of wind turbine operation and
maintenance. This dissertation proposes a new critical load reduction strategy that
removes mechanical load components that are the most dangerous in terms of harmful

effect they have on a gearbox, resulting in more reliable operation of a wind turbine.
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1. Introduction and literature review

Wind is a clean and inexhaustible source of energy that has been increasingly utilized
worldwide. Global increase in energy demand, coupled with concerns about effects of
pollution and CO2 emissions associated with use of fossil fuels, are among the major
driving forces behind recent exponential growth of global wind power installation.
Several countries have already set goals on percentage of total electrical power
production to be from wind power plants (WPP). One example is the United States,
where the goal is to reach 20% of the total electric power production to be from WPPs by
2030. Despite advantages of wind energy, the technical challenges to integrate large
amount of wind energy are many. Variations in wind speed are the source for many
technical issues that have to be addressed in order to make utilization of this source of
energy technically and economically reliable. Problems associated with variability of
wind speed can be divided into two main categories: electrical and mechanical. The
problems from the electrical category are related to electrical power fluctuations that are
correlated to fluctuations in wind speed. In the case of large scale wind energy
integration, power fluctuations can cause frequency and voltage deviations. Also,
uncertain nature of wind results in difficulties in power system operation planning,
optimal scheduling, and unit commitment. Frequency and voltage variations can also be
significant in cases when wind turbines are connected to a weak grid or in the distributed
power generation systems when wind power supplies local loads at the distribution level.
Due to all these problems associated with grid integration of wind energy, utility
companies are developing technical requirements that have to be met in order to connect

wind turbines into a grid. The major technical requirements are defined by the standard



IEEE1547-2004 and the FERC Oder No. 661A that describe requirements that any grid
connected power source has to satisfy. Also, additional requirements are set by various

utility companies and regional reliability organizations (RRO).

1.1.  Problems associated with wind speed variations

Frequency deviations can cause protective relay equipment to trip which may have
severe impact on power system stability and may lead to power outages [1]-[ 3]. In [1],
impact of power variations caused by WPPs in power system consisting of several
thermal power plants is analyzed. The authors analyze filtering capabilities of governor
control and automatic generator control systems to filter power fluctuations. The
spectrum of power output of the wind turbine can be divided in three regions, where slow
power variations can be compensated by automatic generator control (AGC), fast power
variations by governor control system, while filtering medium frequency power
fluctuations in range of 0.01Hz-0.1Hz remains poor, thus limiting the maximum wind
power penetration without causing significant frequency deviations. The governor
systems of large synchronous generators are responsible for frequency control of a power
system. Power variations cause increased wear on governor systems of generators in
conventional power plants in power systems with large wind power penetration [2]. The
power filtering capability of thermal power plants, however, is limited. In [2], based on
detailed model of small power system consisting of thermal power plant and wind farms
the authors show that maximum allowed frequency deviation of 1% from the nominal
value limits the peak power fluctuation from WPPs to 5% of total rated power of thermal

power plants. This means significant limit on maximum wind power penetration in a



power system without limiting power variations by using energy storage. Reliability
analysis of power system with wind turbines given in [4] shows that at lower wind
speeds, when power variations are significant relative to the total power output of a wind
turbine, power system reliability decreases. The authors conclude that energy storage can
increase power system reliability during low wind speed condition. Effects of turbulence
level and control method of a wind turbine are analyzed in [5]. In [6], the authors analyze
various methods for output power smoothing that do not require energy storage. Power
injected to the grid by a wind turbine can be controlled directly, including the constant
output power regime. However, rotational speed depends on the power loading of the
generator, as well as on the wind speed. Therefore, constant output power control is very
sensitive to wind speed variations, as they may lead to reaching of upper or lower
rotational speed limits. The authors propose the second output power control method
where the power reference is a linear function of wind speed. Although this method
reduces power fluctuations, it reduces the efficiency of power conversion from the wind
flow, since the wind turbine does not operate in at the maximum power point. As shown
in [6], maximum power point tracking results in increased power variations. In order to
operate a wind turbine at maximum efficiency, while reducing output power fluctuations,
various energy storage systems have been proposed as an addition to the wind turbine
power conversion system. A WPP output power control by using AGC can result in
reduced power variations by providing output power setpoints to each wind turbine in a
WPP [7]. This method takes into account power smoothing effect by aggregating power
outputs at the point of common interconnection (POI) of the WPP. Set points are

computed based on total power demand from the WPP. The method proposed in [8]



combines blade pitch control and primary speed control of the generator to reduce power
fluctuations that result in frequency deviations. Method presented in reference [9] is
based on prediction of wind speed to optimize output power setpoint that would result in
reduced frequency deviations.

All methods that do not require additional energy storage have advantage of not
requiring installation of additional hardware. Only modification in control algorithm can
increase the level of installed wind power within a power system. However, they cannot
operate at the optimal power extraction points resulting in reduced efficiency of wind to

electrical power conversion.

1.2. Energy storage for wind applications

Energy storage absorbs energy that cannot be supplied to the grid, for various reasons
such as potential frequency deviations that they can cause, limited power transmission
capacity of the line connecting the WPP to the power system, disturbances in the power
system such as short circuit or ground faults, or imposed limits from power system
operation and dispatching control, such as power ramp rate limit or power shifting when
a wind turbine has to provide power even if there is not enough wind. Figure 1.1
illustrates energy storage applications based on power and energy density in a power

system.
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Figure 1.1. Energy storage applications in a power system [11]

Reference [12] gives an overview of various energy storage systems and their use with
renewable energy sources. Benefits of using energy storage in a real WPP are discussed
in [13] and [14]. In [13], the authors analyze increase of power system reliability and
system efficiency by using energy storage. The energy storage in [14] is used to store
energy during the peak power production. It can be used later when power production is
low due to reduced wind speed. As a result, the wind turbine with storage increases the
power system availability. The principle of storing energy in order to be used later is
called power shifting. Reduction in the peak power delivered to the grid results in
reduction in the reactive power demand by the induction generators used in the wind
turbines. A battery bank connected through a bidirectional AC/DC converter to the POI
of a WPP and associated control system is proposed in [15]. This configuration of
AD/DC converter and energy storage in DC link is called static synchronous compensator
(STATCOM) and is often used to compensate reactive power. However, large energy

storage on the DC side of STATCOM can be used as an energy buffer as well. In [15],



the authors propose control method of the energy storage that optimizes usage of the
storage capacity under constraints such as limits on charge and discharge rates and upper
and lower limits on state of charge. Another configuration based on battery bank and
STATCOM connected at the terminals of a wind turbine is proposed in [16]. The energy
storage improves transient stability of a wind turbine during low voltage disturbances in
the power network, by providing reactive power to maintain voltage at the connecting
bus, while absorbing active power from the wind turbine, enabling low voltage ride-
through capability (LVRT) of a wind turbine. Energy storage based on a zinc-bromine
flow battery for wind energy integration is proposed in [17]. Control system, based on
artificial neural network (ANN) manages energy storage increasing predictability of the
power production by the wind turbine. Increased predictability of the power production
increases reliability of the power system operation and ease unit commitment and
dispatch planning of the power system operation. Another method for improved stability
of the WPPs and reduction of power variations by using batteries is reported in [18]. A
method for optimal schedule control of a large battery energy storage based on particle
swarm optimization is proposed in [19]. The optimization algorithm improves reliability
of the power output of the WPP while minimizing the cost of the system operation.
Superconducting magnetic energy storage (SMES) as a solution for wind turbine
storage system is proposed in [20]. The authors propose installing the SMES in a WPP
comprised of variable speed wind turbines with generator side AC/DC converters share
the same DC link. The SMES is installed in the DC link before the common inverter
connected to the grid. Energy is stored in magnetic field of the SMES providing the

buffer for output power smoothing. The proposed system can cancel up to 80% of rated



power fluctuation within one minute interval. A hybrid system comprised of a SMES and
battery is proposed in [21]. Higher energy density of the battery provides compensation
capability for slow power fluctuations, while high power density of the SMES enables
compensation of higher frequency power fluctuations. The advantage of this solution is
reduced size of SMES resulting in lower cost. Analysis based on detailed modeling and
simulations of benefits of using SMES in large WPPs is given in [22]. Another
application of SMES for increased stability of a wind turbine connected to the grid is
proposed in [23]. Despite high efficiency and high power density of SMES systems, the
cost of such systems still limits their practical applicability. Kinetic energy of a flywheel
as an energy storage for wind turbines has been investigated by many researchers. In
[24], a flywheel driven by induction machine connected to the DC link of a full rated
power conversion system of a variable speed wind turbine is used as an energy buffer for
power fluctuations that are not to be injected to the grid. The flywheel control system can
keep DC link voltage constant, or filter output power by using fuzzy control based
control system. Another application of flywheel for wind power integration is proposed
in [25]. Flywheel connected through the DC/AC converter to the DC link of the power
conversion system of a wind turbine improves stability of the turbine against sudden
changes in power production or power demand as well as disturbances in the power grid.
A fuel cell as a supplement to the inertia of a wind turbine for frequency control of a
wind turbine is proposed in [26]. The fuel cell is controlled as virtual inertia added to the
inertia of the rotor for frequency control. Hydrogen for the fuel cell has to be obtained
from natural gas on other means unrelated to electrical power generation, which is the

major drawback of the proposed method. Hydrogen for fuel cell can be provided as a



product of electrolysis. In [27], a method for reducing long term wind power variations is
proposed. When power produced by a wind turbine is above the power level required by
load, excessive power is used in the electrolyzer that produces hydrogen. Stored
hydrogen is later used in a fuel cell to produce electric power when load demand exceeds
power produced by wind turbine. A research on use electrolytic hydrogen as a storage at
the power system level is reported in [28]. The amount of power stored as hydrogen, or
converted back to electric power by the fuel cell is determined by the day-ahead
forecasting and optimization of the cost of operation of the power system. In both cases,
energy storage is used as a mean of increased predictability of a wind power sources and,
therefore, easier power system operation planning in systems with larger level of wind
power penetration. One of the methods to store energy in power system is in the form of
potential energy of compressed air. In [29], the operation of a power system with large
scale wind energy integration and large compressed air energy storage (CAES) is
analyzed. All methods that deal with very low frequency power variations, called long
term power variations, require large energy density storage systems. On the other hand,
methods that deal with higher frequencies, called short term power variations, typically
require larger power density as large amounts of power have to be stored or released in
short time intervals. In the research reported in this thesis, ultracapacitors are used as high
power density energy storage. Ultracapacitors as energy storage for wind power
applications have been proposed by several researchers. In [31] a variable speed doubly-
fed induction generator is equipped with ultracapacitor energy storage system (ESS)
connected to the DC link of the rotor back to back power conversion circuit. The

ultracapacitor module is connected to the DC link through the buck/boost DC/DC



converter. The ultracapacitor ESS is sized according to the LVRT requirement and
maximum DC voltage of the ultracapacitor module. The ESS management system is a
fuzzy rule based controller that operates the ESS in order to minimize output power
variations and to satisfy the LVRT requirements. The controller uses prediction algorithm
and state of charge of the ultracapacitor module to calculate the reference for the output
power that will be supplied to the grid. The systems shows good performance when
prediction of the wind power is accurate. However, the method shows great sensitivity to
the accuracy of the prediction algorithm. Also, the membership functions of fuzzy sets
that describe voltage and state of charge of the ultracapacitor module have to be tuned by
trial and error procedure until desired performance is obtained. Another method of
ultracapacitor storage integration into WECS is proposed in [32]. The authors propose
adding an ultracapacitor module is connected through a DC/DC converter and a current
source inverter (CSI) to the AC terminals of an induction generator based wind turbine.
The ultracapacitor storage system is used to smooth power fluctuations from the wind
turbine by injecting or absorbing higher frequency power fluctuations. A low pass filter is
used to calculate the reference for the current controller of the CSI. Also, the energy
storage system with associated power conversion circuit controls reactive power at the
AC terminals of the wind turbine. ELDC ultracapacitors are chosen for the storage
module. Similar configuration is proposed in [33], with voltage source inverter instead of
CSI. Power smoothing is achieved by injecting or absorbing the difference between
power from the wind turbine, and the same power after low-pass filtering. Even though
these methods effectively reduce power fluctuations in the range of several seconds (1-

10s), the main disadvantage of these methods is the need of use two additional
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conversion stages — DC/DC in addition to DC/AC converter. The power losses on these
converter stages considerably reduce efficiency. Also, control system is more complex
and therefore, less reliable. Another method for output power smoothing using
ultracapacitor energy storage is described in [34]. The authors propose a system that
comprises the ultracapacitor module as a short term, and a battery for long term energy
storage. The ultracapacitor module is connected to the DC link of a permanent magnet
synchronous generator (PMSG) based wind turbine through bidirectional DC/DC
converter. The battery is connected to the DC link through the second DC/DC link
converter. Power smoothing is achieved by using two high pass filters with different cut-
off frequencies. The high-pass filter with lower cut-off frequency computes the amount
of power that will be stored or supplied by the energy storage as a whole; the battery with
the ultracapacitor module. The amount of power to be stored or supplied by the
ultracapacitor module is calculated by the high-pass filter with higher cut-off frequency.
The difference between this power and total power demand for the energy storage is
stored or released from the battery. This system offers more power smoothing capacity
due to the battery. Another system that also uses bidirectional DC/DC converter in the
DC link of the PMSG based wind turbine and ultracapacitor energy storage is described
in [35]. Power reference for the grid side converter is a moving average of the power
coming from the generator. Main disadvantage of both of these solutions is that they
require additional DC/DC converter. An alternative that does not need a DC/DC
converter is proposed in [36]. The ultracapacitor energy storage module is connected
directly to the DC link of a double conversion circuit of a DFIG based wind turbine. The

control of the grid side converter adjusts total output power of the generator according to
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the moving average over the period of sixty seconds of the mechanical power on the
generator’s shaft. This method reduces power variations as long as the DC link voltage is
within the upper and lower limits. If DC link voltage reaches limit, the moving average
output power smoothing is bypassed, and output power is equal the generated power, as if
there is no energy storage buffer. If the moving average reference becomes less then
generated power, and DC link voltage is on its lower limit, it means that there is enough
storage reserve to absorb the difference in power. The same holds when moving average
power reference is greater than the generated power and DC link voltage is at its upper
limit. There is enough energy stored in the ultracapacitor module that can cover the
difference, while DC link voltage reduces. In both cases, the moving average power
smoothing is restored. A method that addresses reducing power fluctuations at a WPP
level is proposed in [37]. The method is similar to methods from [33] and [34] since it
also utilizes ultracapacitor module connected through the DC/DC converter and three
phase inverter/rectifier to absorb or deliver power in order to reduce power fluctuations.
However, due to spatial distribution of wind turbines resulting in smoothing effect of the
total power produced by the WPP at the point of common interconnection (POI), the
authors claim that it is more optimal solution to place large centralized energy storage at
the POI. Localized ultracapacitor storage may unnecessarily remove power fluctuations
that would be compensated by power fluctuations from other wind turbines, resulting in
reduced effective energy capacity of the ultracapacitor storage that contributes to the total
reduction of the power variations at the POI. Centralized energy storage reduces power
fluctuations measured at POI, and it also can be used to POI voltage as well by

controlling reactive power flow. The power smoothing algorithm in [37] utilizes a high-
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pass filter to determine power flow through the ultracapacitor bank resulting in low-pass
filtered total output power of the WPP. Even though this method addresses the problem
of suboptimal usage of localized storage capacity, the major point in favor for using
decentralized energy storage systems at each wind turbine is increased reliability. If there
is a failure at the energy storage system of one wind turbine, other storage modules still
provide power smoothing capabilities for the entire WPP. Control strategy for power
smoothing at the POI level, by using localized ultracapacitor storage systems at each
wind turbine, is proposed in [38]. At the wind turbine level, the ultracapacitor energy
storage is installed at the DC link, through the buck/boost DC/DC converter, of the rotor
double conversion circuit of the DFIG generator. Centralized controller computes power
reference for the DC/DC controllers for each wind turbine. Result is large power
smoothing effect on the entire WPP. Power fluctuations that are compensated by
aggregating effect of distribution of wind turbines are not measurable by the centralized
controller at the POI level. Therefore, central controller does not try to compensate these
fluctuations, resulting in increased capacity for reducing power fluctuations that can be
observed at POI. The power smoothing algorithm of the centralized controller keeps the
output power constant. In this thesis, a novel method for output power smoothing of a
wind turbine is proposed. The ultracapacitor bank is used as energy storage due to large
power density that ultracapacitors provide. The set point for the output power is based on
filtrated signal of the input power from the generator. However, unlike other power
smoothing methods reported in literature, no additional DC/DC converter is used due to
direct connection of the ultracapacitor bank to the DC link of the wind turbine power

conversion system. Also, low pass filter used to calculate set point of the output power is
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adaptive, with cut-off frequency related to the state of charge of the energy storage.
Additional mean of the DC link voltage optimization is introduced to addresses issues
with existing methods in cases when there is no enough energy capacity in the
ultracapacitor storage resulting in DC link voltage reaching upper or lower limits for
safely operation. The proposed method has been evaluated by excessive simulations

under various wind profiles, and experimental verification in the laboratory.

1.3.  Wind turbine gearbox

The mechanical issues caused by variable wind speed are mainly result of increased
stress on individual components of a wind turbine, such as tower, blades, and drivetrain.
Mechanical failures are responsible for more than 50% of down time of a wind turbine
[41]. Also, repair or replacement of mechanical part of wind turbine is very costly and
time consuming. Long down times, as periods when turbines do not produce energy,
increase return of investment periods. One of the major mechanical related issues in
modern wind turbines is premature failures of gearboxes. Gearbox is a mechanical
component of the turbine that adapts torque and rotational speed demand from the
generator to the torque and speed characteristics of the rotor. High gear ratio is achieved
by using multiple gear stages that form complete gearbox. With the use of a gearbox, the
rotational speed of the wind turbines main shaft (low speed shaft-LSS) can be increased
significantly, allowing the use of a high rotational speed generator. Gearbox related
failures are also responsible for over 20% of downtime of the wind turbines [41]. Despite

20 years of expected lifetime for gearboxes, they usually need replacement after only 6 to
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8 years [41]. All of these factors significantly contribute to operational and maintenance
costs. In the past fifteen years, significant improvements have been made on the control
algorithms for wind turbine generators. Early turbine developments focused on the
optimization of energy harvesting and grid compliance. More recently, the direct drive
wind turbine generator concept has been pursued by several turbine manufacturers. With
direct drive, the generator is connected directly to the low speed shaft. The blades drive
the generator directly, dispensing the need for a gearbox. As the size of the wind turbines
increases, the blade length is also increased but the rotational speed must be limited due
to blade tip noise. As a consequence of low rotational speed requirement for direct drive
wind turbines, the generators have larger dimensions and heavier weights. Thus, the
tower structure to support the generators must be reinforced to carry the weight and to
withstand additional aerodynamic loads. As power level of wind turbines increases, the
direct drive concept becomes impractical, making the use of gearboxes necessary again
[45]. Both direct drive and gearbox based drivetrain and mechanical coupling between
the generator shaft and the turbine rotor are flexible. Mechanical torque acting on the
drivetrain causes torsional deformations thus resulting in mechanical stress. Torsional
vibrations are the results of torsional deformation and they are measures of mechanical
stress.

The torsional vibration damping in high performance electric drives has been
investigated by many researchers [47-50], [52], [54], [58], [64], [65], [66]. Flexible
coupling between an electric motor and mechanical load is a source of vibration modes

that can significantly degrade performance of the system. Methods for vibration damping
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in electric drive systems are based on motor torque control that avoids excitation of
resonant modes, or compensates for vibrations caused by load.

Methods for torsional vibration damping in wind turbine drivetrains are reported in
several papers. In [46] the problem of active damping of tower and drivetrain resonant
vibrations is addressed. The method for drivetrain resonant vibration is based on
generator torque control in such a way that provides active vibration damping of a
dominant resonant mode. In [53] the indirect torque control method for fixed-speed wind
turbine with a static synchronous compensator (STATCOM) is proposed. In this method,
the generator torque control is achieved by controlling reactive current in a way that
smoothes transient torque during grid fault recovery. A method for active torsional
vibration damping for variable speed wind turbines with full rated power conversion is
proposed in [55]. In this method, torsional vibrations are compensated by using speed
feedback loop that compensates generator speed variations. The compensation torque
component is proportional to the speed deviation. Another torsional vibration damping
control strategy is proposed in [61] where the authors analyze effects of pitch angle to the
drivetrain dynamics. Active damping strategy is based on introducing compensation
torque that is calculated from the rotational speed information. All these methods are
focused on reduction of vibrations at the lowest resonant frequency since the drivetrain
dynamics is represented by dual-mass spring damper system.

In this thesis, a novel generator torque control strategy that reduces mechanical stress in
the gearbox of a variable speed wind turbine is proposed. This control strategy reduces
torsional vibrations by modulating generator torque so that it increases the damping of

several resonant modes, not only the dominant one. The control strategy has band pass
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filter properties thus avoiding interference with the generator speed controller that
operates wind turbine at the maximum power point (MPPT). Proposed control strategy is
verified by using computer simulations. Model of the gearbox used in simulations is of
the higher order and it captures more details of the real gearbox dynamics than widely
used two mass models. Simulation results show that appropriate control of the generator
torque can reduce resonant vibrations, therefore increasing operational lifetime of the

gearbox.
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2. Wind energy conversion systems

Wind turbines convert mechanical energy of moving mass of air around properly
shaped blades connected to the rotor into rotational movement that can be used to
perform useful work. By coupling a rotating shaft of a wind turbine to an electric
generator, mechanical energy of wind is converted into electric energy. However, this
electric energy will depend on airflow. In order to study behavior of a wind turbine,
detailed mathematical models can be very useful. This chapter is devoted to development
of a detailed model in Matlab/Simulink software package. The developed model is very
detailed and it includes the mechanical model of a three blade wind turbine, the
drivetrain, the permanent magnet generator with interior mounted permanent magnets,
the power conversion stage with grid connected inverter, and all control systems. The
model captures complex dynamics of all subsystems and their interactions. Design of all
control loops is also covered in this chapter. Model described here is further used in
development of active vibration damping control, described in the chapter 3, and output
power smoothing algorithm using the ultracapacitor energy storage, described in the

chapter 4.

2.1. Modeling of a wind turbine

A wind turbine is a complex, flexible mechanical system whose dynamics can be
described by a set of nonlinear differential equations that forms a mathematical model of
a wind turbine. These differential equations describe laws of aerodynamics, mechanics,

and mechanical elasticity. The order of the mathematical model depends on the level of
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detail the model represents a real wind turbine. Multi-body models divide complex
mechanical systems into smaller parts whose interactions are described by differential
equations. More accurate models are built by dividing the mechanical system under
consideration into smaller parts resulting in larger number of differential equations. The
process of numerical solving of such system of differential equation on a computer is
called simulation, and it is widely used in industry and research. There are many software
packages that can simulate wind turbine models of various level of complexity. These
software packages are called simulation codes. A good reference on various simulation
codes and their comparison is [68]. One of simulation codes that offer medium level
complexity with relatively easy integration with Matlab/Simulink is FAST (Fatigue,
Aerodynamics, Structures, and Turbulence) wind turbine simulation code, developed at
the National Renewable Energy Laboratory (NREL), that is used for the purpose of

model development for the research reported in this dissertation.

2.1.1 Fatigue, Aerodynamics, Structures, and Turbulence (FAST) simulation code

The FAST is an aeroelastic simulation code that can simulate behavior of two and tree
bladed horizontal axis wind turbines. FAST stands for Fatigue, Aerodynamics, Structures
and Turbulence. The FAST simulation code uses medium-complexity multibody dynamic
model of a wind turbine [68]. It has several modes of operation that can be divided into
two groups. First group of modes of operation consists of simulation modes. In a
simulation mode, FAST solves the system of nonlinear differential equations of motion
and calculates trajectories of state variables. There are two simulation modes available to

a user. The first one is standalone mode when FAST simulates wind turbine operation by
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using torque and pitch control routines, either those available with FAST or written by
the user and compiled with rest of the FAST code. This simulation mode is very fast, but
it is the most complicated for use due to need of writing code that simulates behavior of
torque and pitch controllers. Moreover, loading torque of a wind turbine depends on the
type of the generator and its interface to the electrical grid. Detail model of the system
can be very complex and it can be very time consuming for implementation in a code
written by the user. Therefore, second mode of operation is provided. In the second
mode, FAST simulator can be called from Matlab/Simulink model by means of S-
function interface available in Simulink for calling external functions that are not part of
standard Matlab installation. In this mode, the user has a full set of libraries and models
available in Simulink to implement more detailed control functions as well as other parts
of the wind turbine, such as generator, power conversion circuit and the grid interface.
This mode of operation is mainly used in research presented in this thesis, with models of
entire systems and control algorithms described in the latter chapters. Second group of
operation modes of FAST belongs to the analysis group of modes. There are two
operation modes in this group. One is the linearization mode, when FAST calculates
linearized state space models of a wind turbine. A wind turbine is a highly nonlinear
system. The wind turbine characteristics depend on the rotor position with linearization
points that can be defined for various azimuth angles of the rotor. In this mode, the user
can specify the number of linearization points over the full rotational angle of a wind
turbine rotor. Final stage of operation in this mode is calculation of the azimuth averaged
model that calculates the time invariant linear state space model of the wind turbine. This

model can be used for advanced control designs by using modern control theory
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techniques. Finally, the last mode of operation of FAST is ADAMS pre-processing. In
this mode, FAST generates configuration data files of a wind turbine to be used in
ADAMS software (Automatic Dynamic Analysis of Mechanical Systems) for more
complex simulation of a wind turbine. By using ADAMS, it is possible to simulate very
complex behavior of a wind turbine since ADAMS enables additional degrees of freedom
that are not available in FAST. One example of the degree of freedom not available in
FAST but available in ADAMS is blade torsion mode [68]. Integral part of FAST is
AeroDyn, a set of subroutines that calculate aerodynamic forces resulting from wind flow

around the turbine’s blades [75]. Modes of operation of FAST are illustrated in figure

2.1.
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Figure 2.1. Modes of operation of FAST [62]
System of nonlinear aeroelastic differential equations that models a wind turbine,
written in the matrix form is:

M (q,u,t)-§+ f(g,q,u,u,,t)=0 (1)

M is the matrix of masses and moments of inertia
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q is the state vector that contains displacements for each degree of freedom enabled in the
model

g is the vector of the first derivatives of the state vector q
(is the vector of the second derivatives of the state vector q

u is the control input vector

Uq is the disturbance input vector

Support platform has 6 degrees of freedom (DOF), divided into two groups. First group
consists of translational DOFs: surge, sway, and heave). Second group contains rotational
DOFs: rol, pitch, and yaw. The tower has 4 DOFs. The tower posses two bending modes.
Each mode has longitudinal and transverse directions. Each blade has first and second
flapwise bending modes. In addition, each blade has also the edgewise bending mode.
Therefore, three bladed turbine has 9 blade bending DOFs. Flexible blades are modeled
as linear systems. Mode shapes of a blade are needed for FAST to perform simulations.
These shapes are contained in the input files specified in the BLADE sections of the main
FAST input file. Mode shapes are approximate by sixth order polynomial, where zero
and first coefficients are equal to zero, due to rigid connection to the bottom of the tower
to the platform, which results in zero deflection and zero slope at the bottom. Coordinate
system originates at the bottom of the tower. Flexible blades and tower are modeled using
linear approximation, valid for small displacements. AeroDyn is a set of software
routines that calculates the aerodynamic forces acting on the wind turbine blades and it
uses the full field stochastic wind data. TurbSim is a program that can generate this data
according to various stochastic models of wind [64]. AeroDyn can read single point wind

files with wind speed data at the hub height. It can also read multiple-point wind files
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generated by TurbSim. Input files for FAST and AeroDyn for the NREL 750kW test
wind turbine are listed in the Appendix. In the following section, static characteristic of

this wind turbine, obtained by using FAST, are presented.
2.1.2. Power characteristics of the 750kW wind turbine

Power produced by airflow around rotor blades of a wind turbine depends on wind

speed and rotational speed [84].

1 :
Pa(vw,/l)=§-A-Cp(l,ﬂ)-p-vw @)

Power coefficient Cp depends on tip speed ratio and blade pitch angle. Figure 2.2

shows how Cp of the NREL 750kW test wind turbine depends on tip speed ratio.
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Figure 2.2. Power coefficient Cp as a function of tip speed ratio
The peak of the Cp curve is the maximum efficiency point of wind to mechanical
power conversion process. Figure 2.3 shows dependence of the power coefficient on

blade pitch angle.
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Figure 2.3. Power coefficient Cp as a function on the blade pitch angle
The goal of the control system of a wind turbine is to maximize this coefficient by
keeping the tip speed ratio constant, and at the value that maximizes Cp. Torque
characteristics of the NREL 750kW test wind turbine obtained by simulations using
FAST are shown in figure 2.4. Torque curves, as functions of rotational speed, are

different for various wind velocities.
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Figure 2.4. Torque characteristics of the NREL 750kW wind turbine
operated in variable speed mode for various wind velocities
Rotational speed of a wind turbine is constant when aerodynamic torque created by the

wind flow is balanced by the electromechanical torque on the generator shaft, which can
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be coupled to the main rotor of the wind turbine directly or through a gearbox. For
stable operation, the slope of the generator torque characteristic has to be larger than the

slope of the aerodynamic torque of the wind turbine. This condition can be written as:

dTgen dTaero
> 3)
dQ dQ

In order to maintain a stable operation it is necessary that the generator torque
characteristic satisfies the condition (3). In variable speed wind turbines, there is always
power electronics converter that can control generator torque and by controlling the
generator torque, rotational speed of the wind turbine is controlled. The main goal of the
generator speed controller is to keep the wind turbine speed at the optimal point, where
the power production is maximized, while satisfying the condition (3) for stable
operation. One solution widely accepted in industry is to adopt a static torque

characteristic that is a quadratic function of the rotational speed:
_ 2
T, =K-Q @)

The slope of this function is:

dT
® _2.K.Q )
dQ

The function (5) is always positive, since direction of wind turbine rotation is always the
same and assuming that the coefficient K is positive. By tuning the coefficient K, various
operating points can be selected. In order to maximize power production of the wind
turbine, it is desirable to choose torque characteristics that will result in the operating
points that will maximize output power at every wind speed. Starting from the

aerodynamic power equations for wind turbines:



25

1 3
Pa(vw,ﬂ)=§-A-Cp(ﬂ,ﬂ)-p-vw 6)

The torque equation can be derived as:

T, 7)== 2 ACL (A ) v = o

o 2 @

It follows that:
T(wg)_i.ﬂ.Rz.C (1,): R’ 1 ®)
Y 2 P,

1 5 1 2
T(@A)=5-7-R-C,(1.5)-p-—-o ©)
For the optimal operation, the last equation can be rewritten as:

Toer op = Ko Q7 (10)
From where it follows:

1 1
KOPt:E'ﬂ-.RS'Cpmax'p‘F (11)

opt
From the characteristics of the NREL 750kW turbine, the optimal generator torque

coefficient is:

1 1 Nm
K,==7-R°-C__-p-——=2688894 —— 12
opt 2 pmax p 3 |:(|"ad /S)Z} ( )

opt
If the generator is coupled to the main shaft through a gearbox, the coefficient K should

be divided by the gear ratio of the gearbox:

Kot
K = (13)

opt_gen
n

gearbox
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Figure 2.5. Power characteristics of the NREL 750kW wind turbine

for various wind velocities operated in variable speed mode

Power characteristics of the 750kW wind turbine for various wind speeds are shown in
figure 2.5, as the wind turbine is operated in variable speed mode. The electromechanical
torque of the generator should be varied with variations in wind speed in such a way that
ensures convergence of rotational speed to values that result in the peak power for
particular wind speed. Quadratic torque speed characteristic (10) with optimally selected
coefficient K (13) guarantees this convergence in steady state.

Stochastic nature of the wind speed variations may result in suboptimal power
extraction when wind speed changes rapidly, not allowing rotational speed of the turbine
to converge towards the optimal power points. To overcome this issue, various maximum
power point tracking algorithms have been proposed [72],[73],[74]. For the purpose of
the research reported in this thesis, quadratic generator torque characteristic is chosen, as

it is the case in majority implementations in industry.
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The shaft of the wind turbine is mechanically coupled to the generator. Generators have
their own specifications on power rating and maximum rotational speed. In order to
match characteristics of wind turbine to the characteristics of the generator, torque speed
characteristic cannot follow the equation (10) for all operational range of wind speeds.
When rotational speed of the generator reaches its maximum speed, further increase of
rotational speed should not be allowed. To keep rotational speed constant for higher wind
speeds, blade pitch angle should be adjusted by the blade pitch controller which then
keeps rotational speed constant by varying the blade pitch angle with variations in wind
speed. Electromechanical torque of the generator is at its maximum, and rated electrical
power is delivered to the power grid. This mode of operation is called region 3 operation.
Before the generator reaches the maximum rotational speed allowed, it first reaches its
rated speed. At rated speed, voltage on the generator’s terminal is equal to the rated
voltage of the generator. Further increase of the voltage is not allowed, and filed
weakening technique of the generator magnetic field has to be applied. The region of
rotational speeds from the speed when field weakening begins to the speed when turbine
operates in the region 3 is called the region 2 .. This region has linear torque speed
characteristic for smooth transition between regions 2 and 3. In region 2, torque speed
characteristic follows the equation (10). Complete torque speed characteristics of the

750kW wind turbine is shown in figure 2.6.
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Figure 2.6. Torque-speed characteristic of the 750kW wind turbine

The power-wind speed characteristic of the 750kW wind turbine with the torque speed

characteristic from figure 2.6 is shown in figure 2.7.
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Figure 2.7. Power characteristic of the 750kW wind turbine
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Simulink implementation of the torque reference generator according to the torque

speed characteristic from figure 2.6 is shown in figure 2.8.
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Figure 2.8. Torque reference calculation

2.2. Blade pitch control

When wind speed reaches or exceeds wind speed at which the turbine extracts rated
power, blade pitch control has to be utilized to limit the mechanical power produced by
the turbine. According to figure 2.3 and equation (1) power coefficient and mechanical
power of a wind turbine depends on blade pitch angles. In order to keep power constant,
blade pitch angle has to be increased to reduce power coefficient. The most widely used
technique is collective blade pitch control where pitch angles of each blade on a rotor
changes equally [82]. Another approach is to control pitch angles of each blade
individually [85]. In this thesis the collective blade pitch control approach has been
adopted. Linearization capability of FAST allows computation of a linear state space
models that can be used for control design. This functionality is used for the pitch control

development for the wind turbine model used in this research.
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Figure 2.9. Blade pitch angle control in region 3

The effectiveness of blade pitch control is tested by simulation. Figure 2.9. shows
response of the wind turbine to wind speed changes. Blade pitch controller keeps
rotational speed constant when wind speed is above rated value, which is 11.5m/s for

NREL 750kW wind turbine. Structure of the controller is shown in figure 2.10.
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Figure 2.10. Blade pitch angle controller
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2.3. Generator and a double power conversion system — Modeling and control

In the following sections, a full rated double power conversion system of a permanent
magnet synchronous generator for a 750kW variable speed wind turbine is described.
This type of wind turbine configuration is also known as type 4 wind turbine generator.
Detailed mathematical models are developed and control system designed for grid and
generator side converters. Finally, complete model is implemented in Simulink and
integrated with FAST wind turbine model forming the complete multiphysics model of a
750kW wind turbine. Block diagram of the double conversion system with controllers for

generator and grid side converters is shown in figure 2.11.

Rectifier Inverter
/\( _ DC link
Gearbox PMSG o —I J-c _I / \
T T - 2/
( Transformer
A A A A A A
Grid
PWM PWM
AR o Yvy
Blade a
B pitch |a—L &{I’A abc/qd —9>qd/abc qd/abc«—] abc/qd [«— PLL
Control
A A 4 4
4 . VgenQ VgenD l‘ViI‘IVQ \/invD
Igen .
i Current Current i invQ
genD| controller controller
> ﬂi_
. A A.* |*+ A.* invD
Y . 9enQ I genD invQ linvp
ENABLE / Current VDc DC Link
| ref | voltage
[Torque-speed N control
characteristic

Figure 2.11. Complete control structure of the PMSG based variable speed wind turbine
Permanent magnet synchronous generator (PMSG) is mechanically coupled to the shaft
of the drivetrain. Voltage and frequency of the synchronous generator is proportional to

rotational speed, which varies with variations in wind speed. The active rectifier converts
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three phase voltages of the generator to DC voltage that supplies the grid side converter
(inverter). The inverter converts DC voltage to three phase voltages supplying power to
the grid. Therefore, this system converts electric power of the generator from AC to DC
and then back from DC to AC with different parameters. Voltage and frequency of the
inverter can be regulated independently of the generator speed, which is the main reason
for using such complex double conversion systems in modern variable speed wind
turbines. The active rectifier enables control of the generator’s currents, by using vector
control technique. Since generator’s electromechanical torque depends on current, and
rotational speed of the turbine depends on the balance between mechanical torque of the
rotor and generator, by controlling generator’s current it is possible to control rotational
speed. Vector control strategy in the rotating QD (quadrature-direct) reference frame is
used to control generator currents. References for the generator current controller are
provided by the rotational speed controller with implemented torque speed characteristic
from figure 2.6. Grid side converter uses similar vector control technique that enables
independent control of active and reactive power. A phase locked loop (PLL) provides
phase angle of the grid voltages needed for synchronization of inverter voltages. DC link
voltages is kept constant by the DC link voltage controller which calculates reference for
the grid current controller. In following sections, each of the blocks from figure 2.11 is

described in detail.
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2.3.1. Phase-locked Loop (PLL) for grid synchronization of a three phase inverter

Phase locked loop (PLL) is a structure that computes phase angle and frequency of a
measured signal. For power converters connected to the grid, PLL is necessary in for
proper synchronization of the converter and the grid. The good overviews of main types
of PLL used in grid tied applications are given in [98] and [99]. The most common type
of PLL in three phase systems is illustrated in figure 2.12 [99]. Three phase voltage

measurement are inputs to abc to DQ transformation block. Transformation matrix from

abc to QDO is:
cos(6) cos(@ - 2—”) cos(@ + 2—”)
3 3
T = 2, sin(6) sin(@ — 2—”) sin(é’ + 2—”) (14)
3 3 3
1 1 1
2 2 2 |

This block needs the phase angle 6 as an input. Phase angle is integral of the sum of
base frequency and frequency correction. Frequency correction is the output of the
compensator, which can be PI controller. If the goal is to keep the D axis of the rotating
reference frame aligned to the rotating voltage vector, then voltage vector component
along the Q axis should be equal to zero. Therefore, the Q component from the abc/QD
block is compared to zero, and difference is fed to the PI controller. PI controller
computes frequency correction which when added to the base frequency and integrated

gives the phase angle.
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Figure 2.12. Three-phase PLL based on the DQ transformation
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Due to nonlinear nature of the abc/DQ transformation, the PLL from figure 2.12 is a

nonlinear system. It has however, two equilibrium points. In one point Vd is equal to

zero, while in another point Vq is equal to zero. Proper selection of the parameters of the

PI controller can result in making one of these points unstable and another stable,

resulting in convergence to the stable point regardless on the initial conditions. The

parameters of the PI controller are chosen based on the small signal analysis. Simulink

implementation of the PLL block for 750kW wind turbine model is shown in figure 2.13.

@—b abe
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qdo
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Figure 2.13. Simulink implementation of the PLL
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2.3.2. Modeling of a three phase grid connected inverter

Inverters convert voltage or current from direct current (DC) source into alternating
current (AC) form to supply load. Inverters have been widely used in variable speed
electric drives, uninterruptible power supplies (UPS), inductive heating in metal
processing, hybrid and electric vehicles, high voltage DC power transmission, and grid
integration of renewable energy systems. Schematic diagram of a two level inverter

connected to the grid is shown in figure 2.14.

_r*o'mj,__nym_
_| Q1 _| Q3 _| Q5

ONGNE)

1
1

@
a

K= Ky KFe it

Figure 2.14. Three phase grid connected inverter

Inverters belong to the class of power electronic circuits and they use semiconductor
switching components (bipolar transistors (BJT), MOSFETs, IGBTs, thyristors) that
operate as switches, only in discrete regimes: conduction, or inactive state. Switching
signals that control states of semiconductor switches are generated in the control circuit,
amplified and scaled in the gate driver circuit. There are several methods for generating
switching patterns, but most widely used method is Pulse Width Modulation (PWM), and
it will only be discussed in this thesis. Switch pairs (Q1,Q2; Q3,Q4; Q5,Q6) form phase
legs. If upper switch is conducting, the voltage of the corresponding phase terminal is at

the positive potential of the DC source. When lower switch is conducting, phase terminal
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is at the negative potential of the DC source. By fast switching between positive and
negative terminal and controlling the duration of each state, it is possible to control the
average voltage at the phase terminal. The principle of PWM is illustrated in figure 2.15.
Average voltage over one switching cycle (Tsw) can be positive or negative. Therefore
by controlling average voltage to follow sinusoidal function in time, it is possible to

generate AC voltage waveform.

A

Va
AR ey e

Vavg?2,

Vavgd1

t
Vdc Ap— :}

— v -Vdc/2 Tsw * Tsw *

Qe

Figure 2.15. The principle of pulse width modulation (PWM)

1 (%v, OV Ve
vavglﬂ‘(!?"'d”!(‘?"j‘dt=2.iw-<z-tl—nw> as)

1 tzvc Tsy Vc Vc
VangZﬂ.(i[?d.dt-l_f[(_?dj‘dt :2-—dsw-(2't2_Tsw) (16)

It is important to note here that when upper switch is conducting, lower switch has to be
turned off, and vice versa. Therefore, only duration of conducting of one transistor
determines voltage at the phase terminal. In real case, there is additional time that has to
be inserted between turning off upper switch and turning on the lower switch on order to

provide enough time for upper switch to stop conducting before lower switch begins to
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conduct. Each switch has reverse biased diode connected in parallel. Reverse diodes
provide path for the currents in filter inductors when the switch is turned off.

Voltage waveform on the phase leg is rectangular, and therefore with high harmonic
contents. On the other side, grid voltage ideally contains only main harmonic of 60/50
Hz. Large voltage harmonics result in high ripple current that is injected to the grid. In
order to reduce harmonics, passive filters are used between phase terminals of the VSI
and the grid. In figure 2.14 this filters consist of LC resonant circuit. Additional
impedance between inverter and the grid, Lg and Rg, is impendence of cable that
connects inverter to the grid. However, in order to provide better filtering of high
frequency harmonics, additional filter inductance is added after capacitor, forming the
LCL filter.

One phase of the grid connected inverter from the phase to the grid terminal is shown in
figure 2.16. Due to symmetry, other two phases do not need to be considered at this point.

Voltage at the phase input is denoted as V,,and it has PWM shaped rectangular
waveform. Grid voltage is denoted V,;; and it is assumed that has no other harmonics

except the main.

R1 L 1 Rz Lz
._/\/\/\/m /\/\/W_.
+ | n +
i|nv i ig|rid
Vinv C D VC Vgrid

Figure 2.16. The LCL filter
If there is significant inductive line impedance between inverter and the grid, it can be

modeled by adding the impedance parameters to R2-L2 part of the circuit. From the
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Kirchhoff’s laws, and knowing that capacitor current is the derivative of the capacitor

voltage following equations can be formulated:

iinv = iC + igrid (17)
H diinv
Vinv:Rl‘Iinv+L1.F+VC (18)
H digrid
Via = R, Vi — L, 'T""Vc (19)
dv,
=C.—=¢ 20
c at (20)
By substituting (20) into (17) it follows:
V . .
e _ (21)

v T Igrid

dt
Equations (18), (19), and (21) form a system that models behavior of LCL filter per one

phase. The system can be written in the state space form, with i, , iy, and V. as state

variables.
diinv _& 0 —i i 1 i
dt Ll Ll iinv E O
dl rid R 1 . 1 Vinv
— 0= 0 —-= = |i, |+ 0 -] (22)
dt L2 L2 ’ I—Z grid
dv, 1 1 Ve 0 9
dt ] | c 0 | - -
i iinv 1 O 0 IinV
g [=]0 1 0|0 (23)
Ve 0 0 1]]v.




Equations (22) and (23) are the state space model of the form:

X=A-X+B-u
y=C-X
R, 1 .
i L, L, L o 100
H Vin\/ RZ 1 1 1
X=Yy=|lg U= A=l 0 ——=2 — |B=|0 —-—[;C=0 1 0| (24
Vgrid Lz LZ LZ
| c ¢ ]

From the state space model, it is possible to derive transfer function model in Laplace

domain:

RIOREION
Vi (S) Vgrid (S)
| T (S) 1w (S) | e 1 AV
G(S)_ Vi(S) Vgrid(S) =C (S | A) B (25)
Ve(®)  Ve(s)

L Vi (S) Vgrid (S)_

Equation (25) results in the following transfer function matrix:

L
s3+[&+&j~sz+[ 1,1 R 2]-s+ Ri+R, sa+[%+&}sz+[ ! +L+R1'R2j-s+ R+R,
L. P

1 1., R
65 L-L,-C L L-L, L-L-C
oofR R, 1 1 RR, R+R o (R R, [ 1 1 RR) ., R+R
L L-C L-C L-L L-L,-C L L L-C L-C L-L L-L-C
1 R )
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(26)

These transfer functions completely describe dynamical response from each input in the

system to each output. They are especially important for parameter choosing for LCL

filter. In order to choose parameters for the LCL filters several parameters are needed: the
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power level, grid voltage level, maximum voltage drop on the filter, maximum current
ripple allowed. Power and voltage level are the parameters of the particular system, while
maximum voltage drop and current ripple are defined by the standard IEEE-519.

The transfer function from inverter voltage to the grid current is of special interest in
LCL parameter calculation:

1
lgaa (8) L-L,-C 27)

Vi(s) syfPyRlgf t 1 ReRI  RER
L Lc LC LL) L-L-C

G, (s)=

The goal of design procedure is to calculate values for L1, L2 and C.

Assuming that resistances R1 and R2 are low, they can be neglected.

By making this assumption, the characteristic polynomial of the transfer function is:

f(s):s%{ 1 1 ]-s (28)

_+_
LL-C L,-C

By solving the characteristic equation, system poles can be found:

s°+ t 1 s=0 (29)
L-C L,-C

s, =0 (30)
. L+L

=+ R 31

SR [N ey

Approximated resonant frequency of the LCL filter is:

L +L, rad
“re T C L L s 32




41

Next step is to calculate total inductance L1+L2. By neglecting current through
capacitor, total voltage drop across the series connection of inductances between inverter
and grid is
AV = o-(L +L,) | (33)

For 750kVA inverter connected to the 690V three-phase utility grid, the RMS current is:

| _ 750000
RMS \/§ .690

This current is relatively high and it can create large voltage drop across inductors if

=627.6A (34)

inductance is too large. On the other hand, larger inductance results in smaller current
ripple. One of the main factors that limit the allowed voltage drop across the filter
inductance is DC link voltage which should be kept as low as possible to reduce voltage
stress on the switching components. By allowing voltage drop to be maximum 15% of

the phase to neutral voltage, the voltage drop is:

AV =0.15.%% _59 76v (35)

NG

Now, the total inductance can be calculated:

Lol =BV o 9976 55556, ~250,H (36)
w1, 2-7-60-627.6

Assuming that L1 and L2 are related as :
L,=4-L (37)

Le =L+ L =1+4)-L (38)

L
Ll_L1+ 2 __ Llot (39)

(1+8) (1+p)
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B is a coefficient of proportionality between two inductances. The resonant frequency is

0 = | 1P (40)
VC 5L,

The next step is to calculate the capacitor value and coefficient B. It is desirable to choose

the smaller value for the capacitor, for the same resonant frequency.

(1+B)

= | (41)

a)res
C- ﬂ ) Ltot

C= L+ ) (42)

-2
a)res : ﬂ ) LtOt
The coefficient B that minimizes capacitance can be found by calculating the first

derivative of the equation above.

dC _2-(1+p) o Ly —(1+p) -0, Ly @)
ds Oy

From this equation the coefficient 3 that minimizes capacitor is:

2
2'(1+ﬂ)'a)r2es'ﬂ'|-tot_(1+ﬁ) 'a)rzes'Ltot:O (44)
The solution of this equation is f =1. Therefore, inductances L1 and L2 should be equal

and their values are:

L =L, :% = 125H 45)

L (46)

Mli-) —j-ws—(Rl+R2J-a)2+[ + +R1'R2J-j-w+ Ri*R,
Ll Lz L1C Lz'c Ll'Lz L1'L2'C

‘GZI(j wl =




43

1
Gy(@)= L L

N

C (47)
R+R, (R R) L) [, 1 1 R-R)
| 20| 4| 0 - o + +
Ll'Lz'C L1 Lz L1C Lz'C L1'L2

The switching frequency in for this project is 4kHz. In chapter 4, the maximum DC link

voltage with fully charged ultracapacitor bank is defined to be 1730V. The peak voltage
across the total inductance of the filter is equal to one half of the DC link voltage. This
voltage create current ripple that has to be limited to 1% of the rated RMS current
according to the IEEE-519 standard. Therefore, the gain of G21 transfer function at

switching frequency of 4kHz should be:

G,,(2- 7 -4000)= % =0.00725 (48)

From this result, the capacitance is calculated as 250uF, resulting in resonant frequency
of LCL filter of 1237Hz. Final values for parameters of the LCL filter are given in the

table.

L1 L2 C
125uH | 125puH | 250pF
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2.3.3. Inverter model in QD coordinates and controller design

Similarly to the generator side converter, QD reference frame is chosen for

inverter controller as well. A system of differential equations that describes three phase

LCL filter is given below.

[ NiABC | [
dlinv _& O _iw r 1 T
dt L, L[ [i*®c] |7 O
di ABC R 1 inv L1 1 VABC
grid _ 2 = ABC inv
—e 0 -2 = iy 0 —= | (49)
dt L L gl’ld L ABC
ABC 2 2 VABC 0 2 grid
dv, 1 1 0 c 0
o dt | | C C | - -
+A P A A A A
Iinv Igrid Vinv Vgrid VC
+ ABC B + ABC B ABC B ABC B ABC B
Iinv = Iinv Igrid = Igrid Vinv = Vinv Vgrid = Vgrid VC = VC
He He c C C
Iinv Igrid Vinv Vgrid VC

By applying abc to QD transformation to the first set of differential equations, following

equations in QD coordinates can be derived:

di* R, . 1 1
L, jABC _ T \ABC | ©  \ABC

inv__ _ .

- Iinv C inv
dt L, L, L, (50)
= ABC abc :qdO
linv :quo ’ Ii(r‘w (51)
+qd0 _ 7 qd0 . = abc
Iinv - Tabc Iinv (52)

Where inverse transformation from QDO to abc domain is (53):
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cos(0) sin(6) 1
T = cos(@—zTﬂj sin(&—z'Tﬂj 1 (53)

COS(Q + 2—”} sin(@ + 2—”) 1
L 3 3 —

By applying the abc to QD coordinate transformation, it follows:

dp R 1 1
£qd0 | __ 1 abc 3qdO abc qd0 abc qd0
a.quo “liny ]__E'quo by _E°quo Ve +Z'quo “Vinv (54)
d d R 1 1
+qd0 abc +qd0 __ 1 abc ;qdO abc qd0 abc qd0
E.quo]'linv +quo a inv __I'quo Loy _E'quo Ve +Z'quo Vi (55)
Knowing that:
cos(0) sin(9) 1 —sin@ cosd 0 (56)
%[quﬁf]:% cos(@—zéﬁj sin(@—zgf ll=w- —sin[é’—z;rj cos(é?—zifj 0|=w-Ty,
cos(€+2;rj sin(¢9+2;rj 1 —sin(9+2;rj cos(9+2;T) 0
It follows:
d R 1 1 :
abc sqd0 1 abc ;qdO abc qd0 abc qd0 sqd0
T —I ——. A =T Ve +E-qu0 Vi, —@-T o1 (57)

qd0 dt inv I_l qd0 inv L1 qd0

By multiplying both sides of this equation by T2°, knowing that quboc T3 = | and

abc »

0
Tao Two=|-1 0 0 (58)
0 O

0 10
iiqdo:_&.iqd"_i.vgdo+i-v.qd°—a)- -1 0 0} (59)

dt inv L1 inv L1 L1 inv 0 O O inv
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Resulting in the flowing set of differential equations for inverter current components in

QDO system:

_:——-ii?w_i'vg_'__ VI?]V a).ii”V
dt L, L, L

(60)
“d
%:—&'lﬂv——‘Vg 1 va+a) I'?W
dt L, L Ll 1)
0
diy, _ _&'ii(r)]v _i-vg +i'vi0nv
dt L L, L 62)

Similar derivation process for grid currents and capacitor voltages leads to:

dige _ Ry imsc, 1 sec 1
dt - L grid L C L grid
2 2 2 (63)
I:T abc quO] T abc qu 0 + i T abc qu 0 1 T abc qu 0
qd0 “grid L qd0 “grid L qd0 C L qd0 grid
2 2 2 (64)

Final system of differential equations for grid currents of the LCL filter is:

dig
(jnd = &'igrid _{_i.vg l Vgrld - Ignd
t L L ° L (65)
di’
(_;Jnd = _&'igrid +i.vg - Vgrld +o- Igrld
t L L L (66)
di?
;nd = —&'igm +i'vg —i'Vgrid
t L L ¢ L 67
Capacitor voltages in QDO coordinates:
dv /5 :l_i_ABc _l_iAI_3C
dt C inv C grid (68)
[—I-abc qu] -I-abc +qd0 1 -I-abc quO
qd0

qd0 v — qdo " 'grid
C

(69)



dt C inv
%_l.id
d C

%_l.io
dt C inv

inv

1

C

1

c

1

c
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R OB TA
grid C (70)
-igrid +w-vg
(71)
.iO_d
ari (72)

Simulink implementation of inverter and grid current computation based on differential

equations in QDO domain is shown in figure 2.17. Figure 2.18 shows capacitor voltage

computations based on the model (70)-(72). Finally, complete model of the three phase

LCL filter connected to the utility grid is shown in figure 2.19. Inputs to the model are

inverter and grid voltages and the phase angle 6 from PLL.

(a) (b)

Figure 2.17. Simulink block diagrams of filter inductances of

the LCL filter in QD coordinates
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Figure 2.19. Complete Simulink model of the grid connected LCL filter

The outputs of the model are inverter currents, grid currents and capacitor voltages, all
in abc domain.

The inverter control is based on the current feedback from the current sensors typically
located between inverter and filter inductance of the LCL filter. The concept of vector
control allows decoupled control of direct and quadrature components of current which is
directly reflected to decoupled active and reactive power control. The basic principle of

current control using vector control technique is to find voltage vector that will produce
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desired currents. From differential equations for inductor currents, by applying Laplace

transformation following expression are derived:

R 1 1
S' Ii?]v(s):__l. Ii?w(S)——‘Vq(S)'i‘—‘Vi:v(S)—C()‘ Ii(rjw (73)
L, L ° L,
It follows that:
u:xs)-[s&j=—i-vs(s>+i-vi:v<s>—w- B )
1 Ll Ll
VTS TERVITA NPT

LT Ve V) oLl ()

__ L
inv(S)_ [S_I_le |_1.S_|_R1

From the equation above, it follows that inductor current on Q axis depends on inverter
voltage on this axis, inverter current on D axis, and capacitor voltage on Q axis. Inverter

voltage on Q axis that would produce desired current is:

Vin(s)=13,(8) (L s+ R )+VE (s)+ oLy - 15, (s) (76)

From the -equation (76), voltage drop across the inductor impedance,

q
I inv

(S)- (Ll S+ Rl), has to be known in order to compute voltage V,! that results in

inv
current |}, . This method is the open loop control, and its main disadvantage is

dependence on accuracy of parameters L1 and RI1, especially since R1 depends on
temperature which changes due to changes in RMS current during inverter operation.
Feedback control overcomes this difficulty, and it is always used in current control of
grid connected inverters. In QD reference frame current control, feedback loop is used to
calculate only voltage component that correspond to the voltage drop across the inductor

L1,R1. Other two components, capacitor voltage on Q axes and cross coupling term from
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Q axis current are added to the voltage drop term forming the voltage reference for the Q

axis. Voltage component across R1 and L1 is:

VRqL (S) = Ii’:v (S)'(L1 S+ Rl)
(77)

The transfer function from voltage component on the inductor terminals to the current

through the inductor is:

12 (s) 1
Gq — inv — 8
" (S) VRqL (S) L,-s+R, 7

Due to the nature of PWM generation of voltages of a three phase converter, there is a
transport delay between voltage reference computed by the controller and actual voltage
on the converter’s terminals. This delay is equal to one half of the switching frequency.
For low switching frequencies, used in high power applications, this delay becomes
significant and needs to be taken into account for closed loop controller design. Taking
the transport delay of the converter into account, following voltage equation on the Q
axis holds:

2

Vi ! (S) =V, () e (79)
Transport delay in voltage causes the transport delay in current caused by that voltage.
Therefore, the closed loop transfer function that takes into account the converter’s
transport delay is:

real 1 7
G )= me (80)
1 1

One of the methods to model transportation delay with a transfer function is Padé

approximation. The first order Pad¢ approximation of the transportation delay is:
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—T—5~s +1
GPade(S): '?— (81)
=41
4

Finally, the transfer function of the plant that includes transport delay is:

GI"™ ()= G1 (5)-G,v (5) )
G, (5)=Fr S5 (83)

If PI controller (83) is used to control the current trough the inductor, the
following transfer function of the closed loop system describes the dynamic response of

the current to the current reference command in the Q axis:

L 18() Ga(5)-G(5)-Culs)
G 15(6) 156, (9)- 63, (5) 6 () 8

Now, selection of parameters Kp and Ki determine dynamic response of the

system and they have to be carefully chosen to keep system stable with large stability
margin while keeping good transient response for reference tracking. For the aperiodic
response and good gain margin for stable operation, following parameters have been

selected for the 750kW wind turbine inverter.

Kp Ki
0.3721 | 15.28

The transfer function from the current reference to inductor current on D axis is the

same as for the Q axis. The block diagram of current controller in QD coordinates is

shown in figure 2.20. Current controllers computes voltage references v and v;- that are
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converted back to abc domain and after proper scaling, which depends on the DC link

voltage, used to compute duration of PWM pulses for switches in the power converter.

Figure 2.20. Inverter current controller

Space vector PWM algorithm form the Appendix A then produces actual phase

voltages on the converter’s terminals.

2.3.4. Permanent Magnet Synchronous Generator

Permanent magnet synchronous generators (PMSG) have been increasingly used in
wind energy industry due to their advantages over other types of generators. Main
advantage of PMSG over induction generators is no need for reactive power. A PMSG
has permanent magnets on rotor that produce magnetic flux, meaning that no coil is
needed on the rotor which results in higher efficiency compared to standard synchronous
generators. Permanent magnets can be mounted on the rotor of the PMSG in two ways:

surface mounted or interior mounted (IPM). Also, geometric distribution of magnetic flux
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can be trapezoidal or sinusoidal. Machines with trapezoidal distribution of magnetic flux
are mostly used as brushless DC motors (BLDC), while sinusoidal distribution is mainly

used in generators. Stator voltage equations of a PMSG are:

va:Rs-ia+% (85)
dt
d
v, =R I, +% (86)
v.=R -1 +% (87)
dt

Flux linkage equations:

l//a = (L;/ + Laa (99)) ’ ia + Lab (ee) ’ ib + Lac (ee) ’ ic + l//PMa (He) (88)
Wb = Lab (ee) : ia + (L;/ + Lbb (99)) ) ib + Lbc (ee) ) ic + WPMb (ee) (89)
v, =L, (0)-i,+L.(6,) i, +(L +L_(0))i +w,,(6,) (90)

Ideally, flux linkages produced by permanent magnets on the rotor, ¥y, pup> a0d ey

are sinusoidal. Non-ideal space distribution can be approximated by Fourier series of flux

linkage harmonics:
Wena(Ge) = Woai (0) + Werao (20, + £5) + Wppas 36, + &5) +... (91)

Electromechanical torque is:

Tem = aWem

The energy of the electromagnetic field is given by the following equation (93):

W =2 L (001 2 L0+ 2L (0) 1 + Ly (0011, i+ L (0) 1, 1+ L (0)- 1+

+ l//PMa (He) : ia + l//PMb (95) ’ ib + l//PMc (99) : ic



By applying the same coordinate transformation from abc to QD reference frame,

following equations can be derived:

: di :

v, =R "d+|—d’d—€—0)e'|—q"q (94)
: di :

v.=R i +L  —+a, (L i+v,.,) (95)

q s q q dt

Tezg-P-(wPM-iq+(Ld—Lq)-id-iq) (96)
Inductances of the model in the QD reference frame are:

L=L+L, ©7)
L, =L +L, (98)

Finally, the PMSG dynamic model in the QD reference frame is:

di, 1 . .
d—'{’:L—d(vd—RS-|d+a)e-Lq-|q) (99)
di, 1 . .
ﬁ:rq(q—RS-Iq—a)e-(Ld-ldﬂ//PM)) (100)
T, :g'P'(l/IPM 'iq +(Ld _Lq)'id 'iq) (101)

The Simulink implementation of the PMSG model is shown in figure 2.21.

54
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Figure 2.21.Simulink model of a PMSG

In the Laplace domain, the state space equations can be written as:
V,(s)=R,-1,(s)+L,-s-1,(s)-a,-L,-1.(s) (102)
V,(s)=R, -1 (s)+L,-s-1(s)+a, (L, 1,(5)+wsy,) (103)

In order to design current controller in the QD reference frame for vector control of the

PMSG, following equations in Laplace domain are of interest:

1,(s)=

V,(s)+a, L, -1,(s)
R, +L,-s

(104)

Iq(s)zvq(s)_we'(l—d 'Id(s)"'l//pm) (105)

R,+L,-s
Voltage and torque equations of a permanent magnet synchronous machine in the D-Q

reference frame:

e q q

vd:RS-id+Ld-(;—|€—a)-L-i (106)
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: di :
=Rs"q+|—q'd—:+a’e'(|—d"d+‘//pM) (107)

q

3 : -
Te:E.P.(l//PM-|q+(Ld—Lq)-|d-Iq) (108)
Assuming that D and Q axes are real and imaginary axes in the complex plane, the

PMSG voltage equation can be rewritten as a following phasor equation:

Phasor diagram of the PMSG is shown in Figure 2.22.

a4
i
| Ja)el‘qlq
A > _
Jrw, Ly -1
z R-i
>
SIEERY;
Yom d
————

Figure 2.22. Phasor diagram of a PMSG
Interior mounted permanent magnet machines have different inductances along D and
Q axes. If the D axis is oriented along the magnetic flux produced by the permanent
magnet, then total inductance along this axis is lower than the inductance in the
orthogonal Q axes due to low magnetic permeability of magnetic materials compared to
the permeability of ferromagnetic core of the machine. For the purpose of this research, a

750kW PMSG is chosen as a generator of the wind turbine under consideration. Since
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this wind turbine contains gearbox, a high speed PMSG is needed. Also, the rated voltage
of this machine should be near 690V, as it is typical standard voltage level for WECS of
similar sizes. Requirements for the generator needed for this system are very similar to
the requirements for high power permanent magnet motor drives used in ship propulsion.
One such motor is described in [40]. Parameters of the generator chosen for the
development of the wind turbine model for this research are:

Rs=10mQ

Ld=700pH

Lg=2mH

Y=1.428 T

The same method used for inverter controller design can be applied here. The transfer
functions of interest for generator current controller design are the same as in the inverter
control Q and D loops. Only difference is in the values of parameters. Due to difference
in Ld and Lq inductance, different are the PI controller parameters. The parameters of the

Id and Iq PI current controllers are given in tables 2.1 and 2.2 respectively.

Table 2.1

Kp Ki
2976 |2.87
Table 2.2

Kp Ki
0.907 |26.07

Space vector PWM strategy from the Appendix A is applied for the generator side
converter. The Simulink implementation of the current controller of the generator side

converter is shown in figure 2.23.
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Figure 2.23. Current controller of a PMSG in QD reference frame
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Structure of the decoupling block is shown in figure 2.24 and space vector modulator

(SVPWM) in figure A.4 (Appendix A).

Psi —|_>
9—»3 —
Id

NN > x (D
P/ - VeQ
D> > x
i 4 i veD

Figure 2.24 . The decoupling block of the PMSG current controller

The main challenge in utilization of IPM synchronous generator (IPMSG) is the fact
that both Id and Iq current components produce torque. Therefore, it is necessary to
define the method how to divide total demanded torque from the torque speed controller
to the two torque components of the IPMSG. In this project, the following method has
been proposed. The main constraints of IPMSG operations are maximum voltage and

rotational speed. From the phasor diagram, voltage on the IPMSG terminal is:
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V=@ Vo —@, L 1,] +{o, L1 f ~R 12+ (109)

This voltage is limited by the voltage in DC link for normal rectifier operation. If space

vector modulation is used, the peak voltage on the IPMSG terminal is:

V
V < bC 110
N o

The terminal voltage reaches the maximum values at the rated rotational speed. In order
to allow operation on increased rotational speed, field weakening has to be applied. The
current Id is used for this purpose. Following equation is used to compute Id current
reference:

I(t)=K, -0 +K, @ (111)
Constants K1 and K2 are calculated based on voltage constraint equations (109) and
(110). From the torque equation of PMSG, and knowing the Id current reference, the Iq

reference can be calculated. Simulink block that computes Iq current reference is shown

in figure 2.25.
1) P X
T o (D
— la*
Psi N E Divide q
Psi (3/2)P
I fag

Figure 2.25. Iq reference calculation for the generator current controller
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2.3.5. Modeling of the DC link of the double power conversion system

The voltage of the DC link depends on the balance between DC currents of the rectifier
and inverter. Maximum magnitude of line to neutral voltage of a three phase PWM
converter modulated by space-vector modulation is given by the equation (110). From
(11) it follows that line to line RMS voltage of the three phase power converter is equal

to:

Vi =% (112)

For generators with rated line to line voltage V", , the minimum DC link voltage is
Vsncin = \/5 'VLn_L (1 13)

This is the theoretical minimum, and it has to be increased to include voltage drops across
semiconductor switching components and line resistances. The model of DC link is
shown in figure 2.29. The currents of the DC link sides of each power converter can be
calculated by applying the energy conservation law. The computation of the DC link
current of the generator side converter (rectifier) is shown in figure 2.26. Similarly, the

computation of the DC link current of the grid side converter is shown in figure 2.27.

WL,

@O— ) b (T
Vq Pgen
C: x
X
o o o
Vdc Divide lin

Vd

Figure 2.26. DC link current, generator side
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Figure 2.27. DC link current, inverter side

The model of the DC link capacitor is shown in figure 2.28. Figure 2.29 shows the

complete model of the DC link of the wind turbine.

(I)—’[: >—> 1/s F—w{ i )
di Vdc

1/€C

Figure 2.28. Simulink model of the DC link capacitor

|
vg in »(
lgen_qdo Id lin
vd p
B e DY NN
Vgen_qd0 | T 1Pgen - dl vde @ —» (3D
en o ldc
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linv qd to idc2

Figure 2.29. Complete simulink model of the of DC link of the double conversion system

Simulink models of each block from the figure 2.10 have been developed in this
chapter. Complete model of the electrical subsystem for integration with FAST wind
turbine simulation model is shown in figure 2.30. Figure 2.30 shows complete Simulink
model of the double conversion system that is expanded in following chapters to include
drivetrain model with active vibration damping controller as well as lithium-ion

ultracapacitor energy storage. Complete model of a wind turbine is shown in figure 3.19.
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Figure 2.30. Simulink block of the electrical subsystem of the 750kW turbine
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3. Mechanical stress reduction of a variable speed wind turbine drivetrain

In wind turbines, the gearbox connects the main rotor, called low-speed shaft (LSS),
and the generator on the high speed shaft (HSS), as shown in Figure 3.1. The gear ratio
depends on size of the turbine and rated rotational speed of the generator. Larger wind
turbines rotate slowly and higher gear ratios are required. Variations in wind velocity
cause variable torque on the main shaft of the turbine. This torque is balanced by the
electromechanical torque of the generator and friction. Torque difference between the
main shaft and the generator shaft is acting on the gearbox, causing torsion deflection. In
steady state, when rotational speed is constant, the torsion angle between the main shaft
and the generator shaft would remain constant. However, due to variations in torque from
the main shaft, as well as variations of the generator torque, torsion angle between two
shafts varies. These variations in torsion angle are unwanted vibrations that increase
dynamic loads and fatigue of the gearbox components. The most dangerous vibrations are
those whose frequencies are equal to the natural frequencies of the gearbox. Therefore, in
order to reduce mechanical stress on the gearbox components, it is desirable to reduce
vibrations at the resonant frequencies. A novel generator torque control method aimed at
reducing resonant vibrations of the gearbox components is proposed in this chapter. This
control strategy reduces resonant torsion vibrations of the shafts between gear stages by
introducing compensating torque as additional electromechanical torque of the generator
with goal to counteract torque components from the main shaft that cause torsional
vibrations at resonant frequencies of the drivetrain. The compensating torque consists of
torque components with frequencies equal to the resonant frequencies of the drivetrain

whose amplitudes are variable in time. The amplitudes of compensating torque
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components have to be proportional to the amplitudes of torque components from the
main shaft that are going to be compensated, with matching phase angle in order to avoid
increase instead of decrease of unwanted torsional vibrations. The average of the
compensating torque is equal to zero thus not affecting rotational speed control of the
wind turbine. Compensating torque is generated by adjusting the generator current
reference, responsible for torque-speed characteristic as described in the previous chapter.
Due to the limited bandwidth of the generator current control loop, not all vibrations can
be compensated. However, all torsional vibration components that are within the current
controller bandwidth can be effectively damped. This chapter first explains the multibody
spring damper model of a typical three stage wind turbine gearbox. Parameters of the
model are calculated from the real field test data of a 750kW wind turbine. It is followed
by description of the control strategy that damps resonant vibrations of the drivetrain. The
effectiveness of the proposed strategy is verified by extensive Matlab/Simulink computer
simulations.

High-Speed Generator
Shaft

Brake

) . Gearbox
Main Main -

Bearing  Shaft

Bedplate

Figure 3.1. Wind turbine drivetrain [42]
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3.1. Modeling of a wind turbine drivetrain

Wind turbine gearbox is a complex mechanical system that can be modeled in several
ways, depending on required level of accuracy. The simplest model, widely used in
available design codes, uses dual-mass spring damper system. This model approximates
entire drive train as two ineartias connected by flexible shaft. This model has two degrees
of freedom and, therefore, two natural frequencies. One natural frequency is equal to
zero, representing rigid body mode, while another one is equal to the global resonant
frequency of the gearbox. The moment of inertia of the gearbox is lumped to one of
inertias at the flexible shaft’s ends. This type of model is widely used in many
aerodynamic wind turbine simulation codes [68]. Although very simple, this model gives
insight into global behavior of the drivetrain. On the other hand, this model provides no
information about internal dynamics of the gearbox itself. Next step in modeling of the
drivetrain is to increase the number of degrees of freedom of the model. Typical gearbox
configuration used in wind industry has multiple gear stages. More detailed model
assumes that each gear set is a lumped moment of inertia, while shafts that connect them
are flexible linear spring damper systems. This model captures more details of the
gearbox internal dynamics, compared to the dual-mass model. However, it does not
capture dynamical behavior of individual gears, flexibility of gear teeth and the
nonlinearities in the gear teeth interactions. Next level in modeling includes modeling of
the gear mesh flexibility as a linear spring damper system, for each coupled gear pairs.
This model can be further expanded by taking into account nonlinear effects of gear teeth

bending thus forming more accurate nonlinear model. Also, interactions between gearbox
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shafts, bearings, and housing can be modeled as linear or nonlinear spring damper
systems resulting in very high order model that captures many details of dynamical
behavior within the gearbox. Finally, the most detailed model can be obtained by using
finite element analysis. This model can provide detailed data about loads and fatigue of
gearbox components indentifying the most critical points. However, models based on
finite elements are numerically complex and it would be very difficult to integrate such
models with the model of the other components of a wind turbine. Such complete model
would be computationally demanding and impractical for use since simulations would
take large amounts of time. Compromise solution is to use reasonably detailed multiple
degree of freedom spring damper model of a gearbox that can be integrated with the
complete model of a wind turbine. Simulation results of such model, particularly torque
profiles at various points within the drivetrain, can be further used as input for more
detailed nonlinear of finite element based models to further investigate mechanical

loading and dynamical behavior of gearbox components.

Planet carrier ﬂ st
1% Parallel High speed shaft
_ — stage [ (HSS)
Main shaft | ] || /
/ — Generator
I X 2" Parallel
stage
1 Sun
— Planets
W Ring
Housing

Figure 3.2. Wind turbine drivetrain with a three stage gearbox
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Good references on detailed gearbox modeling are [42] and [43]. For the purpose of
this research on drivetrain mechanical stress reduction, a medium level model of the
gearbox is developed. In the 750kW wind turbine used as a test case in this research, the
gearbox has three stages, as illustrated in Figure 3.2. First stage is a planetary gear set
needed to handle greater torque loads. Second and third are parallel stages to provide
higher gear ratios. The flexible multibody model which models only flexibility of

drivetrain shafts is illustrated in Figure 3.3.

Figure 3.3. Five-mass model of the drivetrain

In this model, rotor of a wind turbine and main shaft (LSS) is represented as moment of
inertia J,. Planetary gear set consists of the ring that is coupled with the gearbox
housing. Ring itself has gear teeth on its inner side. Inside the ring, three or more gears
rotate. These gears are called planets and they are mechanically coupled by planet carrier.
The planet carrier is also the input, or low speed shaft of the system. The planets are
coupled through gear teeth contact to the innermost gear called sun. The sun’s shaft is a
high speed shaft or output of the assembly. Planet carrier, planets and sun are shown in
figure 3.4. Planetary gear stage is represented as a lumped moment of inertia J,. This
moment of inertia is scaled to the LSS side, by multiplying moment of inertia of the sun

and output shaft of the planetary stage by square of the gear ratio n, of this gear set.
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‘Ji = ‘]Planet. + n12 ' ‘]sun (1)

Figure 3.4. Planet carrier and planets (left), sun and first parallel
stage pinion (right)
Flexible shaft that connects rotor inertia and the planetary gear stage is represented as
spring damper system with stiffness coefficient K,. The sun and the first parallel stage

pinion are connected by the flexible shaft with stiffness coefficient K, . First parallel

stage that consists of pinion and wheel is represented as a lumped moment of inertia J,.

This moment of inertia is also scaled to the LSS side of the drivetrain.

Figure 3.5. First parallel stage wheel with second parallel stage pinion (left).
Second parallel stage wheel (right)
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! 2 2
2 = nl ’ (‘] 1stPinion + n2 ) ‘JlstWheeI ) (2)

Where J,gpinion A1 J;qunee ar€ moments of inertia of first parallel gear set pinion and

wheel respectively. Gear ratio of the first parallel gear stage isn,. First parallel stage’s

wheel is coupled to the second parallel stage wheel. Figure 5 shows these gear sets.

Flexible shaft between first and second parallel gear stages is represent by stiffness
coefficient K,. Second parallel gear stage is represented by lumped moment of inertia

J; which is also scaled to the LSS side of the drivetrain.

' 2 2 2
Jy;=n;-n, '(Jzndpinion +N; "J2ndWheeI) 3)

Gear ratio of the second parallel gear set isn,. Finally, the second parallel gear set’s
wheel is coupled to the generator by the flexible shaft represented by the stiffness
coefficient K,. This shaft is the high speed shaft of the system. The generator is
represented by the moment of inertia Jg which scaled to the LSS side.

Jo =nZ-nZ-ni-Jg

4
Following set of differential equations is a mathematical representation of this five-

mass model of the drivetrain:

d , .
Jr - (j:R :TR_Kl‘(HR_gl)_Dl'(a)R_wl) ()
3,52 K, (0, ~0)+ D, (o — i)~ +(6,-01)-D, (0} ~ ) ©
3 K600+ 0 ol -0l) - (0-6)-D i ai)
3,22 2 K, (0,-0)+ Dy (0 -3} K, (6, -6,)- D, (o k) .
3, 8% _,0,-0,)+ D, (o) -y T,

d ©)
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0 = ddéiR (10)
0= 24 (i
0y =% (12)
0y =3% (1)
oy = e (14)

This system of ten linear differential equations can be rewritten in the state space form

as:
X=A-x+B-u (15)
y=C-X (16)

Where the system matrix is:

& 0 0 0 & 0 0 0
_% Js D, 0 0 _? Je K, 0 0
J&&V D, OKRL%% K 0
st J [_&_&] J, -1 J, J, [_&_&j J,
J, : D, I, K,
. R R ik
A 0 (‘)]2 % . ‘Js ‘Js _& 0 (‘)]2 % K“]a ‘]3 7& (17)
0 3 2 I, 0 3 K, 3.
, 0 0 J, o o O 0 3. 0
o O 0 0 o o O 0 0 0
0 1 0 0 o o O 0 0 0
o O 1 0 o o O 0 0 0
o O 0 1 . o 0 0 0 0
0 0 0 0 0 0
The state vector is:
X= [a)R 0o o o o, 6 0 0, 0, HG]T (18)

Inputs to the system are torque of the wind turbine rotor and electromechanical torque

of the generator:
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u:[TR TG]T (19)

Output of the system are rotational speed of the LSS and HSS, as well as torsion angles

of the shafts.

y=lo. @ G- 6-6, 6,-6, 0,0 20
1 000000 O 0 0]
0000100 0O 0 O
000001 -10 0 0

C= 1)
0000001 -10 0
0000000 1 -10
0000000 0 1 -1

Eigenvalues of the matrix A are natural frequencies of the model. Complex conjugate
pairs correspond to resonant vibrations of the torsion angles. Pair of eigenvalues equal to
zero correspond to rigid body modes of LSS and HSS. This model is implemented in
Matlab/Simulink and integrated into complete wind turbine model described in the

previous chapter.
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3.2. Model parameters calculation

This section briefly describes calculation of parameters for the derived five mass model
of the drivetrain, while more details can be found in reference [67]. Field test data of a
750kW experimental wind turbine are the basis for parameter calculation as well as
SolidWorks model of the gearbox of this wind turbine. Test data and SolidWorks model
are provided by NREL. The experimental wind turbine is tested on the dynamometer as a
fixed speed induction generator with dual speed operations. The dual speed operation is
accomplished by switching the stator pole winding arrangement from six poles to four
pole configuration. The 750kW experimental turbine can run at two rotational speeds,
one for high speed (four pole winding configuration) and another one for low wind
velocities (six pole winding configuration). Induction generator is connected directly to
the grid, without any power conversion system. This turbine belongs to the fixed speed
class of turbines since it operates at constant rotational speed despite wind speed
variations except for changes between high and low wind speed cases. First data set is
obtained by applying a mechanical brake on the HSS of the drivetrain (figure 3.6). Wind
speed was constant, and after applying the brake torque measured on the LSS showed
oscillatory response as a result of torsional vibrations in the drivetrain. By approximating
the frequency of this oscillatory response with its first harmonic, the dominant natural
frequency of the drivetrain can be determined. When brake is engaged, the generator
inertia does not contribute to the dynamic response. Therefore, the system can be
represented as a single degree of freedom model with rotor inertia on one side, and

flexible shaft fixed on the another side.
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Figure 3.6. Breaking event
Next dataset used for parameter calculation is shown in figure 3.7. The turbine
rotational speed is changed from low to high speed and oscillatory response is recorded.

In this case, generator inertia and electromechanical torque contribute to the response.
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Figure 3.7. Change in rotational speed
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From this data, parameters of the equivalent two mass model can be calculated, by
approximating oscillatory response with its dominant resonant frequency component. In
the two mass model two moments of inertia are connected by the flexible shaft with total
equivalent stiffness coefficient. From the SolidWorks model, moments of inertia of
gearbox components, shown in figures 3.4 and 3.5 are extracted. Stiffness coefficients of
shafts connecting gear sets are calculated from the material characteristics used in this

gearbox. The inertias, stiffness coefficients, and gear ratios are given in tables 3.1, 3.2,

and 3.3.
I 998138.4 [ 0.4
lec 116.72 lg, 342
I 1.02 Ip, 0.08
Ig, 3172 lee 24

Table 3.1. Moments of inertia of the gearbox components

K, 3.69E+07
k, 2.45E+07
k, 2.70E+08
k, 2.08E+06

Ny 4.714
N, 3.565
Ns 4.00

Table 3.2. Equivalent stiffness coefficients

Table 3.3. Gear ratios of the gear stages
Inertia of the rotor J;is calculated from the FAST model of the 750kW NREL
experimental turbine. From these data, equivalent stiffness and moment of inertia of a
single degree of freedom model is calculated. The calculated natural frequency of this
model showed good matching to the experimental data [67], confirming accuracy of
stiffness coefficients from the table 2. From the available data, it is not possible to

calculate damping coefficients D, —D,. However, the worst case is if these values are

equal to zero meaning that there is no damping of torsional vibrations due to friction. For
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the purpose of model development used in this research, these coefficients are set to 100,
which is smaller than the least stiffness coefficient, K4 for four orders of magnitude. This
low frictional damping in the system results in more challenging task for the vibration
damping controller, as major contribution to damping has to be result of generator torque
control strategy. Finally, by substituting values for moments of inertia, stiffness, and
damping coefficients to the state space model described in the previous sections,

following natural frequencies are calculated:

f1 0

2 2.96Hz
f3 292Hz

4 371Hz

£5 2214Hz

Table 3.4. Natural frequencies of the five mass drivetrain model.
With known parameters of the model, the active vibration damping controller can be
designed and tested by computer simulations of the full model of the 750kW wind

turbine.
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3.3. Active generator torque control for drivetrain vibration damping

This section describes the principles of resonant oscillation damping of the gearbox by
controlling the generator torque. It also shows a design procedure for the controller that
damps the resonant oscillations at three natural frequencies of the previously derived
gearbox model. Aerodynamic torque at the turbine shaft causes rotation of the drivetrain.
Aerodynamic torque on the rotor is balanced by the electromechanical torque of the
generator. Torque difference between the aerodynamic torque and generator torque
causes acceleration or deceleration of the shaft. Besides the average value, the
aerodynamic torque contains variable components, as a result of variations in wind speed.
Below rated speed, generator torque of a variable speed wind turbine is usually controlled
to follow the cube of the rotational speed. Due to the large inertia of the wind turbines,
rotational speed variations are much slower than variations of the aerodynamic torque.
The torque difference between the low and high speed shafts causes rotational motion,
and the variable (higher frequency) components within the torque may excite the gearbox
modes, increasing the wear and tear of the gears. Torque oscillations at the natural
frequencies can be very harmful to the gearbox and it should be minimized. To reduce
these unwanted torque components, the torque command to the power converter includes
the damping components to remove or reduce the torque components that may excite the
gearbox modes. A simplified block diagram of the proposed control strategy is shown in
Figure 3.8. As shown in figure 8, stress damper controller has to estimate the amount of
unwanted and potentially harmful torque components that are acting on the gearbox. This

can be done by measuring torque at the LSS as well as HSS. Installing torque sensors can
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be very impractical. Therefore, the method proposed in this paper uses indirect effects
caused by the torque difference acting on the gearbox to identify harmful components
that should be removed.

Useful
Wind
Power

G Power
Beir - Converter
0 and
Useful

Generator .
Electrical

Power

Unwanted Turbulent
Wind Power

Stress
Damper
Controller

Figure 3.8. Active vibration damping concept

From the equations (13) to (18), it can be seen that acceleration of a HSS (equation 14)
contains the information about all angles and rotational speeds of various gearbox stages.
By appropriate filtering of the acceleration signal, the information about resonant
oscillations within the gearbox can be extracted. This information can then be used to
calculate the compensation torque that would reduce these oscillations. The concept of
the stress reduction control strategy based on the processing of the acceleration signal is
illustrated in Figure 3.9. The rotational speed of HSS is first processed through a washout
block which calculates acceleration of the shaft. The acceleration signal is next processed
through parallel band-pass filters where the central frequency of each band-pass filter
(BPF) is set to one particular resonant frequency of the gearbox. The output of each filter
provides the level of oscillation at each resonant frequency. These signals are processed

through compensators (CMP) that produce output torque components that should be
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added to the generator torque in order to increase damping of the resonant oscillations.
Compensators are low pass filters, as illustrated in the design example. Due to the limited
bandwidth of the generator current controller, only resonant oscillations at frequencies

within the one half of the frequency bandwidth of the current controller are compensated.

|

LSS HSS
Gearbox
Generator ”<%S DC

a) | Bf':': - CMP1 Torque
dt control
BPF
ke CMP2
| [BPF| |
pt CMP3

Torque-speed
characteristic
Figure 3.9. Resonant vibration damping controller

The compensating torque that is added to the optimum torque reference prevents the
harmful torque components from entering the gearbox. By decreasing the excitation of
the resonant modes, resonant oscillations are reduced as well. Therefore, wear and fatigue
of the internal components of the gearbox is reduced. Band pass filters of the controller
introduce additional poles in the system. It is important that these poles are well damped

and that compensators do not move these poles into right half-plane of the complex

plane. Transfer functions for each of the band pass filters are given bellow:
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B s
s+a,-2-7-f -s+(2-72- 1 ) (22)

Gepr i (5) =

The band pass filters are of the second order. Parameters a and f in transfer functions
dictate pole locations, damping, and gain of each band pass filter. These parameters must
be carefully chosen since they greatly affect overall system dynamics. The outputs of the
band-pass filters are signals that are proportional to the level of oscillation at each
resonant frequency. Series compensators should produce signals that are of right
magnitude and phase that when added to the generator torque reference, results in
damping of resonant oscillations. In this research, compensators are low pass filters. Low
pass filters introduce phase lagging, and filter gain. Band pass filter has zero in the origin.
The pole of the low pass filter limits the gain at the higher frequencies. Proper selection
of cut off frequency and filter gain should result in increased damping of the drive train
resonant mode.

GCMP (S) = M (23)
S+ w,

CMP
The main challenge in designing procedure of this controller is to choose large number
of parameters needed for proper function of the system. For the system that compensates

vibration at three resonant frequencies, following parameters have to be selected:
ﬂl 2 ﬂZ > ﬂ3 > al > aZ 2 a3 > KCMPl 2 KCMPZ 2 KCMP3 > a)CMPl > a)CMPZ 2 and a)CMP3 : The goal Of the

controller synthesis is to increase damping of the resonant modes in the closed loop
system. The method used in this research is based on the search algorithm that varies
controller’s parameters and returns values that maximize damping of resonant modes.
The algorithm computes state space model of the entire closed loop system in each

iteration, computes eigenvalues of the system matrix, and plots them on the complex
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plane. Algorithm keeps changing parameters, and as a result, a graph that shows pole
locations is produced. Parameters that maximize damping are then selected and verified
in simulations. The block diagram of the building blocks that form the state space model

of the entire control loop is shown in figure 3.10.

Tin Stat p-Gulho
ate space
T 7| statespace | (» model of  [|5-G ()
model of >

T : ; modified band- | )
g: the drivetrain e e | G,elS)

State space T * State space

model of the | g model of the |
generator current | - compensator [

control loop block

Figure 3.10. Closed loop state space model building

The state space model of the drivetrain is given by equations (15) and (16), with system

matrix (17), state vector (18) and modified output matrix:
C=[0000n00000] (24)

In (24) n is the gear ratio of the gearbox. From the output matrix, it is clear that only
generator speed is of interest for connection with other blocks. Since in the previously
developed model all states were scaled to the input shaft, generator speed state has to be
multiplied by the gear ratio. Generator speed, ® on the figure 3.10 is the input to the
modified bypass filter block.

Bypass filter block consists of three bypass filters, with additional differentiator at the
input to compute the angular acceleration from rotational speed. This block is illustrated

in figure 3.11. It should be noticed here that transfer functions from the modified band-

2
pass block are similar to (22) with the exception of S term that includes first derivative
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of the speed input calculation, while (22) takes acceleration as the input. The block on
figure 3.11 has one input and three outputs, and it can be easily converted to state space
model. Similarly, the compensation block has three inputs and one output as a sum of
outputs of the compensators (23) on each channel. Outputs are summed and result is the
torque reference command for the generator current controller. Generator current control
loop is described in chapter 2. As described in chapter 2, the torque reference is used to

compute references for Id and Iq current components of the generator current.

ASZ S.Gopﬂ(S)'a)
S+q-2- 70 -sH2 7 £ f

\

)] @52 S'Gbpfz(s)'a)
S+o-2- 7, sH2 7 1,

S+o 27§, sH2 7 1 f g

\

Figure 3.11. Modified band-pass filter block

The major challenge in taking the dynamics of the generator torque and current control
system is difference between these two control loops due to difference in Ld and Lq
inductances of the IPM generator. The transfer functions of the current control loops are
given in chapter 2, and in the controller parameter optimization algorithm, they are
converted to the state space form. Finally, whole model is combined in the large state
space model that completely describes dynamics of the closed loop. The complete model
of the closed loop system has 31 states. Eigenvalues of the system matrix are calculated
in each iteration, as illustrated in figure 3.12. Algorithm stores parameter values that
result in maximum damping of the resonant modes. Search for optimal values for all

controller parameters would take large amount of time. To accelerate the process, some
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parameters were selected in advance while others were optimized. Then some of
preselected parameter were varied, and the procedure repeated until the set of parameters
that result in satisfying damping of all parameters was found. Bandpass filters have effect
on selective moving eigenvalues associated with drivetrain model. Therefore, when gain
value for a compensator that maximizes damping of a certain mode is found, the
parameters of the compensator in that channel can be frozen, while other parameters can

still change until damping of other resonant modes is maximized as well.

Compute eigenvalues
of the drivetrain system
matrix

\

Compute state space model of
the closed loop system with
initial values for controller
parameters

;I

print results

Compute eigenvalues of
the closed loop system
matrix, plot results

Damping of a
resonant mode
decreases?

Freeze the controller
No parameter

\

Calculate new values for
controller parameters

Figure 3.12. Controller parameter optimization algorithm
Pole locations of the closed loop system are shown in figure 3.13. Poles marked by
green color are eigenvalues of the drivetrain system matrix computed at the beginning of
the optimization. Figure 3.14 is a zoomed in look at pole locations of the drivetrain low

frequency resonant modes as compensator gains change. When the gain at each channel
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is increased, the drive train poles moves away from imaginary axes (indicating an

Real axis
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Bl | B2 | B3 | al | a2 o3 | Kempl | Kemp2 | Kemp3 | o] | 2 o3

20 [ 100 | 100 | 1 ]0.011 ]0.0086 | 4224 | 127050 | 316800 | 1 | 183.5]2331.1

Table 3.5. Active vibration damping controller parameters

3.4. Simulink model of a wind turbine with active drivetrain vibration damping

Figure 3.15 shows a block diagram of the complete wind turbine control system with
active torque control for resonant vibration damping. This system is extension of the
wind turbine model developed in chapter 2. Simulink model of the wind turbine
drivetrain is shown in figure 3.16. This model is based on the system of differential
equations (5)-(14). Wind turbine model implemented in FAST code has built in a two
mass drivetrain model that consists of a flexible shaft that connects rotor and generator
inertias. The new gearbox model replaces this functionality of FAST when run from
Simulink. First, the two mass drivetrain model in FAST has to be disabled, generator
inertia set to zero, and gear ratio set to 1 in the FAST input file. Now, the drivetrain
model in FAST behaves like large rotor inertia with a rigid shaft. The five mass gearbox
model has 10 states. First state, rotational speed, is computed in FAST, while other nine
states in the simulink model from figure 3.16. The rotor speed is now used as the input to
the gearbox model. The torque reaction portion of the equation (5), given in (25) is
returned to FAST to complete rotor speed computation.

T :_Kl'(HR_ely)_Dl'(a)R_a);L) (25)

react

The rest of the states are computed by the model from figure 3.16. The output of the

gearbox model is the generator speed @, that is the input for generator and rest of the

system model.
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Figure 3.15. Control block diagram of a wind turbine with active drivetrain
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Figure 3.16. Simulink implementation of the gearbox model



86

_|Kem1(s])
s+wemi >
1 +
Kem2is)
O—n f2 » > _”_’.
- + 2 e———— ot 1)
Acc_in f STWem —> Tcomp
BPF [Kem3(s) _ \_|_'
"|s+wem3 ] 'I
Figure 3.17. Vibration damping controller
ketal.s
> (D
sZ+alphat*(2*pi*f1).sHZpif1)A2 1
BPF1
beta2.s
D, » — (D
In sZ+alphaZ+(2*pi*f2).sH I pif2)A2 2
BPF2
betal.s
. — (D)
sZ+alpha3=(2*pi*f3).sHZPif3)"2 3
BPF3

Figure 3.18. Bandpass resonance vibration filtering
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Figure 3.19. Simulink model of a wind turbine with vibration damping controller and

double conversion system

Simulink implementation of the vibration damping control blocks are shown in figures

3.17 and 3.18. Complete Simulink model of the wind turbine is shown in figure 3.19. The
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torque component computed by the vibration damping controller is added to the torque
reference from the turbine’s torque-speed characteristic. This is the new torque reference

which is further split into Id and Iq references for the generator current controller.

3.5. Simulation results

Series of simulations were run in order to test effectiveness of the proposed vibration
damping control method. Various wind speed profiles were used as input to the complete
wind turbine model with the drivetrain and resonant vibration damping controller.

Simulation results are presented in this section.

3.5.1. Step changes of wind speed

First wind profile used for simulation has step changes of wind velocity. Wind speed
rapidly changes from steady 6 m/s to steady 8 m/s. After 20 seconds, wind speed is
reduced back to 6m/s. These step changes excite oscillatory modes in all flexible
elements of the wind turbine model, including torsional vibrations of the gearbox. In the
figure 3.20, wind speed and rotational speed are shown. Blue line represents results for
the case when vibration damping controller was disabled, while red line represents results

with enabled vibration damping controller.
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Figure 3.20. Wind speed and rotational speed

Figure 3.21 shows torsion angles of each block of the drivetrain for the cases when
vibration damping controller is disabled and enabled. The figure shows that vibration
damping controller significantly reduces resonant vibrations at all shafts within the
drivetrain. Total torsion angle from the LSS to HSS, scaled to the LSS, is shown in figure
3.22. Figure 3.22 contains plots of the total torsion angle from LSS to HSS, and HSS
torque of the generator. HSS torque shows more variations, due to the action of the
vibration damping controller. However, total torsion angle shows fast reduction in
oscillations. Torque difference that dictates torsion across the drivetrain is shown in the
figure 3.23 together with the mechanical power at the HSS. Torque difference plot shows

reduced components that cause resonant vibrations.
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Figure 3.23. Torque difference and mechanical power on the HSS shaft

60

50

40

20 30
Time [s]

10

[wN] anbuioy Buiresuadwo)d

[m] 1amod 1ndino

Figure 3.24. Compensating torque and output power
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Figure 3.25. DC link voltage and currents.

Finally, figure 3.24 shows compensating torque calculated by the vibration damping
controller as well as output power. The output power plot shows slight overshoot and dip,
result of action of the vibration damping controller, at the points when wind speed
changes rapidly. However, by integrating the ultracapacitor energy storage, as described
in the next chapter, these additional power variations can be completely removed. Figure
3.25 shows DC link voltage and currents from the DC side of the rectifier and inverter.
Since only standard capacitor is used in the DC link for the purpose of testing vibration
damping control, DC link voltage is kept constant and therefore DC currents look the
same. This is not the case with ultracapacitor energy storage integrated in the DC link, as

it will be presented in the next chapter.
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3.5.2. Sinusoidal wind speed profile

Next simulation was run by using the sinusoidal wind speed profile, as shown it figure
3.26. Wind speed is constant at the beginning of the simulation after 10 seconds it
changes from 8ms to 9ms with additional sinusoidal component whose frequency is
2.96Hz, the resonant frequency of the first mode of the gearbox, with the amplitude of the
sinusoidal component of 1m/s, thus creating large excitation for this resonant mode. As it
the previous, and the following cases, rotational speed for the cases with and without
resonant damping controller has nearly the same profile due to large rotor inertia. Action
of the resonant damping controller does not have significant effect to the rotational speed
since the compensating torque is much smaller compared to the torque caused by the
wind flow. As shown in figure 3.27, resonant vibrations at each shaft of the drivetrain are

reduced significantly by the action of resonant damping controller.

R —
SO

Rotational speed [rpm]

Time [s]

Figure 3.26. Wind speed and rotational speed. Sinusoidal wind profile.
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Figure 3.27. Torsional vibrations of the drivetrain. Sinusoidal wind profile
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Figure 3.29. LSS-HSS torque difference and HSS mechanical power
Reduction of the overall torsion angle of the drivetrain is shown in figure 3.28 as well
as HSS torque which has additional sinusoidal component produced by the vibration
damping controller, as shown in figure 3.29. Figure 3.30 shows compensating torque and

output power (delivered to the grid).
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Figure 3.31. DC link voltage and currents. Sinusoidal wind profile
Finally, DC link voltage and currents are shown in Figure 3.31. DC link voltage is kept

within £1V from the reference DC link voltage of 1200V.
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3.5.3 Variable wind speed- wind profile Al

Following three simulation cases use variable wind speed profile generated by
TurbSim. Input files for TurbSim v1.50 used to generate the wind speed data files are
given in the appendix. Wind speed profile Al used in the first case is based on Kaimal
model with turbulence level B according to IEC 61400-3 standard. Mean wind speed at

the hub height is 10m/s. Turbulence type is normal.
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Figure 3.32. Wind and rotational speed. Wind profile A1l
Figure 3.32 shows wind and rotational speed. As in previous simulation cases, red line
represents results with vibration damping controller enabled versus blue line for the case

when the controller is disabled.
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Figure 3.34. Torque difference and HSS mechanical power. Wind profile A1l
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Figure 3.38. Torque difference spectrum (zoom in). Wind profile A1l

100
In order to better assess effectiveness of the proposed resonant damping controller,

resonant damping controller disabled. The spectrum shows that resonant torque

spectrum of the variables of interest can provide more details. Figure 3.37 shows
spectrum of the torque difference of the drivetrain. Blue curve represents the case with
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components are greatly reduced by the action of the controller. Figure 3.38 is zoomed in

the 100-1000Hz region to show reduction in the torque difference at higher resonant

frequencies.
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Figure 3.39. Total torsion angle spectrum. Wind profile Al

Finally, figure 3.39 shows spectrum of the total torsion angle, as a measure of

vibrations across the drivetrain. It can be observed form the graph that vibration damping

controller significantly reduces vibrations at the first resonant frequency (2.96Hz). Higher

frequency vibrations are too small to be seen on the graph.

3.5.4. Variable wind speed — wind profile A2

Wind profile A2 has the same statistical parameters as wind profile A1, except the seed

numbers used for random number generator. This resulted in wind profile shown in figure

3.40. Figures 3.42, 3.45, and 3.46 all show great reduction in torque components at
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resonant frequencies by vibration damping controller. Reduction of torsional vibrations at

resonant frequencies is shown in the torsion angle spectrum in figure 3.47.
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Figure 3.40. Wind and rotational speed. Wind profile A2
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Figure 3.41. Torsion angles of the drivetrain. Wind profile A2
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3.5.5. Variable wind speed — wind speed profile B

For additional testing of the vibration damping controller, a more variable wind speed
profile is used. This wind profile, is generated by TurbSim, using the input file listed in
the appendix D. This wind speed profile has lower average wind speed, but higher level
of turbulence. The turbulence level is “A” according to IEC 61400-3 standard [63]. Wind

speed and rotational speed of the wind turbine are shown in figure 3.48.
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Figure 3.48. Wind and rotational speed. Wind profile B
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As in previous simulation cases, torque difference spectral components at drivetrain
resonant frequencies , shown in figure 3.53, are significantly reduced, resulting in

reduced torsion vibration, as shown in figure 3.55.

3.6. Conclusion

Simulation results presented in this chapter show reduction in resonant torsional

The model of the drivetrain

vibrations of the drivetrain for wide variety of wind speeds.

presented in this chapter is fairly complex, but it only captures torsional vibration effects.

Presented vibration damping strategy is limited to torsional vibrations only. However,

gear mesh flexibility results in vibrations that are of higher frequencies [42], [43]. It is

not possible compensate for vibrations at these higher frequencies by controlling the

generator torque, due to limited bandwidth of the generator current controller, which
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cannot exceed the switching frequency of the generator side converter. However, reduced
torsional vibrations would result in reduced mechanical stress on the drivetrain shafts.
Further research would include analysis of effects of this control strategy on individual

gears and gear teeth surfaces by using finite element analysis.
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4. Ultracapacitor energy storage for reduction of output power variations of a wind
turbine

In this chapter a novel method for reducing of output power variations of a variable
speed wind turbine is proposed. Lithium-ion ultracapacitors are investigated as a solution
for short term power fluctuation. An energy storage bank composed of series connected
ultracapacitors is directly connected to the DC link of the double conversion system
described in the chapter 2. This energy storage bank provides a buffer for decoupling
input power from the generator and output power delivered to the grid. A filtering based
method that optimizes the DC link voltage is proposed and verified by extensive
simulations. Finally, an experimental setup of the scaled down double conversion system
with lithium-ion ultracapacitor bank in the DC link was built and tested. Experimental
results, shown at the end of this chapter, confirm capability of the ultracapacitor bank to

filter large power variations.

4.1 Ultracapacitors for energy storage applications

Ultracapacitors are energy that store energy in form of potential energy of electrostatic
field, in the same way as ordinary capacitors. The difference is in the fact that
ultracapacitors have much larger capacitance, as their name suggests. The most attractive
characteristic of ultracapacitors is that no chemical reactions are involved in energy
storage/release process. The degradation processes of chemical reactants reduce lifecycle
and limits power characteristics of batteries. In contrast, ultracapacitors have larger

lifecycle and can be charged and discharged up to several hundred thousand times
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without significant degradation in capacity. Moreover, energy can be stored or released in
very short periods of time resulting in much higher power density (W/kg) of
ultracapacitors compared to batteries (figure 4.3). The main disadvantage of
ultracapacitors is low amount of energy per volume they can store compared to batteries,
which makes them still inadequate replacement for batteries in applications that energy
demand is more significant. However, large power density makes ultracapacitors ideal
short-term energy storage devices in applications where large amount of power needs to
be delivered or stored over short periods of time. Some examples of such applications are
regenerative breaking in hybrid and electric vehicles, uninterruptible power supplies and
power quality applications, consumer electronics, power tools, renewably energy
systems, etc. Coupling batteries and ultracapacitors is attractive solution for applications
where both energy and power density is important: industrial applications, renewable
energy systems, and transportation. Ultracapacitors can greatly help solving several
issues in electric power systems [30]. One of such issues addressed in this thesis is power
quality improvements of wind turbines integrated into the grid and resulting impact on
frequency deviations. Following two sections describe principle of operation of two
classes of ultracapacitors: Electrolytic Double Layer Capacitor (EDLC), and Lithium-ion
Capacitor (LIC). The ultracapacitor technology is active field of research, and promising
results are achieved with carbon nanotube based ultracapacitors that potentially can
achieve near 50% of energy density of electrochemical batteries while still retaining

power density of other types of ultracapacitors.
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4.1.1. Electrolytic Double Layer Capacitor (EDLC)

Electrolytic Double Layer Capacitor is the firstly introduced type of ultracapacitor. The
principle of operation of EDLC is illustrated in Figure 4.1. Two metal electrodes are
coated with activated carbon, highly porous form of carbon with large equivalent surface
area. The space between activated carbon covered electrodes is filled with electrolyte
with dielectric separator that prevents electrodes from mechanical contact. Separator is
porous and allows transfer of positive and negative ions from one side to another. When
voltage is applied at ultracapacitor terminals, positive ions are attracted toward the
negative electrode while negative ions migrate toward the positive electrode. Due to
activated carbon’s porosity large number of ions can move close to the surface of
electrode forming positive-negative charge distribution at nanometer distance, as

illustrated in Figure 4.1.

Activated
carbon +

Separator

Electrolyte

Figure 4.1. Electrolyte Double Layer Capacitor
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Large surface area and small distance results in large capacitance. Each electrode with
ions from electrolyte forms an equivalent capacitor resulting in two large capacitors
(double layers) connected in series. Resulting capacitance is one half of the capacitance
of one electrode, but voltage is doubled. In order to prevent chemical reactions between
activated carbon and electrolyte voltage has to be low. Typical EDLC voltage is about
2.8V per cell. EDLC type of ultracapacitors can be completely discharged. One of the
main issues in EDLC is contact resistance between a metal electrode and activated carbon
coating. Special glue, called binder, has to be used and it introduces additional series

resistance, thus reducing efficiency of EDLC.

4.1.2. Lithium-ion Ultracapacitors

Lithium-ion ultracapacitors have structure illustrated in figure 4.2. Positive electrode is
the same as in EDLC, metal plate coated with activated carbon. Negative electrode is
metal plate coated with lithium doped carbon. This electrode is very similar to the
negative electrode of a lithium-ion battery. Another similarity is lithium salt organic

solution as electrolyte. However, mechanism of storing energy is similar to EDLC.
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Activated
carbon +

\

Lithium- doped ® ® ®

carbon

Separator

- - - Electrolyte
- | — Lithium

Figure 4.2. Lithium-ion ultracapacitor

During charging process, negative ions from electrolyte migrate toward the positive
electrode that has large surface area due to activated carbon. At the same time, positive
ions are being intercalated into carbon coated negative electrode. The process is reversed
during discharging. Voltage has to be low, in order to prevent chemical reactions between
electrolyte and carbon. However, main advantage of lithium ion ultracapacitors over
EDLC is that voltage between electrodes can be increased nearly twice, due to lithium
doping of the negative electrode. Energy stored in a capacitor is proportional to
capacitance and the square of voltage across its terminals. Therefore, lithium ion
ultracapacitors have close to four time larger energy density compared to EDLC, while
keeping equally large power density. Figure 4.3 compares energy and power densities for
several energy storage solutions. Lithium ion ultracapacitors with their large power
capacity and energy capacity comparable to conventional batteries are chosen in this

research as short term energy storage for wind energy conversion system.
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Figure 4.3. Power and energy densities (source: JM Energy Corporation)

Technical data of a 1200F LIC from JM Energy Corporation is given in the table 4.1.

Table 4.1.
arameter . Power
Operating Voltage Capacitance Energy density, at | Dimensions
Cap. Temlzerature _range [F] density =75A [mm]
model [°C] (min/max)[V] [Wh/kg] [W/ke]
1000F -20 - +70 2.2/3.8V 700-1300 12 1000 138x106x5
2000F -20 - +70 2.2/3.8V 1400-2500 14 1000 138x106x9

4.2. Dynamic Modeling of a Lithium-ion ultracapacitor

A mathematical model of ultracapacitor is a set of differential equations that give

relation between voltage, current, and temperature during charging and discharging

processes. There are several approaches to modeling of ultracapacitors. Models based on

equivalent circuits consist of serial and parallel combinations of resistors and capacitors

that form a circuit which has similar voltage and current characteristics as the

ultracapacitor [86-91]. Typically, series of tests needed to be performed, during which the

ultracapacitor was charged or discharged and voltage and current profiles were recorded

[90],[91]. These models are easiest to implement in simulation software, and can be very
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accurate [88]. However, equivalent circuit models do not give any information about
physical and electrochemical processes inside the ultracapacitor. Another class of models
use physical and electrochemical laws to describe behavior of ultracapacitors [92],[93].
These models can be very accurate, but they require precise data on geometry of the
electrodes and chemical properties of electrolyte. However, they give complete
information on behavior of ultracapacitors including thermal effects and characteristic
degradation due to aging. Some methods for ultracapacitor modeling combine equivalent
circuit with physical laws based models [94],[95].

The model developed for the purpose of this research is based on equivalent circuit, and
it is fully described in [97]. In order to study electrical behavior of a lithium-ion
ultracapacitor cell, extensive laboratory tests were performed. The ultracapacitor was
charged with constant current pulses, followed by resting periods that allows the voltage
at the ultracapacitor’s terminals to reach steady state. These charging tests were repeated
for various current levels and pulse/resting time durations. The low voltage- high power
DC power supply used for these tests has capability of operating in constant current or
constant voltage modes. As long as voltage at the ultracapacitor’s terminals was below
upper voltage limit of 3.8V, constant current mode provided constant current pulses that
charged the ultracapacitor in steps. Once the voltage reached the upper voltage limit,
preprogrammed in the DC power supply, constant voltage mode limited charging current
in order to keep the voltage at the maximum allowed value of 3.8V, thus preventing
damaging the ultracapacitor. Once the charging current in the constant voltage mode
reached the preprogrammed minimum value of 2A, the charging test was completed, and

the ultracapacitor was fully charged with voltage across its terminals near 3.8V. Then
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discharging test was performed. To discharge ultracapacitor, the active load device was
used. This device could also be put into constant current, constant voltage, or constant
resistance modes of operation. Again, at the beginning of the test, constant current mode
was used. The ultracapacitor was discharged by delivering constant current pulses to the
active load. Each current pulse was followed by resting period that allowed the
ultracapacitor voltage to stabilize. Voltage and current measurements were logged into
data files during the procedure. When voltage of the ultracapacitor reached lower limit of
2.2V, the active load switched to the constant voltage mode that kept discharging of the
ultracapacitor, but limiting the discharging current. Once that the discharging current
drops to 2A, discharging test completes. The charging and discharging tests were
repeated for various charging and discharging currents. In addition to constant current
pulse charging tests, additional charging tests that utilized sinusoidal currents were
performed. After collecting the data from charging and discharging tests, the parameters
of the equivalent circuit were calculated. The waveforms of a charging and discharging
tests are given in figure 4.4a and 4.4b.
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Figure 4.4. Charging and discharging tests [97]
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The equivalent circuit model of the ultracapacitor is shown in Figure 4.5. Parameters of
this model are given in the table 4.2. From the charging and discharging test, it was
observed that capacitance of the ultracapacitor is nonlinear and dependent on the open
circuit voltage. For the modeling purpose, this nonlinear voltage-capacitance dependence
is approximated by the 4™ order polynomial with coefficients listed in the table 4.3. The
additional details about testing procedure and parameter calculation are given in [97].

is

NV

Rc Rs

Co=f(Vo)

Rp

Figure 4.5. Equivalent circuit model of a lithium-ion ultracapacitor

Ra Rs Ca
79.9mQ | 5.34mQ | 30.6F

Capacitance Co is a function of the open circuit voltage.

Co=a-Vi+b-V:+cV2+d -V, +e

a b c d €

-703.3938 | 9359.727 | -45480.9041 | 96048.0835 | -73516.7294

Self discharging process is modeled by adding parallel resistor Rp. However,
according to the manufacturer’s data, estimated discharging time from 3V to 2.2V is 20

years. Also, laboratory measurements showed no change in the open circuit voltage of an
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ultracapacitor cell during one month period. Therefore, it is valid to neglect this
resistance in further calculation. It is however, taken into account in Simulink model of
the circuit, as a resistor with very large resistance. Resistance Rc is a series resistance of
terminals and connection with the rest of the circuit. From the equivalent circuit, and by

neglecting Rp, it follows:

i—i +i, =0 (1)
V-R,-i+Rig+V;, =0 (2)
Rs'is_Ra'ia_VCa:O (3)
dv
—C .—Co 4
° " dt 4)
. dv
i,=C, - —= 5
a=Ca g (5)
1
dc\jlfo 0 0 v C, i
= 1 . oce 0 i 6
0 — { } | (6)
dVCa Ca : (Rs + Ra) VCa RS
dt C,-(R,+R,)
\Vi .
v=|1 —Re | Ve |, R, + Ry R, -i] (7)
R.+R, | | Vea R, + R,

Equations (6) and (7) are the state space representation in the form:
X=A-X+B-u (8)

Simulink implementation of the model based on equations (1)-(5) is shown in figure 4.6.
From the state space model (6), (7), it is possible to derive the transfer function form

current to the voltage at the ultracapacitor terminals.
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1(s) (10)
D term from the equations (7) and (10) can be neglected due to very small value. With

this assumption, the resulting transfer function is:

) R, R, 1 R’ R, R.-R,
SRR R )Tl e R+R) C.-R+R) C,-
G(S)Z S a 0 a S a a S a a s

_s’-a+s-b+c

G(s)= s-(5+p) (12)

The transfer function shows that there is a pole in the origin, as expected since capacitor

. . 1 .
voltage is integral of current. Also there is a real pole at ——————— that results in the

C,-(R,+R,)
additional exponential response term in the capacitor voltage. The ultracapacitor model
posses also a real zero whose location depends on the parameter Co. The pole and zero
locations of the ultracapacitor model for capacitor voltages from 2.2V to 3.8V are shown
in Figure 4.7. The pole and zero introduce additional dynamics in the system with
ultracapacitors as energy storage, and this dynamics has to be taken into account in order
to design high performance systems. In the research reported in this thesis, ultracapacitor
energy storage replaces standard DC link capacitor in the double conversion system that
connects wind turbine to the utility grid. Standard control algorithms for double
conversion systems have been being widely used with electrolytic capacitor in the DC
link. In order to add ultracapacitor energy storage in the DC link, the standard control
algorithms have to be modified, and a method based on direct output power control is

proposed in the next section.
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4.3. Ultracapacitors in the DC link of double conversion system of a wind turbine

Conventional wind turbines based on full rated power conversion system have
electrolytic capacitor in DC link. This capacitor only filters voltage ripple of the DC link
voltage and cannot store significant amount of energy, relative to the energy produced by
the wind turbine. DC link voltage is kept constant by control action of the outer control
loop of the grid side converter (inverter). Variable input power from the generator acts as
a disturbance which is compensated by proper adjusting of the current reference for the
inner current control loops of the inverter. In order to keep DC link voltage constant, the
DC side current of the inverter has to be equal to the DC current of the generator side
converter (rectifier) resulting in no charging or discharging current of the DC link
capacitor. Therefore, input power of the generator, and output power of inverter are
strongly coupled. Addition of a large capacitance in the DC link would enable additional
degree of freedom as energy can be stored in the capacitor making possible control of the
output power independently of the input power from the generator. DC link voltage
would be no longer constant, as it depends of the integral of the DC current difference of
inverter or rectifier, as illustrated in Figure 4.8. Output power becomes indirectly
dependent on DC link voltage reference, which would be limited between maximum and
minimum values that guarantee safe and reliable operation of the power conversion

system.
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Figure 4.8. Energy storage in DC link

Dynamic behavior of lithium-ion ultracapacitors is significantly different than the
behavior of standard capacitor. Even though standard capacitors possess parasitic effects
such as equivalent series resistance or nonlinearities of the isolating material, these
effects are much smaller than the parasitic effects in ultracapacitors. In the systems with
ultracapacitor based energy storage device, the dynamic behavior that is significantly
different than that of ideal capacitors has to be taken into account. Major issue with
lithium-ion utracapacitor based energy storage is large voltage drop on parasitic
equivalent series-parallel Ra-Rs-Ca circuit during charging or discharging processes. The
dynamic behavior of an ideal capacitor with voltage directly proportional to the charge or
the integral of the charging or discharging current, makes it more desirable over the
behavior of ultracapacitors. Since ultracapacitor voltage is not proportional only to the
integral of the current, indirect output power control by controlling DC link voltage,
becomes more difficult. At the same time, due to limits on DC link voltage necessary for
regular operation of the double conversion system, indirect control of output power by
controlling DC link voltage reference would ensure that this voltage is always within the
prescribed limits. The method proposed in this thesis controls the output power directly,
while DC link voltage control is indirect. Also, this control method optimizes DC link

voltage by introducing the additional component into output power reference that is
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proportional to the deviation of the DC link voltage from the optimal point which

maximizes available energy storage buffer.
4.3.1 Output power smoothing — Direct output power control

In steady state, energy stored in the ultracapacitor module is equal to:

E =£'Cn VDZC

2 (13)
Where C, is rated capacitance of the ultracapacitor module. Due to the low voltage limit

of the DC link, as well as low voltage limitation on a lithium-ion ultracapacitor cell, total
available energy that can be stored in the ultracapacitor module is:

AE = Emax - Em' = L 'Cn (VDZC max _VDZC min)

1n

(14)
When the wind turbine produces power while operating in regions 2 and 2 %2 , generated
power varies as wind velocity changes. In order to reduce power variations at the output
of the wind turbine, ultracapacitor energy storage should be able to store energy when
wind speed increases or release energy when it decreases. Therefore, the ultracapacitor
storage should never be fully charged or fully discharged since it would not have capacity
to further store or release energy resulting in inability of the output power control system
to reduce power fluctuations. In order to maximize output power smoothing capability,
the DC link voltage should be kept as close as possible to the optimal value which

maximizes charging or discharging capability of the ultracapacitor energy storage system.

1
AEstore =5 Cn ) (VI;C max _V;—Copt)
2 (15)
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Ve 18 the optimal DC link voltage with respect to the available energy storage buffer

AE

store *
At the same time, the ultracapacitor energy storage has to be able to provide energy for

the output:

1
AEavailable = E ) Cn ’ (VI;Copt _VDZC min ) (1 6)

AE is stored amount of energy available to be delivered to the output. Now, the

available

optimal DC link voltage can be calculated, by assuming that capacitance is constant.

AEavailable = AEstore (17)
1 1
E ' Cn . (VDzCopt _VDZC min ) = E ' C:n ' (VDZC max _VDZCopt ) (1 8)
VDZCOPt _VDZC min — VDZC max _VDZCOpt (1 9)
2 .VDZCOpt = V[fC max _VDZC min (20)
Ve Vi

VDCopt — \/ DC max 2 DC min

(21)

Nonlinear dependence of capacitance to the stored energy and voltage is neglected in this

calculation. Also, series capacitance C,can store or release significant amount of energy

thus contributing dynamically to the storage capacity is neglected too.
As mentioned earlier, energy storage decouples output power from the generated power,
while operating turbine in regions 2 or 2 > :

P

out

=P

+
generator storage

(22)
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The equation (22) is the basis for direct output power method where P, ,is commanded

out
directly by the output power controller. Energy storage then provides additional power
buffering depending on output power demand and available incoming power from the
generator. In order to achieve effective power smoothing, proper selection of the output
power command is the main challenge. The output power should vary less than input

power from the generator, but at the same time the storage power P, should not lead

storage
to fully charging or discharging of the energy storage. Therefore, depending on the size
of the storage, output power will be variable too, but with much slower variations.

The method for direct output power smoothing proposed here is based on adaptive low
pass filtering with DC link voltage optimization. The block diagram of the proposed

controller is illustrated in figure 4.9.

Pgen » -|- Adapti P ref 2 Pref i*
» aptive "\ invD
‘ | Low-pass au =§' Vom — >
>+ filter D
> Voc Y/
optimization K'AVDc cD

f
Vic o | [lfmax LPF
qc | Frequency

Figure 4.9. Adaptive filtering method for direct output power smoothing
The output power reference is the result of low pass filtering (LPF) of the generator

power P, . However, depending on the bandwidth of the LPF, DC link voltage would

either reach upper or lower limits if the bandwidth is too low, or storage capacity would
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not be used in the most optimal way if the bandwidth is too high, thus allowing larger
power variations at the output. In order to avoid this problem, the LPF cut-off frequency
is variable and it depends on DC link voltage, therefore forming an adaptive system.
Now, as DC link voltage approaches lower or upper limits, large output power variations
are allowed by increasing the bandwidth of LPF. On the other hand, closer the DC link

voltage is to the optimal point V., , smaller power fluctuations appear in the output

power by reducing the bandwidth of the LPF. The function that maps dc link voltage to

LPF cut off frequency should have minimum at V.., and should monotonously
increase as voltage moves away from this point in any direction. Quadratic function
naturally satisfies this requirement.
2
fLPF[HZ]: a'VDC +b'VDC +C (23)
Coefficients a,b, and c are design parameters that depend on maximum and minimum DC

link voltage as well as maximum frequency at these points. Since optimum voltage is not

in the middle of the allowed voltage range, the negative portion of the quadratic function

is simply limited to f 5.

a VDZC max + b .VDC max +C= fLIE?:X (24)
a.VDZC min +b.VDC min +C= fLT;f'i:X (25)
a .VDZCopt + b 'VDCODI +C= .':LHI—S:;1 (26)

Parameters a,b, and ¢ are solution of this system of linear equations. The minimum

min f max

frequency f/5f should be smaller for an order of magnitude then f 5 resulting in

maximum filtering when DC link voltage is close to the optimum point.
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Additional and very important feature of the proposed method is the DC link voltage

optimization. Even with adaptive filtering, nothing prevents the algorithm to reach an
equilibrium point where frequency f . would be greater than fi but less than fe .
Moreover, any positive or negative trend in input power P, would move DC link voltage

toward positive or negative limits thus increasing f .- and suboptimal use of the energy

storage. To prevent this from happening, the DC link voltage optimization term is added

to the input power P, . This optimizing component is proportional to the DC link voltage

difference from the optimal point V., . It is added before the filter to avoid injecting a

variable output power component into the output power reference when the DC link

voltage oscillates around V., -
P, (t) =K- (VDC (t)_VDCopt) (27)
If DC link voltage is greater than V., then optimizing component F,is going to be

Increased P . leads to

positive, resulting in increased output power reference P )t

out *
discharging the ultracapacitor module resulting in decrease in the DC link voltage.

Therefore, a negative feedback loop is established that keeps DC link voltage near Vi, .
In case when DC link voltage is smaller than V., , P, becomes negative, thus reducing

the output power reference P, which in turn leads to charging the ultracapacitor energy

storage and increasing of DC link voltage. Gain K is a design parameter. It should be

large enough to effectively keeps DC link voltage nearV,,,, , but not too large to prevent

increased output power fluctuations due to the DC link voltage optimization algorithm.

The value of this parameter can also be adaptive, depending on the turbulence level at a
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particular site where the wind turbine equipped with the ultracapacitor energy storage is
installed. For the purpose of research reported in this thesis, this value is kept constant.
Wind turbine control structure which include the gearbox vibration damping from the
previous chapter and output power smoothing algorithm is shown in figure 4.10. The
Simulink model of a wind turbine from the previous chapter is modified by adding the
model of the ultracapacitor module (figure 4.6) and adaptive filtering algorithm in place
of the DC link voltage controller. The effectiveness of the algorithm described in this
section was tested by extensive simulations under various wind speed profiles and size of

energy storage. Following section describes Simulink implementation and simulation

results.
Rectifier Inverter
/\( _ DC link
Gearbox PMSG —I J— J— _I N / \
e TIT - \\J/
Ultracgpacitors Transformer
A A A A A A
Grid
PWM PWM
ﬂ F ¥V ¥ Yvy
Blade [/ [
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genD)| controller controller
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Figure 4.10. Wind turbine control structure with drivetrain

vibration damping and output power smoothing
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4.3.2. Simulink implementation of the output power smoothing algorithm

Wind turbine model developed in the chapter 2 is expanded to include ultracapacitor
energy storage and output power smoothing algorithm. Figure 4.11 shows new Simulink
model of the electrical block of the wind turbine model from chapter 2.

Generator side, as well as the grid side of the double conversion system, is the same as
in previous case used to test active vibration damping control. The differences are the DC
link block which now contains the model of the lithium-ion ultracapacitor module, as
well as the direct output power control block (DPC) responsible for output power
smoothing replacing the previous PI controller of the DC link voltage. Figure 4.12 shows
the new DC link block. The model of ideal capacitor from chapter 2 has been replaced by
the model from figure 4.6. The DC link currents of the rectifier and inverter are
calculated from d and q components of the generator and inverter AC side voltages and
currents. The difference between these currents charges or discharges the ultracapacitor

module.
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Figure 4.11. Electrical subsystem of the 750kW wind turbine

with output power smoothing controller
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Figure 4.12. Lithium-ion energy storage in the DC link
Simulink implementation of the algorithm from figure 4.9. is shown in figure 4.13.
Three major components are adaptive low-pass filter , f .- calculation, and dc link
voltage optimization. Implementations of these blocks are shown in figures 4.14, 4.15,
and 4.16 respectively. Step source in the adaptive low-pass filter determines initial state

of the low pass filter and starting point of output power smoothing. Corner value of the

LPF frequency is set to 0.06Hz.
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Figure 4.13. Output power smoothing controller
In chapter 2, the minimum DC link voltage for the 750kW turbine has been determined
as 1120V. Assuming that the minimum DC link voltage is 1150V, and by choosing the
minimum allowed voltage across an individual lithium-ion ultracapacitor cell as 2.4V, the
number of cells connected in series is:

Ns = Vocmn _ 1150V o0
VLICmin 24V

By allowing individual ultracapacitors to charge up to 3.6V, the maximum dc link

voltage is:

Ve = NSV, ¢, =480-3.6V ~ 1730V

f LPF
BT s
in Ll _ :51
Pc Integrator Switoh Pout
initial condition

Step

Figure 4.14. Adaptive low-pass filter
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Figure 4.15. Cut-off frequency calculation for the adaptive low-pass filter

—

Ve

 E

Pc
1469 Kv
Vdc_optimal

Figure 4.16. DC link voltage optimization block
With known minimum and maximum DC link voltages, the optimal point voltage of the

DC link can be calculated as:

2 2 2 2
VDCopt — \/VDCmax 2VDCmin — \/1730 21150 ~ 1469V

In order to increase the storage capacity of the ultracapacitor energy storage, additional
parallel strings of ultracapacitor cells can be added. However, each string has to have the
same number of ultracapacitor connected in series. Finally, as the additional protection
from crossing the upper or lower dc link voltage limit, the mean of bypassing the output
power smoothing is provided. In case when DC link voltage is equal to either upper or
lower limit the LPF frequency is instantly switched to 20Hz, thus allowing all power

fluctuations from input to pass to the output. However, DC link optimization will still be
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able to drive dc link voltage back inside the normal operational interval resulting in
bypass intervals to be very brief, as shown in simulation results presented later in this
chapter. In the simulations presented in following section, the power smoothing

algorithm is tested under the same condition with 4, 2, and 1 string of ultracapacitors.

4.4. Simulation results

The same turbulent wind speed profiles used to test drivetrain vibration damping
algorithm in the chapter 3 are used for test the output power smoothing algorithm. The
TurbSim input file for generating the wind profiles are listed in the Appendix. Simulation
time is much longer, 600 seconds as the power smoothing effects are better observed over

longer time intervals.

4.4.1. Wind speed profile Al

Wind profile I is used in the first set of simulations. Simulations were repeated for the
cases when the ultracapacitor storage has 4, 2, and 1 parallel strings. Wind speed profile
and rotational speed are shown in figure 4.17. They are the same for all three simulation
cases. As it can be seen on figure 4.17, there is a period of about 50s starting at 400s

when the turbine was operating in the region 3, delivering constant power to the grid.
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4.4.1.1. Simulation with 4 parallel ultracapacitor strings

Generator and output power are shown in figure 4.18 and storage power is shown in
figure 4.19. As shown in the figure 4.18, power variations of the output power are
significantly reduced compared to input power from the generator. In case when
ultracapacitor storage would not be used, the input and the output power would be the
same. The storage power plot shows that large peaks of power are needed in some

instances, to compensate for input power variations.
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Figure 4.17.Wind speed profile and rotational speed
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Figure 4.18. Generator and output power
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Figure 4.19. Ultracapacitor energy storage power
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Figure 4.20. DC link voltage, LPF frequency, and DC link currents
DC link voltage, LPF frequency and dc link currents are shown in figure 4.20. As result
of medium level of turbulence of the wind profile I, there are no intervals when power
smoothing was bypassed which leads to the conclusion that upper frequency of LPF can

be reduced from 0.06Hz to the smaller value further reducing output power fluctuations.

4.4.1.2. Simulation with 2 parallel ultracapacitor strings

Generator and output power plots are shown in figure 4.21. Output power

fluctuations are still significantly reduced, but not as much as in the previous case as the

result of reduced storage capacity.
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Figure 4.21. Generator and output power
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Figure 4.22. Ultracapacitor energy storage power
As the result of reduced size of energy storage, the ultracapacitor power peak is reduced
as well, as shown in figure 4.22. Figure 4.23 shows DC link voltage, LPF cut-off
frequency and DC link currents. LPF cut-off frequency reaches peak several times,

including several intervals when power smoothing algorithm was bypassed.
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Figure 4.23. DC link voltage, LPF frequency, and DC link currents

4.4.1.3. Simulation with single ultracapacitor string

Finally, with only one ultracapacitor string the storage capacity is further reduced.
Generator and output power are shown in figure 4.24. Power fluctuations are still
reduced, but not as much as in the previous cases. The LPF cut-off frequency plot from
figure 4.26 shows that peak is reached more frequently with greater number of bypass

intervals when DC link voltage is at low or high limit.
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Figure 4.24. Generator and output power
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Figure 4.25. Ultracapacitor energy storage power
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Figure 4.26. DC link voltage, LPF frequency, and DC link currents

4.4.2. Wind speed profile B

Next series of simulations was performed using wind profile B, with higher level of
turbulence. Increased wind speed variations result in increased generator power
variations and more challenging task for the output power smoothing system. Figure 4.27
shows wind speed profile and rotational speed of the wind turbine under wind profile B.
Rotational speed plots show two intervals where rotational speed is constant, 30.18 rpm.
In these intervals, the turbine operates in the region 3, due to high wind speed as
described in the chapter 2. As the wind speed profile shows, large variations occur during
10 minutes of wind turbine operation making this wind profile good test case for the

output power smoothing algorithm.
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4.4.2.1. Simulation with 4 parallel ultracapacitor strings

Power produced by the generator and power delivered to the grid are shown in figure
4.28. As the figure shows, the output power (red curve) has significantly reduced

fluctuations as result of the integrated energy storage and power smoothing algorithm.

N
o

T T
I I
i | |
s ‘ SR R, n
3 | |
§10 fffff I : T PO B rile | - - 1 r - - - - - — - v
- | |
£ 5 [ LR TIL ", oy S N [E| S [ S S | E . -
B3 | | | LR | | | !
| | | | |
0 \ \ \ \ \
0 100 200 300 400 500 600

Rotational speed [rpm]

Time [s]

Figure 4.27. Wind speed profile and rotational speed
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Figure 4.28. Generator and output power
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Figure 4.30. DC link voltage, frequency of the LPF, and DC link currents
The energy storage power is shown in figure 4.29. The peak power is larger than in
cases when wind profile A was used with the same number of parallel ultracapacitor
strings, as the result of larger turbulence level. The peak power is slightly less than
300kW which is significant percent of the rated power of 750kW. The major advantage

of ultracapacitors is their ability to deliver large amounts of power for short periods of
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time, and this is shown in figure 4.29. Figure 4.30 shows DC link voltage, variable LPF
cut-off frequency and DC link currents. As shown in this figure, DC link voltage varies
around the average of 1469V, as the result of dc link voltage optimization technique
described earlier. Variable frequency plot shows that most of the time the LPF cut-off
frequency is bellow 0.06Hz, except for short period of time near 280s when dc link

voltage reached the peak of 1730V and power smoothing was bypassed.

4.4.2.2. Simulation with two parallel ultracapacitor strings

In the second simulation, the ultracapacitor energy storage has only two parallel strings
of 480 series connected capacitors. Wind speed profile is the same as in the previous
case, resulting in the same rotational speed. Generator and output power are shown in

figure 4.31. As expected, output power variations are greater than in the previous case.
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Figure 4.31. Generator and output power
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Energy storage power is shown in figure 18. The peak is now lower than in the previous

case due to reduced storage capacity.
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Figure 4.32. Ultracapacitor storage power
Figure 4.33 shows DC link voltage, LPF cut-off frequency, and DC link currents.
Variations of dc link voltage are increased, and frequency shows several intervals when

power smoothing algorithm was bypassed.
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Figure 4.33. DC link voltage, LPF frequency, and DC link currents
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4.4.2.3. Simulation with single ultracapacitor string

In the third case, only one string of 480 series connected ultracapacitors was used.
Generator and output power are shown in figure 4.34. Figure 4.35 shows energy storage
power, while figure 4.36 shows DC link variables and LPF cut-off frequency. As
expected, level of power filtration is reduced and DC link voltage more often reaches
upper or lower limit. In order to reduce the number of intervals when power smoothing is
bypassed, the maximum LPF cut-off frequency should be increased in this case,
increasing the bandwidth, but still providing power smoothing capacity for faster power

fluctuations.
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Figure 4.34. Generator and output power
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Figure 4.36. DC link voltage, LPF frequency, and DC link currents
To better compare all three cases, the energy storage power, DC link voltage and LPF
frequency are shown together in figures 4.37, 4.38 and 4.39 respectively. Reduced size of
energy storage results in reduced storage power peaks, increases DC link voltage
variations as well as variations of the LPF cut-off frequency resulting in increasing the

output power variations.
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Figure 4.39. LPF frequency for 1, 2, and 4 parallel ultracapacitor strings

4.4.2.4. Simulation with 6 parallel ultracapacitor strings

In the final simulation case for this wind profile, six parallel ultracapacitor strings were
used. Since in the first case when four parallel strings were used, only at one instance the
DC link voltage limit was reached, the maximum LPF frequency is reduced to 0.04Hz in
this case. Generator and the output power are shown in figure 4.40. Power variations are
significantly reduced, due to the larger capacity of energy storage. Figure 4.41 shows DC
link variables and LPF cut-off frequency. As this figure illustrates, six parallel strings of
ultracapacitor provide good power filtering capability since maximum LPF cut-off
frequency can be reduced without frequent reaching upper or lower DC link voltage
limits that would result in bypassing of the output power smoothing algorithm. Figure

4.42 shows frequency spectrums of the generator and output power.
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Figure 4.42. Frequency spectrum of generator and output power

Ultracapacitor energy storage and proposed control algorithm result in significant

reduction of power variations in the 107" Hz to 10 Hz region defined as region 2 [1]

with larger impact on frequency stability. From the simulation results presented in this

section, it can be concluded that number of ultracapacitor string as well as peak

frequency directly affect the level of the reduction of output power smoothing. The

number of ultracapacitor strings is a parameter that should be determined during the

turbine design phase, according to the wind speed and turbulence level data. Maximum

LPF cut-off frequency can later be fine tuned to maximize output power smoothing

according to the present conditions of the wind turbine installation site.
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4.5. Experimental tests on double conversion system with ultracapacitor energy

storage

This section describes the experimental setup built for the purpose of experimentally
verifying behavior of lithium-ion ultracapacitor bank in the DC link of a double
conversion system and its power smoothing capabilities. The setup was built in the Power
Electronics and Electrics Drives laboratory at the University of Wisconsin-Milwaukee.
Block diagram of the experimental setup is shown in figure 4.43. The setup consists of
two three-phase power converters that share common DC link. The ultracapacitor bank
that consists of 120 lithium-ion ultracapacitors connected in series is connected directly
to the DC link. Power modules of Rockwell 750 motor drives, with control boards
removed, are used as rectifier and inverter. The entire control logic has been implemented

externally, on NI CompactRIO real-time controller.

NI CompactRIO

HELIE

DC link
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208V
grid or s | = LLLA
generator | ;
I LI
] N j
ki L
Power Power 208V
converter converter grid
(rectifier) Protection (inverter)
circuit

Ultracapacitor
module

Figure 4.43. Experimental setup
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Power module that acts as a rectifier can be connected to the synchronous generator, or
208V three phase power grid. Inverter side of the double conversion system is connected
to the 208V three phase power grid from the separate feed than the one used for rectifier.
Three 500uH inductances are used to filter ripple current. If the generator is not used,
power circulates from 208V grid through double conversion system back to 208V grid.
Rectifier is then connected to the grid through 500uH inductances as well. By modulating
reference of the rectifier current, it is possible to achieve similar behavior as of a rectifier
connected to the generator of a variable speed wind turbine. Grid side inverter is
controlled in the same way as inverter of a real wind turbine. In the experiments
presented in this section, output power is controlled directly by keeping it constant while
input power varies. NI Compact RIO controller, that is responsible for control tasks in the
setup, has two hardware layers that can be programmed separately and that can exchange
informations among themselves. Hardware architecture of NI CompactRIO consists of
the FPGA module and real-time controller. FPGA module is responsible for PWM signal
generation, phase locked loops, current controllers, and short circuit protection of both
power module. The software architecture of the experimental setup is illustrated in figure
4.44. Unlike software run on a single core processor, FPGA allows true hardware
parallelism of software tasks executed by various hardware structures within the same
chip. This functionality is widely used in the software that runs the experimental setup.
As shown in figure 4.44, there are several tasks that are all run in parallel, synchronized

by signal generated at the end of each analog to digital conversion scan.
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The FPGA chip of the NI Compact RIO controller can directly communicate to the I/O
modules. There are eight modules installed in the system. They are: three fast digital I/O
modules used to generate PWM and other control signals for power modules. Three
analog to digital converter modules, with total of 12 analog inputs, measure voltages and
currents within the double conversion system for feedback control loops. Clock
frequency of the FPGA is 200MHz, which combined with parallelism enables very
complex tasks of control two power converters to be run on a single controller. Two
synchronized PWM modules generate signals for each power converter, based on pulse
duration information from current controllers. Two PLL blocks synchronize rotating
reference frames to three phase voltages at the terminals of each power converter. Analog
to digital control module is synchronized to the PWM interval and it scans all analog
inputs once per PWM cycle. At the end of each scan, it generates a pulse that triggers the
current control blocks. Current controllers are implemented in QD reference frame, as
described in the chapter 2. They calculate pulse durations for PWM blocks. The current
references for each controller are supplied from the real time controller. All data from
ADC block are available to the real time controller through FIFO buffer used for
communication with the higher layer of software.

Second layer of software is run on the real time controller. Real time controller is based
on PowerPC processor that runs at SO0OMHz of clock frequency. Real time controller also
has 256MB of RAM, LAN network port, USB port, and the RS232 port. LAN network
port is used for communication with host PC computer with the graphical user interface,
which is the next layer of software of this setup. Real time controller is responsible for

control tasks that do not require speed of the FPGA. In this case, real time controller is
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responsible for computing current references for the current control loops on FPGA. Real
time controller has access the data from analog to digital controller. The main strengthens
of the real time controller is the floating point arithmetic, which makes it suitable for
performing complex mathematical calculations such as power smoothing or power
management algorithms.

Finally, the real time controller can communicate to the host PC computer. Graphical
user interface was developed for the experimental setup and it allows user to control
power reference for the rectifier, power reference of the inverter, and data acquisition and
monitoring. Figures 4.45 and 4.46 show oscilloscope pictures of currents and grid
voltages of the double conversion system. In both cases, converters were operated with

power factor equal to one.
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Figure 4.45. Inverter voltage and current
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Figure 4.46. Rectifier voltage and current

4.5.1. Experimental results

Series of experimental tests were run to test applicability of ultracapacitors as short
term energy storage for wind power applications. In the first case, power reference for the
rectifier is a sinusoidal signal with 1kW amplitude added to the constant average value of
1.5kW. Output power reference is held constant at 2kW. Since output power is greater
than average, the ultracapacitor module supplies additional power. Figure 4.47 shows DC

link voltage and input and output power.
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Figure 4.47. DC link voltage; input and output power

DC link slowly reduces, as result of discharging of the ultracapacitor module. In order
to verify Simulink model used in simulations, the data files of measured current profiles
were loaded in Matlab, and used in Simulink as programmed current source/sink that
charges and discharges the model of ultracapacitor module consisting of 120
ultracapacitor connected in series. DC link voltage resulting from simulation is plotted
versus measured DC link voltage in figure 4.48. Good matching between simulation and
experimental results confirm accuracy of the ultracapacitor model, and validity of

simulation results from the previous section.
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Figure 4.48. DC link voltage and currents

In the case 2, the input current reference is a square wave signal that causes input power

variations between S00W and 2500W. Output power is held constant at 1600W. DC link

voltage, input and output power is shown in figure 4.49. Figure 4.50 shows DC link

voltage and currents.
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Figure 4.49. DC link voltage, input and output power
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Figure 4.50. DC link voltage and currents

In the third case, input power is varied sinusoidally with frequency of 2.96Hz, which is
the frequency of the first resonant mode of the gearbox model developed in chapter 3.
Output power is held constant. The purpose of this test is to show that ultracapacitor
energy storage effectively removes higher frequency power variations that can be result
of applied active drivetrain vibration damping technique that injects additional power
variations on the rectifier side of the double conversion system. Figure 4.51 shows DC
link voltage, input and output power, while figure 4.52 is the closer look into 10 seconds

interval of the figure 4.51.
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Figure 4.52. DC link voltage, input and output power (zoom in)

In the fourth case, a triangular input power reference was used. Output power was kept

constant. Start and stop commands for inverter and rectifier were given manually, in

order to create intervals when only one converter was working either charging or
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discharging the module. DC link voltage and input and output power are shown in figure
4.53. As shown in the figure, ultracapacitor module was able to receive power from the
source even without delivering power to the output, or to deliver power to the output

when there is no input power.
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Figure 4.53. DC link voltage, and input and output power. Triangular waveform

Experimental results from the setup that consists of two three phase power converter
operated as inverter and rectifier with ultracapacitor module in the common DC link
show that it is possible to integrate lithium-ion ultracapacitors into such system which has
large ripple current in the DC link due to relatively low switching frequency. Output
power can be controlled independently on input power, provided that DC link voltage is
between voltage limits defined by the number of ultracapacitors connected in series and
allowed maximum and minimum voltage per cell. Simulation results, with imported

experimental data and scaled model of energy storage, used in simulations of power
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smoothing algorithm, show good matching between measured and simulated DC link

voltage, thus verifying the model of ultracapacitor energy storage.
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5. Conclusion and future research

Simulation and experimental results show that improvements in power quality can be
made by integrating lithium-ion ultracapacitor energy storage with a wind turbine.
Vibration damping control strategy shows great reduction in resonant vibrations on the
shafts of the drivetrain. Further progress in vibration damping control can be made by
using the multivariable control system approach and Hoo optimization for controller
design. Such method may result in even more increase in damping of resonant modes.

Presented vibration damping strategy reduces only torsional vibrations within the
drivetrain assembly. Results of dynamic simulations of the wind turbine are torque loads
at all points within the flexible multi-body drivetrain model. These torque loads within
the assembly can be further used as input for finite element based models to precisely
calculate loading of individual components. This analysis would then provide more
precise insight into mechanical stress and effect of vibration damping controller. Also,
the feedback from finite element analysis can be used to further tune vibration damping
controller in order to reduce damaging vibration effect on gear teeth and their contact
surfaces. Multiphysics model of the drivetrain, generator with all nonlinearities saturation
effects and harmonics in space distribution of magnetic field, power converter with its
own nonlinearities, would give more detailed picture on processes within the drivetrain.
Development of such large scale model with all associated control loop would make
possible use of parameter optimization algorithm, similar to one described in chapter 3, to
find optimal parameters of vibration damping controller that would reduce vibrations

even of the other modes that cannot be selectively damped by using bandpass filters.
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Finally, experimental results on a wind turbine are invaluable to definitely assess
effectiveness of any mechanical load reduction strategy on extension of the gearbox
lifetime.

Extension of the power smoothing algorithm described in the chapter 4 would include
development of centralized controller on the level of WPP that would decide on low-pass
filter cut-off frequencies of each individual wind turbine equipped with ultracapacitor
energy storage, based on total power output and information on availability of storage
capacity of each turbine. Such controller would be able to control ramp rates of the entire
WPP by optimal use of available decentralized storage capacity. Also, the centralized
controller can provide additional functionality such as inertia emulation when the output
of the entire WPP would behave in the same way as the output of large synchronous
generator connected to the grid. The inertia emulation algorithm would use distributed
energy storage capacity to emulate kinetic energy storage behavior of the rotating mass of
the equivalent synchronous generator, thus allowing easier integration of WPPs into
power systems and increase level of wind power participation in the total electric power

production.
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Figure A.1. A three phase DC/AC converter

Schematic diagram of a three phase DC/AC (or AC/DC) converter is shown in figure

A.1. Transistors Q1-Q6 are operated as switches by applying gate voltages. Each phase

terminals can be connected either to +DC or -DC pole of the DC link. Transistors in the

same branch, called a phase leg, must not conduct at the same time. The switching state

of the lower three transistors (Q2, Q4, and Q6) is always complement of the

corresponding upper transistor. Therefore, there are total 8 switching states that are

allowed. By applying PWM technique, it is possible to generate any waveform, including

the sinusoidal which is of the main interest. The following table summarizes phase

voltages in each possible switching state.
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Q 1 Q 3 Qs I/:4__\-' VB‘\-‘ VC N I/:m Vﬂ”
VO 0 0 0 0 0 0 0 0
2 - | - 1 o 2
Vil oo | ST ~Toe | 37 ‘v, 0
1 1 2 1 /3
V2 1 1 0 E Ve 5 Ve - 5 Ve 5 Ve \T Vbe
1 2 1 1 /3
V3| O 1 0 3 Vpe 3 Vpe 3 Vpe 3 Ve \T Voe
V4 0 1 1 *EV 1V lV *EV 0
3 oc 3/ pe 3/ oc 3 Dc
1 1 2 1 B
V5| 0 0 1 73 Ve 3 Vpe 3 Vpe 3 Ve - \T Ve
]' ’e i 1 1 7 'Ifg
V6| 1 0 1 3 Vbe 3 Voe 3 Voe 3 Vbe - \T Ve
V7 1 1 1 0 0 0 0 0

By applying a three phase to equivalent two phase (o) coordinate transformation,

voltages in alpha beta reference frame are calculated and listed in last two columns in the

table.
11y
Vol 2|1 2 2 Va
v, 730 3 V3|
2 2 c

Two axes of the alpha-beta reference frame are ninety degrees apart. The vector
diagram of the terminal voltage in alpha-beta coordinates is shown in figure A.2. If
switching control of the transistors only applies vectors V1 to V6 in sequence, with equal
duration the well known six-step voltage waveforms are generated [105]. Six-step
switching is equivalent to rotation of the voltage vector in alpha-beta plane on figure A.2,

where voltage vector rotate in discrete steps from one switching vector to another.
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Sector 2‘ll VB
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Figure A. 2. Voltage vectors of a three phase converter

The method to generate any arbitrary voltage vector within the interior circle inside the
hexagon defined by switching vector is called Space-Vector Pulse Width Modulation
(SVPWM). SVPWM is widely used in modern three phase power converters and it is
adopted as a switching strategy for both converters of the wind turbine double conversion
system described in this thesis. The main principle of SVPWM is to apply adjacent
switching vectors, for a fraction of a switching cycle, to generate equivalent voltage
vector Vx inside a sector defined by the switching voltage vectors. Target voltage vector
rotates in the desired direction with desired rotational speed that corresponds to the
output voltage frequency. Amplitude of the voltage vector can also be controlled
resulting in a power converter with fully controllable three phase voltage and frequency.
Higher level control system has to provide target alpha and beta voltage components, and

SWPWM modulator determines switching sequence for each switching cycle. Durations
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of vectors V1 (V100) and V2 (V110) on figure A.2. are ta and tb. These time intervals are

calculated by using the following formulas:

-I-a :\@Sln(z_aj (1)
v, 3
T, = Ve gin(q) )

X
The difference between the switching cycle Ts and sum of time durations of switching
vector is a period of time when either all switches are on or off (vectors V00O and V111).
During these periods voltage on all three phases is equal to zero. This period of time is
called zero sequence.

t,=T,-T, -T, 3)

The maximum amplitude of the voltage vector is equal to the radius of the interior circle

of the hexagon :

w

V zg.v .~ —_DbC 4)

The maximum voltage of the output line to neutral voltage for sine triangular PWM is
one half of the DC link voltage. Therefore, the SVPWM allows higher output voltage
then sine triangular PWM with the same DC link voltage. This is the main advantage of
the SVPWM. SVPWM also allows flexible placement of voltage vectors and zero
sequence intervals within the switching cycle. One of the most widely used method is
called symmetrical SVPWM, and the principle of the voltage vector distribution within

the switching cycle is shown in figure A.3.
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Figure A.3. Symmetrical SVPWM
The symmetrical SVPWM minimizes switching transitions between therefore
minimizing switching losses in the transistors of the three phase converter. It also results
in reduced voltage harmonics of the output voltage. For practical application of the
SVPWM, the last step is to calculate the duration times of conducting for each transistor
in every phase leg of the three phase converter. Following table summarizes the time

durations for each sector in the figure A.2.

Table A.2.
Sector 1 2 3 4 5 6
TQ1 t,/2 T, +t,/2 T, —-t,/2 T, —-t,/2 T, +t,/2 t,/2
TQ3 T, +t,/2 t,/2 t,/2 T, +t,/2 T, —-t,/2 T, —-t,/2
TQS5 T, —-t,/2 T, —-t,/2 T, +t,/2 t,/2 t,/2 T, +t,/2

Time intervals TQ1, TQ3, and TQS are intervals during which upper transistors in
the power converter are conducting during each switching cycle. The implementation of

SVPWM that would use the table A.2 would be very complex, due to time interval
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calculation dependence on the sector in alpha-beta plane. It is shown in literature [105]
that SVPWM equivalent voltage waveform can be generated by addition of the offset
voltage to each phase voltage reference for PWM modulator. This offset reference for the

case of symmetrical SVPWM is [105]:

V _ max(\/a; ’Vb: 9Vc: ) + min(va: ’Vb; 9VCT1 )

offset = 2 (5 )

Functions min and max return minimum and maximum values of three voltage references

V., .V, ,V_ . The offset voltage is called the zero sequence voltage, due to its role in
placing time intervals when output voltages are equal to zero within the switching cycle.

Finally, voltage references for the PWM modulator become:

Va = Va; + Voffset (6)
Vb = Vb’r: + Voffset (7)
Vc = Vc: + Voffset (8)

Simulink block of the zero sequence offset voltage addition to the voltage references

for a power converter is shown in figure A.4.

(=P qdo

Vqdo abe ' >+

theta :I_@
theta - Vabc

qdo_abc min 1,
max r

+

+

>

Figure A.4. Zero sequence voltage addition for SVPWM
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APPENDIX B: Wind profile A1 — TurbSim input file

TurbSim Input File. Valid for TurbSim v1.50, 25-Sep-2009

————————— Runtime Options
531274928 RandSeed1 - First random seed (-2147483648 to 2147483647)

-84236723 RandSeed2 - Second random seed (-2147483648 to 2147483647) for intrinsic pRNG,
or an alternative pRNG: "RanLux" or "RNSNLW"

False WrBHHTP - Output hub-height turbulence parameters in binary form? (Generates
RootName.bin)

True WrFHHTP - Output hub-height turbulence parameters in formatted form? (Generates
RootName.dat)

False WrADHH - Output hub-height time-series data in AeroDyn form? (Generates
RootName.hh)

False WrADFF - Output full-field time-series data in TurbSim/AeroDyn form? (Generates
Rootname.bts)

True WrBLFF - Output full-field time-series data in BLADED/AeroDyn form? (Generates
RootName.wnd)

False WrADTWR - Output tower time-series data? (Generates RootName.twr)

False WrFMTFF - Output full-field time-series data in formatted (readable) form?
(Generates RootName.u, RootName.v, RootName.w)

False WrACT - Output coherent turbulence time steps in AeroDyn form? (Generates
RootName.cts)

True Clockwise - Clockwise rotation looking downwind? (used only for full-field binary files
- not necessary for AeroDyn)

0 ScalelEC - Scale IEC turbulence models to exact target standard deviation? [0=no

additional scaling; 1=use hub scale uniformly; 2=use individual scales]

-------- Turbine/Model Specifications

9 NumGrid Z - Vertical grid-point matrix dimension

9 NumGrid Y - Horizontal grid-point matrix dimension

0.05 TimeStep - Time step [seconds]

800 AnalysisTime - Length of analysis time series [seconds] (program will add time if
necessary: AnalysisTime = MAX(AnalysisTime, UsableTime+GridWidth/MeanHHWS) )

630 UsableTime - Usable length of output time series [seconds] (program will add
GridWidth/MeanHHWS seconds)

54.8 HubHt - Hub height [m] (should be > 0.5*GridHeight)

60.00 GridHeight - Grid height [m]

60.00 GridWidth - Grid width [m] (should be >= 2*(RotorRadius+ShaftLength))

0 VFlowAng - Vertical mean flow (uptilt) angle [degrees]

0 HFlowAng - Horizontal mean flow (skew) angle [degrees]

"IECKAI" TurbModel - Turbulence model ("I[ECKAI"=Kaimal, "IECVKM"=von Karman,
"GP_LLJ","NWTCUP", "SMOOTH", "WF_UPW", "WF_07D", "WF_14D", or "NONE")

"3 IECstandard - Number of IEC 61400-x standard (x=1,2, or 3 with optional 61400-1 edition
number (i.e. "1-Ed2") )

"B" IECturbc - [EC turbulence characteristic ("A", "B", "C" or the turbulence intensity in
percent) ("KHTEST" option with NWTCUP model, not used for other models)

"NTM" IEC WindType - IEC turbulence type ("NTM"=normal, "xETM"=extreme turbulence,

"XEWM1"=extreme 1-year wind, "XEWMS50"=extreme 50-year wind, where x=wind turbine class 1, 2, or
3)
default ETMc - [EC Extreme Turbulence Model "c¢" parameter [m/s]
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default WindProfileType - Wind profile type ("JET","LOG"=logarithmic,"PL"=power
law,"IEC"=PL on rotor disk,LOG elsewhere, or "default")

54.8 RefHt - Height of the reference wind speed [m]

10.0 URef - Mean (total) wind speed at the reference height [m/s] (or "default" for JET
wind profile)

default ZJetMax - Jet height [m] (used only for JET wind profile, valid 70-490 m)

default PLExp - Power law exponent [-] (or "default")

default Z0 - Surface roughness length [m] (or "default")

-------- Non-IEC Meteorological Boundary Conditions------------

default Latitude - Site latitude [degrees] (or "default")

0.05 RICH _NO - Gradient Richardson number

default UStar - Friction or shear velocity [m/s] (or "default™)

default Z1 - Mixing layer depth [m] (or "default")

default PC_ UW - Hub mean u'w' Reynolds stress (or "default")

default PC UV - Hub mean u'v' Reynolds stress (or "default™)

default PC VW - Hub mean v'w' Reynolds stress (or "default")

default IncDecl - u-component coherence parameters (e.g. "10.0 0.3e-3" in quotes) (or
"default")

default IncDec2 - v-component coherence parameters (e.g. "10.0 0.3e-3" in quotes) (or
"default")

default IncDec3 - w-component coherence parameters (e.g. "10.0 0.3e-3" in quotes) (or
"default")

default CohExp - Coherence exponent (or "default")

"M:\coh_events\eventdata" CTEventPath - Name of the path where event data files are located

"Random" CTEventFile - Type of event files ("LES", "DNS", or "RANDOM")
true Randomize - Randomize the disturbance scale and locations? (true/false)

1.0 DistScl - Disturbance scale (ratio of wave height to rotor disk). (Ignored when
Randomize = true.)

0.5 CTLy - Fractional location of tower centerline from right (looking downwind) to left
side of the dataset. (Ignored when Randomize = true.)

0.5 CTLz - Fractional location of hub height from the bottom of the dataset. (Ignored

when Randomize = true.)
30.0 CTStartTime - Minimum start time for coherent structures in RootName.cts [seconds]
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APPENDIX C: Wind profile A2 — TurbSim input file

TurbSim Input File. Valid for TurbSim v1.50, 25-Sep-2009

--------- Runtime Options

23967284 RandSeed1 - First random seed (-2147483648 to 2147483647)

-6578942 RandSeed2 - Second random seed (-2147483648 to 2147483647) for intrinsic pRNG,
or an alternative pRNG: "RanLux" or "RNSNLW"

False WrBHHTP - Output hub-height turbulence parameters in binary form? (Generates
RootName.bin)

False WrFHHTP - Output hub-height turbulence parameters in formatted form? (Generates
RootName.dat)

False WrADHH - Output hub-height time-series data in AeroDyn form? (Generates
RootName.hh)

False WrADFF - Output full-field time-series data in TurbSim/AeroDyn form? (Generates
Rootname.bts)

True WrBLFF - Output full-field time-series data in BLADED/AeroDyn form? (Generates
RootName.wnd)

False WrADTWR - Output tower time-series data? (Generates RootName.twr)

False WrFMTFF - Output full-field time-series data in formatted (readable) form?
(Generates RootName.u, RootName.v, RootName.w)

False WrACT - Output coherent turbulence time steps in AeroDyn form? (Generates
RootName.cts)

True Clockwise - Clockwise rotation looking downwind? (used only for full-field binary files
- not necessary for AeroDyn)

0 ScalelEC - Scale IEC turbulence models to exact target standard deviation? [0=no

additional scaling; 1=use hub scale uniformly; 2=use individual scales]

-------- Turbine/Model Specifications

9 NumGrid Z - Vertical grid-point matrix dimension

9 NumGrid Y - Horizontal grid-point matrix dimension

0.05 TimeStep - Time step [seconds]

800 AnalysisTime - Length of analysis time series [seconds] (program will add time if
necessary: AnalysisTime = MAX(AnalysisTime, UsableTime+GridWidth/MeanHHWS) )

630 UsableTime - Usable length of output time series [seconds] (program will add
GridWidth/MeanHHWS seconds)

54.8 HubHt - Hub height [m] (should be > 0.5*GridHeight)

60.00 GridHeight - Grid height [m]

60.00 GridWidth - Grid width [m] (should be >= 2*(RotorRadius+ShaftLength))

0 VFlowAng - Vertical mean flow (uptilt) angle [degrees]

0 HFlowAng - Horizontal mean flow (skew) angle [degrees]

"IECKAI" TurbModel - Turbulence model ("IECKAI"=Kaimal, "IECVKM"=von Karman,
"GP_LLJ", "NWTCUP", "SMOOTH", "WF_UPW", "WF _07D", "WF_14D", or "NONE")

"3 IECstandard - Number of IEC 61400-x standard (x=1,2, or 3 with optional 61400-1 edition
number (i.e. "1-Ed2") )

"B" IECturbce - [EC turbulence characteristic ("A", "B", "C" or the turbulence intensity in
percent) ("KHTEST" option with NWTCUP model, not used for other models)

"NTM" IEC WindType - IEC turbulence type ("NTM"=normal, "xETM"=extreme turbulence,

"XEWM1"=extreme 1-year wind, "XEWMS50"=extreme 50-year wind, where x=wind turbine class 1, 2, or
3)
default ETMc - [EC Extreme Turbulence Model "c¢" parameter [m/s]
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default WindProfileType - Wind profile type ("JET","LOG"=logarithmic,"PL"=power
law,"IEC"=PL on rotor disk,LOG elsewhere, or "default")

54.8 RefHt - Height of the reference wind speed [m]

10.0 URef - Mean (total) wind speed at the reference height [m/s] (or "default" for JET
wind profile)

default ZJetMax - Jet height [m] (used only for JET wind profile, valid 70-490 m)

default PLExp - Power law exponent [-] (or "default")

default Z0 - Surface roughness length [m] (or "default")

-------- Non-IEC Meteorological Boundary Conditions------------

default Latitude - Site latitude [degrees] (or "default")

0.05 RICH _NO - Gradient Richardson number

default UStar - Friction or shear velocity [m/s] (or "default™)

default Z1 - Mixing layer depth [m] (or "default")

default PC_ UW - Hub mean u'w' Reynolds stress (or "default")

default PC UV - Hub mean u'v' Reynolds stress (or "default™)

default PC VW - Hub mean v'w' Reynolds stress (or "default")

default IncDecl - u-component coherence parameters (e.g. "10.0 0.3e-3" in quotes) (or
"default")

default IncDec2 - v-component coherence parameters (e.g. "10.0 0.3e-3" in quotes) (or
"default")

default IncDec3 - w-component coherence parameters (e.g. "10.0 0.3e-3" in quotes) (or
"default")

default CohExp - Coherence exponent (or "default")

"M:\coh_events\eventdata" CTEventPath - Name of the path where event data files are located

"Random" CTEventFile - Type of event files ("LES", "DNS", or "RANDOM")
true Randomize - Randomize the disturbance scale and locations? (true/false)

1.0 DistScl - Disturbance scale (ratio of wave height to rotor disk). (Ignored when
Randomize = true.)

0.5 CTLy - Fractional location of tower centerline from right (looking downwind) to left
side of the dataset. (Ignored when Randomize = true.)

0.5 CTLz - Fractional location of hub height from the bottom of the dataset. (Ignored

when Randomize = true.)
30.0 CTStartTime - Minimum start time for coherent structures in RootName.cts [seconds]
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APPENDIX D: Wind profile B — TurbSim input file

TurbSim Input File. Valid for TurbSim v1.50, 25-Sep-2009

————————— Runtime Options
231853901 RandSeed1 - First random seed (-2147483648 to 2147483647)

-568021329 RandSeed2 - Second random seed (-2147483648 to 2147483647) for intrinsic pRNG,
or an alternative pRNG: "RanLux" or "RNSNLW"

False WrBHHTP - Output hub-height turbulence parameters in binary form? (Generates
RootName.bin)

True WrFHHTP - Output hub-height turbulence parameters in formatted form? (Generates
RootName.dat)

False WrADHH - Output hub-height time-series data in AeroDyn form? (Generates
RootName.hh)

False WrADFF - Output full-field time-series data in TurbSim/AeroDyn form? (Generates
Rootname.bts)

True WrBLFF - Output full-field time-series data in BLADED/AeroDyn form? (Generates
RootName.wnd)

False WrADTWR - Output tower time-series data? (Generates RootName.twr)

False WrFMTFF - Output full-field time-series data in formatted (readable) form?
(Generates RootName.u, RootName.v, RootName.w)

False WrACT - Output coherent turbulence time steps in AeroDyn form? (Generates
RootName.cts)

True Clockwise - Clockwise rotation looking downwind? (used only for full-field binary files
- not necessary for AeroDyn)

0 ScalelEC - Scale IEC turbulence models to exact target standard deviation? [0=no

additional scaling; 1=use hub scale uniformly; 2=use individual scales]

-------- Turbine/Model Specifications

9 NumGrid Z - Vertical grid-point matrix dimension

9 NumGrid Y - Horizontal grid-point matrix dimension

0.05 TimeStep - Time step [seconds]

800 AnalysisTime - Length of analysis time series [seconds] (program will add time if
necessary: AnalysisTime = MAX(AnalysisTime, UsableTime+GridWidth/MeanHHWS) )

630 UsableTime - Usable length of output time series [seconds] (program will add
GridWidth/MeanHHWS seconds)

54.8 HubHt - Hub height [m] (should be > 0.5*GridHeight)

60.00 GridHeight - Grid height [m]

60.00 GridWidth - Grid width [m] (should be >= 2*(RotorRadius+ShaftLength))

0 VFlowAng - Vertical mean flow (uptilt) angle [degrees]

0 HFlowAng - Horizontal mean flow (skew) angle [degrees]

"I[ECKAI" TurbModel - Turbulence model ("TECKAI"=Kaimal, "IECVKM"=von Karman,
"GP_LLJ","NWTCUP", "SMOOTH", "WF_UPW", "WF_07D", "WF_14D", or "NONE")

"3 IECstandard - Number of IEC 61400-x standard (x=1,2, or 3 with optional 61400-1 edition
number (i.e. "1-Ed2"))

"A" IECturbc - [EC turbulence characteristic ("A", "B", "C" or the turbulence intensity in
percent) ("KHTEST" option with NWTCUP model, not used for other models)

"3ETM" IEC WindType - IEC turbulence type ("NTM"=normal, "XETM"=extreme turbulence,

"XEWM1"=extreme 1-year wind, "XEWMS50"=extreme 50-year wind, where x=wind turbine class 1, 2, or
3)
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default ETMc - [EC Extreme Turbulence Model "c¢" parameter [m/s]

default WindProfileType - Wind profile type ("JET","LOG"=logarithmic,"PL"=power
law,"IEC"=PL on rotor disk,LOG elsewhere, or "default")

54.8 RefHt - Height of the reference wind speed [m]

8.0 URef - Mean (total) wind speed at the reference height [m/s] (or "default" for JET
wind profile)

default ZJetMax - Jet height [m] (used only for JET wind profile, valid 70-490 m)

default PLExp - Power law exponent [-] (or "default")

default 70 - Surface roughness length [m] (or "default")

-------- Non-IEC Meteorological Boundary Conditions------------

default Latitude - Site latitude [degrees] (or "default")

0.05 RICH _NO - Gradient Richardson number

default UStar - Friction or shear velocity [m/s] (or "default")

default Z1 - Mixing layer depth [m] (or "default")

default PC UW - Hub mean u'w' Reynolds stress (or "default")

default PC UV - Hub mean u'v' Reynolds stress (or "default")

default PC_ VW - Hub mean v'w' Reynolds stress (or "default")

default IncDecl - u-component coherence parameters (e.g. "10.0 0.3e-3" in quotes) (or
"default")

default IncDec2 - v-component coherence parameters (e.g. "10.0 0.3e-3" in quotes) (or
"default")

default IncDec3 - w-component coherence parameters (e.g. "10.0 0.3e-3" in quotes) (or
"default")

default CohExp - Coherence exponent (or "default")

"M:\coh_events\eventdata" CTEventPath - Name of the path where event data files are located

"Random" CTEventFile - Type of event files ("LES", "DNS", or "RANDOM")
true Randomize - Randomize the disturbance scale and locations? (true/false)

1.0 DistScl - Disturbance scale (ratio of wave height to rotor disk). (Ignored when
Randomize = true.)

0.5 CTLy - Fractional location of tower centerline from right (looking downwind) to left
side of the dataset. (Ignored when Randomize = true.)

0.5 CTLz - Fractional location of hub height from the bottom of the dataset. (Ignored

when Randomize = true.)
30.0 CTStartTime - Minimum start time for coherent structures in RootName.cts [seconds]
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