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Abstract
Wind energy is expected to play a crucial role in the energy mix in the future society with limited
access to fossil fuels. Wind turbines with larger power rating are being installed every year,
making possible to extract more energy from wind. In countries where wind power has become a
relevant part of the total generated electrical power production, transmission system operators
(TSOs) have included in their grid codes specific technical requirements for interconnection of
wind power plants. Today, grid code requirements are tested by using an impedance-based testing
equipment which is limited to voltage dips and swells. For this reason, many of the requirements
remain unverified. The use of fully controllable converter systems operated as test equipment
allows for a wide variety of tests that can be carried out on the generating unit. For this reason, a
different approach of grid code testing methodology is investigated in this thesis.
The investigated testing setup consists of a 4 MW wind turbine and an 8 MW testing equipment
constituted by a set of voltage source converter (VSC) in back-to-back configuration. In particular,
this thesis focuses in the Low Voltage Ride Through (LVRT) test of full-power converter (FPC)
wind turbines. In this work, a detailed description of the technical requirements included in
grid codes for interconnection of the wind power plant with the grid is given. The control
algorithm that governs both the testing equipment and the wind turbine are derived in detail,
with special focus on the control scheme of each VSC. The risk for poorly damped resonances
and possible interaction between the testing equipment and the tested object is investigated
through small signal analysis. The grid code testing methodolgy is then validated through time
domain simulation where all the sub-systems that constitute the testing setup are integrated in
one simulation model. The obtained results demonstrate the flexibility of the proposed approach
in controlling the voltage at the wind turbine terminals, including the ability in emulating the
short-circuit impedance of the grid at the connection point. Furthermore, laboratory experiments
are carried out in order to verify the investigated methodology. Finally, field test of the actual
testing facility in Gothenburg, Sweden are included in this thesis.

Index Terms: Grid Codes, Wind Power, Low Voltage Ride Through (LVRT), Voltage Source
Converter (VSC), Discrete Control, Grid Emulation.

v



vi



Acknowledgments
This work has been carried out within the Swedish Wind Power Technology Centre (SWPTC).
The financial support provided by the academic and industrial partners including the Region
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Preface
The Swedish Wind Power Technology Centre (SWPTC), placed at Chalmers University of
Technology in Gothenburg, Sweden, focuses on developing knowledge of the design of wind
turbines and optimizing maintenance and production costs.

One of the objectives of the Centre is to supply the industry with in-depth know-how within
the field of wind power. Specific projects are being carried out within the Centre regarding the
following topics: power and control system, turbine and wind load, mechanical power transmis-
sion and system operation, structure and foundation, maintenance and reliability, and operation
in cold climate. Other research projects at Chalmers University of Technology are related to
semiconductors and converter topologies and control for renewable energy sources.

Moreover, the wind turbine is seen as a complete system. Therefore, there is a strong co-
operation between the mechanical, electrical and control departments within the University and
the Centre. By integrating education, research and innovation, the Centre hope to contribute with
competence, knowledge and experience that today’s industry needs.

This project is part of Theme Group 1: Power and Control Systems.

SWPTC’s work is funded by the Swedish Energy Agency, by three academic and thirteen
industrial partners, including Göteborg Energi, ABB and General Electric. The Region Västra
Götaland also contributes to the Centre through several collaboration projects.
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Chapter 1

Introduction

1.1 Background and motivation

Wind energy is a renewable source of energy that plays a key role towards a sustainable future.
Wind parks are today being installed in large scale in many countries, while wind turbines
with larger and larger power ratings are being produced every year. Among other factors,
the reliability of the electrical grid depends on how well the generating units are prepared to
withstand a grid fault. In the specific case of integration of renewable energy sources, transmission
system operators (TSO) have included in their grid code specific technical requirements for
interconnection of wind power plants with the electricity grid.

In general words, grid code specifies how a generating plant should behave during normal
and abnormal condition. The continuous increase of electrical energy from wind power in the
power system has lead TSOs to impose more and more stringent requirements. For instance,
requirements for steady-state voltage and frequency range are given in a detailed manner. In
addition, typical system disturbances such as voltage dip are specified in terms of retained voltage
and duration, requiring that the generating plant should withstand them without disconnecting
from the grid. Disconnection is possible in extreme cases and just when it is permitted by
the grid code. In this regard, a wind turbine manufacturer has to ensure a safe operation of
the wind farm and the grid by fulfilling all the technical requirements for interconnection.
Moreover, the requirements are always a design criterion, thus, manufacturers are involved when
reviewing these requirements with the authority. For this reason, it is crucial to develop testing
methodologies for this type of technology in order to ensure a correct integration of wind energy
into our actual electricity grids.

To evaluate the capability of the wind turbine to withstand grid disturbances, today tests are
performed on the generating unit by using an impedance-based voltage dip generator. By
developing further new testing methodologies, it will be possible to test for grid scenarios other
than voltage dip, ensuring a reliable and fault-tolerant operation of the wind turbine system.

Furthermore, in the future, wind turbines will be required to participate more actively in the
regulation of the grid. It is a common believe that standards and grid codes will contemplate a
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Chapter 1. Introduction

wide variety of new requirements addressing a reliable operation of the wind power plant. Smart
control algorithms will allow them to behave as any conventional energy source in terms of
inertia, power oscillation damping and voltage/frequency support of the grid, contributing to the
overall stability enhancement of the power system.

1.2 Purpose of the thesis and main contributions

The objective of this work is to develop methods for grid code testing of wind turbines using
Voltage Source Converters (VSC) system. In this thesis, different grid codes have been analysed
and specific technical requirements for interconnection of wind parks with the electricity grid
have been identified. This study has been focused on the control and operation of VSC for its
use in testing of wind turbines systems. Moreover, simulation of the complete testing system
including a full power converter (FPC) based wind turbine model and the VSC-based testing
equipment have been carried out. Here, the VSC will emulate different grid situations according
to the grid codes.

The main contribution of this work is the analysis of the use of VSC-based testing equipment for
grid code testing of wind turbine systems. With focus on FPC-based wind turbine, a mathematical
model has been developed and computer simulations, laboratory experiment and filed test has
been carried out. The results from this work has been used to evaluate the proposed methodology
of testing. Finally, part of these results has been published in two scientific papers.

1.3 Structure of the thesis

In this thesis, a brief review of the development of wind power installation, including the
interconnection of wind power plants with the electricity grid and the description of the most
common wind turbine topologies is given in Chapter 2. In Chapter 3, a detailed description of the
technical requirements included in grid codes for normal and faulty condition of the grid is given.
Moreover, the methodology for testing wind turbine is also introduced in this chapter. Chapter 4
shows in detail the modelling and implementation of the VSC-based testing equipment and its
control algorithms, including PCC voltage control and short-circuit impedance emulation. The
modelling of the FPC wind turbine, including crow-bar protection and control strategy during
fault, is also described here. In Chapter 5, the stability of the testing setup is analysed through
sensitivity analysis. Here, the system-pole location is investigated against the variation of system
parameters and control settings of both the testing equipment and the wind turbine. In Chapter 6,
the investigated grid code testing methodology is validated through simulations. Laboratory
experiments and field test results are also given in this chapter. Finally, in Chapter 7 it is given
the conclusions as well as interesting ideas that need further investigation.
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Chapter 2

Wind energy systems

2.1 Introduction

Wind parks are today being installed in large scale in many countries. Moreover, wind turbines
with greater power are being produced every year, making possible to extract more energy from
wind [1].

From a global perspective, the total installed wind power in the world in 2013 is 318 GW,
growing with an average rate of 40 GW per year in the last 5 years. The main players are China,
USA and western Europe. China has the biggest wind power installation in the world with 91
GW, behind USA and Germany with 61 GW and 34 GW installed, respectively. Spain posses
23 GW of wind capacity, followed by India with 20 GW and UK with 10 GW of wind power
capacity [2].

Statistics data from the European Wind Energy Association (EWEA) [3] suggest that from year

Fig. 2.1 Cumulative world installed wind capacity (values in GW per year) [3].
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Chapter 2. Wind energy systems

(a) (b)

Fig. 2.2 Share of the (a) total [3], and (b) off-shore [4] installed wind power capacity in EU in 2013.

2000 to 2012, the installed wind power capacity in Europe has increased from 12.9 GW to 117.3
GW, with a sustainable growth of approximately 10 GW per year [3].

In Fig. 2.2(a) is shown the total shared capacity among the European countries. Observe that
nearly 50% of the total installed capacity is placed in Germany and Spain. Moreover, United
Kingdom (UK) posses 9% of the total share. The remaining 42% is shared among the rest of the
EU countries.

In particular for off-shore wind energy, with reference to Fig. 2.2(b), the largest capacity is
installed UK with 56% of the total off-shore installed capacity, followed by Denmark with 19%
of the share, Belgium with 9% and Germany with 8%.

There are 5.538 MW of off-shore wind energy capacity installed world-wide, 90% of which is in
Europe, making the region by far the world leader in offshore wind. At the end of 2012, 509.5
MW of off-shore wind energy capacity was installed in China, mainly in shallow intertidal areas,
and 33.8 MW in Japan, mostly near-shore [5].

2.2 Wind turbine systems

The increasing use of wind energy pushes the development of wind turbine systems in size and
technology [1]. Wind turbines are mainly classified in fixed-speed and variable-speed operation.
In the following, a brief description of wind turbine topologies is presented.

2.2.1 Fixed-speed wind turbine

A typical diagram of a fixed-speed wind turbine is given in Fig. 2.3. The induction generator (IG)
is connected to the grid by a coupling transformer. The rotor of the IG can be either squirrel-cage
or wounded type. The latter offers the possibility to access the rotor terminals and provide control
over the rotor currents by the use of passive components or power electronics. Depending of the

4



2.2. Wind turbine systems

poles in the stator, the rotor shaft can rotate at a nominal speed of 1000 rpm or 1500 rpm. For
this reason, the wind turbine blades and hub are connected to the generator shaft by a step-up
gearbox [6].

The fixed-speed wind turbine is a simple system in which the mechanical power is transformed
into electrical power by means of a directly-connected IG. The applied stator voltage can be
regulated by a series soft-starter, depicted in Fig. 2.3, when starting-up the IG. This is done by
controlling the series thyristor in the soft-starter, and thereby limiting the inrush current. During
normal operation of the wind turbine the soft-starter is bypassed [6].

Given the inductive nature of electrical machines, the IG consumes a significant amount reactive
power during normal operation. This is not only related to the magnetization of the iron core, but
also with the increasing of the speed and thus with the active power output. For this reason, a
capacitor bank can be use to provide reactive power compensation, improving the power factor
when interconnecting the wind turbine with the grid [8].

The direct coupling of the IG with the grid presents a number of disadvantages, especially during
grid disturbances. For instance, when a sever grid fault occurs resulting in a low retained voltage
at the terminals of the wind turbine, large fault current can be experienced due to the sudden
demagnetization of the core. This event can activate the protection system, disconnecting the
wind turbine from the grid. For this reason, the fulfilment of grid codes is a challenge for this
kind of generating units; especially when disconnection of the wind farm, depending of the
magnitude and duration of the voltage dip, might not be allowed by the TSO [9], [10], [11].
Finally, the narrow speed window where wind energy extraction is optimal is strictly related
on the reduced slip range of the IG. Thus, mechanical stress across the turbine structure can be
produced when coping with wind speed fluctuations. Therefore, the fix-speed wind turbine is
less efficient in producing electrical power, as compared with variable-speed wind turbines [6].

Output 

transfomer

Capacitor 

bank

AC Grid

Gearbox

Control system

Wind turbine

IG

Protection by 
AC crowbar

Soft Starter

Fi
ri

n
g 

si
gn

al

Fig. 2.3 Schematic representation of a fixed-speed wind turbine given in [7].
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2.2.2 Doubly-Fed Induction Generator wind turbine

A typical scheme representation of the Doubly-Fed Induction Generator (DFIG) wind turbine is
given in Fig. 2.4. The stator of the IG is usually a four-pole system [8], where the terminals of
the stator are connected with the grid through a three-winding transformer. The rotor windings
are accessible via slip rings and brushes, where a back-to-back VSC is connected. The grid-side
VSC is connected to the low voltage (LV) side of the coupling transformer. The medium voltage
(MV) side of the transformer can be either connected to the grid, or to a dedicated AC collector
bus.

The use of the bi-directional VSC enables the absorption or injection of rotor currents. The VSC
is typically rated 20% to 30% of the wind turbine power [12], meaning that one third of the
power can circulate through the rotor circuit. This feature opens up the speed range operation of
the wind turbine, as compared of the fixed-speed wind turbine described in Section 2.2.1. With
the introduction of variable-speed operation of the IG, the turbine can extract energy from the
wind more efficiently for a wider range of wind speed. In addition, it allows for a more precise
control of the torque across the drive train, avoiding high mechanical stress [6].

Depending of the operation mode of the DFIG wind turbine, i.e.: sub-synchronous mode or
super-synchronous mode, the power flow throughout the back-to-back VSC can be either toward
the rotor or toward the grid [12]. Moreover, the speed of the turbine is controlled by the rotor-side
converter by means of controlling the active current that flows in the rotor windings. The rotor-
side converter also provides the reactive power needed for magnetizing the DFIG. Similarly, the

Output 

transfomer

1/3 Power Converter Coupling 

inductor and 

filters
AC

DC AC

DC

AC Grid

Gearbox

Control system

Wind turbine

Protection by 
DC crowbar

DFIG

Protection by 
AC crowbar

Fig. 2.4 Schematic representation of a DFIG wind turbine given in [7].
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2.2. Wind turbine systems

reactive power output of the wind turbine is controlled by the reactive current that is exchanged
in the rotor windings.

The control structure of the grid-side converter is usually constituted by a speed or torque
controller and a reactive power controller in cascade with an inner current control [13]. The valves
of the VSC can be operated either by using Pulse Width Modulation (PWM) or by hysteresis
control [12]. Similarly, the grid-side converter controls the DC-link voltage by exchanging
active power with the grid. The control structure of the grid VSC is constituted by a DC voltage
control in cascade with a current control [13]. The valves of the converter are also operated with
PWM [12].

When a grid fault occurs resulting in a low voltage at the terminals of the wind turbine, the
grid-side converter cannot inject the produced power into the grid without exceeding nominal
current. Observe that power electronic devices are very sensitive to damage when an over-current
is experienced [12]. In this scenario, the excess of energy produce by the turbine that cannot be
delivered is then accumulated in the DC-link capacitor. When the instantaneous voltage exceeds a
certain threshold, an over-voltage protection activates the DC crowbar, redirecting the generated
power into a resistor. Through this protective action, the DC voltage is controlled within a safe
margin. In a more severe event in which a DC-crowbar protection is not enough to burn the
excess of energy produced i.e.: a voltage dip with an extremely low retained voltage at the
terminals of the DFIG wind turbine; an extra degree of protection can be achieved by the use of
a diode-rectifier based AC-crowbar at the terminals of the rotor circuit [12], as shown in Fig. 2.4.
Similarly, an over-current protection activates the power electronic switch, when the rotor current
exceeds the nominal current of the converter. The rotor windings are short-circuited and the
additional rotor energy is dissipated in an resistor at the DC side of the rectifier [6], [13]. Finally,
voltage support capabilities of a DFIG wind turbine can be enhanced by two set of actions:
the grid-side VSC can be able to inject small amount of reactive power, if it is dimensioned
accordingly; the rotor-side VSC can over-excite the rotor circuit increasing the magnitude of the
back-EMF of the DFIG, thus, injecting reactive power into the grid through the stator circuit [12].
These protection and control measures enhances the LVRT capability of the DFIG wind turbine,
allowing it to comply with actual grid codes (described later in Chapter 3).

2.2.3 Full power converter wind turbine

In a FPC wind turbine, the generator is connected to the grid through a full-power rated VSC in
back-to-back, as depicted in Fig. 2.5. This configuration allows for an improved fault-tolerant
capability of the wind turbine, as compared with the DFIG, avoiding severe transients in the
generator when a grid fault occurs. Moreover, the grid-side converter of an FPC wind turbine
can be designed and controlled in order to provide additional reactive power support, without
having the need of over-magnetizing the generator core. However, the use of a fully rated power
electronic interface increases the switching losses as compared a DFIG wind turbine [8].

As depicted in Fig. 2.5, a gearbox is typically used to step-up the rotational speed when coupling
the wind turbine hub with the generator shaft. For a direct drive configuration i.e.: absence of
the gearbox in the drive train, a dedicated low-speed multi-pole generator must be used in order
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Fig. 2.5 Schematic representation of a FPC wind turbine given in [7].

to achieve the desired nominal frequency in the stator terminals. A filtering stage between the
generator and the VSC can be used to reduce high-order transient in the generator current [8].

During normal operation of the wind turbine, the generator is fully decoupled from the grid
as both VSC are connected in back-to-back configuration. The generator-side VSC is usually
operated in torque control mode or speed control mode allowing the generated power to be
injected into the DC-link [8]. The grid-side VSC controls the DC-link voltage by injecting active
power into the grid. In addition, if reactive power exchange is allowed by the TSO, the grid-side
converter can be operated either in voltage control mode or reactive power control. Finally, the
wind turbine is grid-interfaced by using a step-up coupling transformer which increases the
voltage from generator-level in LV to distribution-level in MV.

The use of fully rated back-to-back VSC for grid interconnection of wind turbine generators
allows for a fast response during abnormal condition of the grid [14], [8]. For instance, during a
voltage dip, the generated power cannot be delivered into the grid due to the absence of sufficient
grid voltage. In this scenario, the grid-side-converter can quickly control the current output,
avoiding feeding fault currents of large magnitude into the grid. Similarly, the generator-side
converter provides quick control over the generator currents, preventing a possible overcharge of
the DC-link capacitor. However, the latter method can produce undesired mechanical stress in
the drive train.

Finally, the DC-link capacitor is protected by a DC-crowbar constituted by a parallel resistor
and a power electronic switch. When the DC-link voltage exceeds a certain threshold, the excess
of energy stored in the DC-link capacitor is redirected into a crowbar resistor, providing a fast
protection during DC overvoltages. Further explanation of operation and control of the the FPC
wind turbine is given in Chapter 4.
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2.3. Wind power plants

2.3 Wind power plants

A wind power plant (also called wind park or wind farm) is an arrangement of several individual
wind turbines connected to the AC grid through a collector bus. The interconnected generating
units are controlled by a main wind farm controller, which controls the active and reactive power
set point of the whole generating plant. The wind park can be placed either on-shore as depicted
in Fig. 2.6, or off-shore. The point of common coupling (PCC) is defined by the TSO as the first
mesh connection point of the wind power plant with the electricity grid [15].

On-shore wind farms are grid-interfaced by using a common collector system in which the MV
terminals of the wind turbine are connected. As depicted in Fig. 2.7, the collector bus is interfaced
with the grid by using a high-power step-up transformer. The HV-side of the transformer is
connected to the transmission system. Finally, the grid connection point of the wind plant is
where the PCC is denoted.

Off-shore wind farms can be interconnected via AC submarine transmission lines, or by High
Voltage Direct Current (HVDC) interconnection systems, enabling bulk energy transfer across

Fig. 2.6 Example of an on-shore wind farm located in Falkenberg, Sweden.
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Fig. 2.7 Diagram representation of an on-shore wind farm.
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Fig. 2.8 Diagram representation of an off-shore wind farm.

long distances, as depicted in Fig. 2.8. The wind turbines are connected to an AC collector bus
in MV level. Similarly, a high-power step-up transformer is used to interface the collector bus
with the HVDC-VSC terminals. The grid-side VSC of the HVDC is interfaced with the AC
transmission system by means of a high-power coupling transformer. The PCC is defined in its
secondary side. Finally, in order to comply with power factor and voltage support requirements
at the connection point with the grid, a Static Compensator (STATCOM) can be used in order to
inject and absorb reactive power when needed [16]. An example of the connection layout of a
STATCOM and an on-shore wind farm is included in Fig. 2.7.

2.4 Conclusions

In this chapter, the world wind energy scenario has been briefly discussed, with special focus on
onshore and offshore wind power installations. In addition, three main topologies of wind turbine
systems have been described. Finally, the schematic for interconnection with the electricity grid
of onshore and offshore wind power plants has been introduced. In the following, an analysis of
the selected European grid codes is given.
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Chapter 3

Grid code analysis

3.1 Introduction

In grid codes it is specified how a generating plant should behave under both continuous
and dynamic condition of the grid while maintaining a safe and reliable operation. Moreover,
requirements for voltage, power and frequency operation range are given in a detailed manner.
In addition, typical system disturbances are specified, so the generating plant should withstand
them without disconnecting from the grid. In extreme cases, disconnection is also possible when
it is allowed by the TSO.

When grid code applies specifically to wind parks, the wind turbine manufacturer have to ensure a
safe operation of the wind farm by fulfilling all the technical requirements for interconnection of
the generating plant. The requirements that cannot be tested experimentally are verified through
software-aided simulation platforms.

In the following, an analysis of grid interconnection requirements included in the selected grid
code is given and grid code testing devices are introduced.

3.2 Grid code selection

The grid codes considered in this thesis refer to countries that have high penetration of wind
power into their national grid [3]. Consequently, these countries have developed detailed technical
requirements for grid interconnection of wind power plants [9].

With focus on voltage and frequency operation band, voltage and reactive power dependencies,
active power curtailment and LVRT requirements, the selected grid codes are: the German
(E.ON) [17], [18]; British (National Grid) [19]; Spanish (REE) [20]; Irish (EirGrid) [21]; Danish
(Energinet.dk) [22], Swedish (SvK) [23]; Nordic Countries (Nordel) [24]; and European grid
code (ENTSO-E) [25].

A comparison of the different grid codes regarding interconnection of wind parks is given
in [9], [10], [11] and [26]. A dedicated analysis of the German grid code is given in [27]. Finally,
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control strategies developed for meeting grid code technical requirements have been documented
in [13], [16] and [28].

In this chapter, the main focus of the grid code analysis is on the requirements during fault
condition of the grid i.e.: comparison of different LVRT and requirements for grid support during
a voltage dip. In the following, requirements for normal and abnormal operation of the grid will
be briefly described; thus, requirements for fault condition of the grid will be presented.

3.3 Requirements during steady-state operation of the grid

The requirements for steady-state operation of the grid can be mainly categorized in three groups:
reactive power requirements for normal voltage operation range; reactive power requirements
during nominal active power production; and minimum operation time during long-term fre-
quency deviations with active power curtailment. In the following, these three requirements are
briefly explained.

3.3.1 Voltage and reactive power dependencies

A TSO can require reactive power injection from the wind farms to support overall system
voltage control during normal operation. Usually, reactive power requirements are delimited
inside a minimum power factor range that goes from 0.95 leading to 0.95 lagging for an active
power set point between 0.05 pu and 1 pu; and within a nominal voltage that varies with a
maximum deviation of ±0.05 pu. A detailed grid code analysis conducted in this investigation is
given in [9] (see Publication I).

3.3.2 Active and reactive power dependencies

Reactive power requirement are also dependent of the active power production of the wind farm.
For instance, the Danish grid code states dependencies between voltage and reactive power,
and between active and reactive power production [9]. Both requirements shall be complied
simultaneously during normal operation of the wind farm. Moreover, reactive power injection
can be controlled by either using a voltage control or power factor control. An extra option to
define the reactive power production is to manually set the operating point. Remote control of
reactive power allows TSO to control the voltage at a distance node, and in general, to control
the total reactive power production of an entire grid [10].

3.3.3 Voltage and frequency dependencies

In grid codes, it is specified the steady state frequency and voltage operation range in which the
wind turbine should operate continuously. Normal condition is considered for voltages close
to 1.0 pu and frequency around 50 Hz, with deviation of approximately ±0.05 pu of voltage
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Fig. 3.1 Voltage-frequency requirements enforced by the German (offshore) grid code [18].

and ±0.5 Hz of frequency, respectively. Any steady-state grid condition outside these values is
defined with a minimum operational time, as shown in Fig. 3.1, and in some cases, followed by a
control action for active or reactive power from the wind turbine side (explained in the following
point), as enforced by the Danish [22], Irish [21] and German [17], [18] TSO.

3.3.4 Active power curtailment during frequency deviation

Frequency deviations can occur when the overall active power production does not match with
the overall power system load. An increase of the system frequency is produce by a surplus of
the instantaneous active power production compared to the demand of active power of the grid.
This contingency occurs for instance, when a distant load suddenly is disconnected from the
power system due to a fault in the grid. In the other hand, if a generation plant is disconnected,
the frequency drops due to the surplus of the demanded active power.

When active power curtailment is demanded by the TSO in case of frequency deviations, the
generation unit must vary its active power output in order to contribute to the overall regulation
of the system frequency. In this case, a droop control strategy must be used when the frequency
starts to deviate away from a specific dead-band, according to the characteristics given in the
specific grid code. The active power variation are described as follows: active power must be
increased if the system frequency drops from the dead-band, and active power must be reduced
if the frequency increases above the dead-band. In a severe case scenario where the system
frequency is outside the frequency operation band, the generating plant must disconnect.

An analysis on active power curtailment requirements is given in [9]. A well-documented strategy
for frequency control is given in the Irish grid code [21], in the Danish grid code [22] as well
as the German grid code for onshore and offshore wind turbines (references [17] and [18]
respectively).
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3.4 Requirements during dynamic condition of the grid

In this section, the interconnection requirements during dynamic condition of the grid are
introduced. Here, the main focus is on the analysis of the requirement for LVRT and in voltage
support in case of a grid fault.

3.4.1 Low voltage ride through requirements (LVRT)

In every grid code it is specified a voltage dip profile that the wind turbine should ride through
without tripping. An exhaustive comparison of LVRT profiles is given in [10]. LVRT profiles
characterization in terms of fault time, retained voltage and recovery ramp rates can be found
in [11]. In Fig. 3.2 is shown a combination of the strictest LVRT profiles among the selected grid
codes. In particular, the European grid code ENTSO-E [25] defines the guidelines to establish the
LVRT profiles in each network inside EU. The requirements specified by ENTSO-E are enforced
together with the local grid code.

When it is specified in the grid code, wind parks are required to support voltage restoration by
injecting reactive power into the grid. In particular, the generating plant must provide voltage
support by injecting a specific amount of reactive current during a voltage dip. For example, the
Danish grid code [22] enforces a specific LVRT with retained voltage of 0.2 pu per 500 ms, as
shown in Fig. 3.2, and demands for reactive power support during voltage restoration. Reactive
current must be injected when voltage deviates below 0.9 pu. When the system voltage is lower
than 0.5 pu, nominal reactive current injection must be reached. Active power production must
be restored within 5 seconds after full recovery of the voltage within normal operation range.
A graphical representation of the reactive power requirement during a LVRT event is given in
Fig. 3.3.
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According to the German grid code [17], an automatic voltage control must be activated within
20 ms if the grid voltage deviates more than 0.1 pu, and it must inject at least a reactive current
of 0.02 pu for each percent of voltage deviation, as depicted in Fig. 3.4. For offshore wind
farms [18], the voltage control must be activated at the PCC when grid voltage deviates 0.05
pu from its nominal value. Full reactive power output must be achieved when voltage drops
more than 0.5 pu, similarly to the Danish grid code. After fault clearance, the automatic voltage
control must still be active for another 500 ms after returning of the voltage within the normal
operation band, in order to compensate for any voltage variation due to the action of an automatic
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Fig. 3.4 Reactive power requirements during LVRT evet enforced by the German (onshore) grid code [17].
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reclosure on an uncleared fault. Finally, the pre-fault set point of active power production must
be reached with a gradient of at least 0.2 pu per second after returning of the voltage within the
normal operation range.

A strict LVRT profile is defined in the Irish grid code [21], which enforces a minimum retained
voltage of 0.15 pu for 650 ms, followed by a voltage recovery ramp for 3 seconds. During the
voltage dip, the wind farm shall provide active power in proportion to retained voltage while
maximizing reactive current injection into the grid, for at least 600 ms or until the voltage
recovers to its normal operational range. In addition, the wind farm must be able to reach 90% of
its available active power production within one second after total voltage recovery. The Irish
grid code enforces reactive current injection of 0.04 pu, per each percentage of voltage drop
when the voltage is lower than 0.9 pu. Maximum reactive power should be injected when the
voltage drops below 0.75 pu.

The Swedish grid code [23] defines a retained voltage value of 0 pu for 250 ms, followed by
voltage a ramp up to 0.9 pu for one second. The reactive power exchanged between the generating
unit and the power system is strictly defined in 0 pu for the whole event.

3.5 Harmonization and future trend in grid code requirement

The grid code analysis given in [9], [11] and [26] highlight that the interconnection requirements
differ substantially between TSOs. These differences are somewhat acceptable due to the fact
that each requirement is strictly related to the particular technical and operational characteristic
of each power system. For instance, it is acceptable that LVRT recovery ramp rates of weakly
interconnected system such as the Irish or Danish grid are slower than an strongly interconnected
system like the Spanish grid, as illustrated in Fig. 3.2. In this regard, exact values for parameters
considered for normal or abnormal condition such as range limits, dead-bands, set points, etc.,
cannot be fully standardized, since they depend on system characteristics e.g.: faster frequency
response will be necessary for systems with a low inertia [10].

These natural differences between grid codes impose great challenges on wind turbine manu-
facturers, which are constantly adapting and developing their current products according to the
latest requirements imposed by different TSOs [10]. Although this exercise contributes to bring
forward the state of the art of wind turbines technology, a vast diversification of grid code re-
quirements creates, at the same time, a narrow market-based development trend among different
countries. For this reason, in the last decade, TSO associations and power generating facility
owners including wind turbine manufacturers have joint efforts in order to find standardization
in technical and operational requirements [26].

The European grid code ENTSO-E Network Code [25] has been developed with close cooperation
of power generating facility manufacturers with their relevant TSO. The code defines a common
framework of grid connection requirements for interconnecting generating plants including
synchronous power generating modules, solar and onshore wind power plants as well as offshore
installations with the European electricity grid. Similarly, the TSOs in Denmark, Finland, Norway
and Sweden have joint efforts in developing a Nordic Grid Code [24], in which the LVRT profile
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and voltage/frequency dependencies are specified, among other requirements.

The European Wind Energy Association (EWEA) has also urged European TSOs to achieve
consistency in their future grid codes in order to harmonized regulations throughout the global
market. This action will allow wind turbine manufacturers to move from market-oriented products
to universal solutions, in order to adapt their hardware and software design with a globally
optimized criteria [11].

Finally, the trend in grid code development for power electronic interfaced generating units
will be focused on its contribution of increasing the overall reliability of the power system. As
discussed in [11] and [26], future wind farms will be required to provide e.g.: reactive power
support during faults (as today it is required, for example, by the German and Danish TSO, but
not by the Swedish TSO); to emulate the inertia response of synchronous generators (varying
the active power set point by implementing a control strategy capable of suppress frequency
deviations present in the grid [26]); and to provide power oscillation damping capabilities.

3.6 Grid code testing of wind turbines

The IEC 61400-21 standard issued by International Electrotechnical Commission (IEC) defines
the methodology to test part of the requirement stated in grid codes for interconnection of wind
turbines [15]. In addition, as described in [29], different test methods exist today to verify the
LVRT ability of renewable energy sources. For example, these type of devices include the use of
autotransformer with controllable tap changer, controllable shunt reactances to rapidly vary the
voltage at the connection point, synchronous generator with a controllable excitation circuit, or
series-connected VSC [30], [31].

Moreover, in order to fulfil the standard criteria, specialized testing equipment has been developed.
In the following, an introduction of existing solutions for grid code testing of wind turbines is
given. The most common testing device for LVRT test of wind turbine is the impedance-based
voltage sag generator [14], [28], [32] , which will be briefly described in the following section.

3.6.1 Impedance-based testing equipment

A widely used testing equipment for LVRT test of wind turbines is shown in Fig. 3.5. The
impedances that constitute the testing device are arranged in order to form a voltage divider at
the terminals of the tested object, when the circuit-breaker is series with Zshunt is closed during
the test. By a proper selection of the impedances Zgrid and Zshunt, the amplitude and phase angle
of the applied voltage can be controlled as desired.

The simple and robust design of this testing device is a great advantage, specially when handling
high short-circuit current from the tested object. Moreover, the testing device is modular and
can be placed inside a container. It is easy to transport and can be use to perform on-site test
of installed wind turbines. A more detailed description of the impedance-based LVRT testing
device including field test results of a 2 MW wind turbine is given in [32].
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Fig. 3.5 Single line diagram of the standard LVRT test equipment.

One of the main drawbacks of this testing device is the fact that it is only able to apply voltage
steps variations due to the closing/opening action of the breaker when connecting the shunt
impedance at the terminals of the wind turbine. Therefore, is unable to perform the voltage
recovery ramp that exist in the majority of the grid codes. In addition, when performing the test,
the device is highly dependent of the short-circuit power at the connection point with the grid,
which will also impact the resulting wind turbine voltage [32].

Moreover, the use of circuit breakers introduces uncontrollable delays when emulating the
fault and can give rise to high harmonic content into the voltage profile applied to the test
object [29], [33]. For this reason, a variant of this device, mainly including the use of power
electronic switched shunt impedance, has been proposed in [34]. In the proposed prototype, as
a difference of the scheme given in Fig. 3.5, the impedance Zshunt is replaced with a variable
tap shunt transformer, in which the retained voltage applied to the test object can be selected by
varying its turns ratio. In addition, the circuit-breaker is substituted by a bi-directional power
electronic switch.

3.6.2 Other kind of voltage sag generator

Different kind of voltage sag generators have been proposed in addition to the impedance-based
test equipment described in the previous section [29], [33]. Some of this testing devices include
the use of transformer with selective voltage output, as shown in Fig. 3.6. In this setup, the
primary of the transformer is connected to an AC grid while the generating unit is connected to
the secondary side. Observe that the secondary winding is divided into two sets of three-phase
transformed voltages. During no-fault operation of the test, the generating unit is connected at
full-rated voltage by closing the switch S1 while S2 remains open. The voltage dip is performed
by reconnecting the generating unit to a different transformed voltage for a short period of time.
In order to achieve this, S1 is opened and S2 is closed. The recovery of the voltage is performed
by bringing S1 and S2 to its previous state.

The benefits of using this kind of sag generator is that is relatively cheap, it uses standard
components such as transformer and contactor, in addition to a relatively simple control system of
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the test-bench. For these reasons, this setup is found to be suitable for laboratory experiment [31].

One of the main drawback of this prototype is that the operation time of the contactors cannot
be fully controlled and thus voltage and current transient might occur, damaging, for example,
the power-electronic converters included in a typical wind turbine system [35]. Similarly to the
previous case, a variant of this transformer-based testing device has been proposed in [35], which
includes the use of a power electronic switching stage. This solution is transient-friendly due to
the inclusion of fully-controlled Insulated Gate Bipolar Transistors (IGBT). However, the use
of only two pre-defined voltage levels of the secondary winding limits the output voltage to be
controlled with step variations only. In addition, the testing equipment is coupled directly to
the grid, therefore, it is fully dependent on the short-circuit ratio at the point of connection. In
addition, it is incapable of varying the frequency of the applied voltage. Finally, for wind power
applications, the weigh and scale of a multi-MW transformer can be very bulky, difficulting its
transportation when on-site LVRT test is needed.

Finally, in [35] and [36] it is discussed the use of generator-based voltage sag generator. In order
to generate an output voltage of the machine, a diesel motor is mechanically coupled in the
rotor-shaft. The voltage dip is then performed by varying the excitation field in the rotor circuit.
In this setup, the applied frequency can be fully controlled. However, its functionality is basically
limited to symmetrical voltage dip with a relatively long response time due to the dynamic of the
back-EMF in the generator. Moreover, a bulky multi-MW diesel stand-alone generator system
can be very expensive and difficult to transport [36]. For these reasons, this kind of voltage sag
generator is unsuitable for on-site LVRT test of wind turbines.

3.6.3 VSC-based testing device

Another solution to realize a voltage sag generator is to use fully-rated VSC in back-to-back
configuration. By controlling the turbine-side output of the converter system, all kind of grid
fault can be emulated [31]. Thanks to the full controllability of the applied voltage in terms of
magnitude, phase and frequency, the use of VSC-based testing equipment, shown in Fig. 3.7,
provides more flexibility as compared with the standard impedance-based test equipment [9], [32],
and also brings more advantages in terms of size and weight [29], [36]. In addition, the AC grid
is decoupled from the tested object when performing the test; meaning that the strength of the
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grid is not a limitation, if a proper control strategy of the gird-side VSC of the test equipment is
implemented.

Moreover, the LVRT profile given in grid code can be fully tested including the recovery ramp [9].
Similarly, a phase-angle jump can be easily performed by manually adding a phase shift in the
applied voltage. In addition, the fully controllability of the voltage allows for the emulation of
any kind of grid scenario applied to the tested object i.e.: it can emulate either an infinite grid [9],
or a grid with a predefined short circuit power, as explored later in this thesis. This particular
feature is useful when testing, for example, voltage support capabilities of wind turbines.

Its precise control allows for more possibilities of tests that can be carried out. For instance,
frequency characterization of wind turbines can be performed by introducing asynchronous
frequency content into the applied voltage while observing the equivalence admittance at the PCC.
Additionally, frequency support capacity of the tested object can be evaluated by performing a
test where the frequency applied at the PCC is varied. In the same way, with a proper emulation
of the synchronous generator including its poor mechanical damping, power oscillation damping
capability of wind turbine can also be tested.

The main drawback of this technology is the fact that is more expensive than using the standard
testing devices introduced in the previous section. In addition, the control algorithm needed to
implement such arrangement of VSC is more complex because of the use of software-driven
power electronics. Moreover, to emulate grid fault as realistically as possible, a high dynamic
performance controller of the output voltage of the VSC is necessary [37].

This concept has been also investigated in previous work. For instance, open-loop control for
this test equipment to perform voltage dip test on wind turbine has been investigated in [38] and
in [37]. In these examples, the VSC-based testing equipment is treated as an infinite bus and
no insight on the stability of the system is given. In a different subjects, close-loop control of
VSC-HVDC systems with virtual impedance emulation is given in [39] and also discussed in [40].
However, this approach has never been implemented for testing procedures. For these reasons,
a new approach of grid code testing of wind turbines using VSC-based testing equipment is
investigated in this Thesis.
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3.7 Conclusion

In this chapter, a comparison of grid requirements regarding interconnection of wind turbine
was given. The dependencies between system voltage, grid frequency, and active reactive power
production during steady-state operation of the grid were introduced. In addition, requirements
for LVRT and voltage support during fault were described in detail. Finally, different grid code
testing devices have been described including the standard impedance-based, transformer-based,
generator-based and finally VSC-based test equipments which will be further investigated in this
thesis.
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Chapter 4

Modeling of the FPC wind turbine and
back-to-back VSC-based testing device

4.1 Introduction

In this chapter, the derivation of the control algorithms that govern both the testing device and
the wind turbine will be described. First, the electrical model of the collector and grid VSC of
the testing equipment is shown in detail, with special focus in the control scheme of each VSC.
The electrical model of the wind turbine system and the control of the wind turbine VSC will
also be described, with special focus on the implemented LVRT control strategy.

4.2 Layout of the testing setup

The investigated setup is constituted by a 4 MW FPC wind turbine and 8 MW back-to-back
VSC system. The model presented in this work resembles an actual testing setup located in
Gothenburg, Sweden [41]. The schematic of the wind turbine connected to the VSC-based testing
device is depicted in Fig. 4.1.

The wind turbine is rated in 4 MW, 0.69 kV. The generator is directly connected to the back-to-
back VSC. A filtering stage between the generator and the VSC can be used to reduce high-order
transient dynamics in the generator current. The VSC, operated in torque or speed control mode,
injects the generated power into the DC-link capacitor. The grid-side VSC of the wind turbine
controls the DC-link voltage. Finally, the output transformer of the wind turbine steps-up the
voltage from 0.69 kV to 10 kV.

The test equipment is rated in 8 MVA, 10 kV. The wind turbine is coupled to the testing device
through a coupling transformer. In the secondary of the transformer, a filter bank is placed in
order to remove the harmonic content produced by the VSC. The collector-side VSC controls the
voltage at the PCC, while the grid-side converter is controlling the DC-link voltage. Finally, the
testing equipment is interfaced with the grid by means of filter bank and coupling transformer.
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Test Equipment: 8 MW VSC-HVDC in back-to-back
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Fig. 4.1 Schematic of the testing setup.

4.3 Modeling of the VSC-based testing equipment

The circuital scheme of the back-to-back VSC-based testing equipment, including power elec-
tronic switches, filter bank and coupling transformer is given in Fig. 4.2. The grid-coupling
transformer T2 of the testing equipment is connected to the AC grid, here represented by a
infinite bus denoted with the three-phase voltages es,a(t), es,b(t) and es,c(t). An interface inductor
is placed between the terminals of the grid-VSC and the transformer where the current itg,a(t),
itg,b(t) and itg,c(t) is measured. The grid interface inductor is here represented by the series
inductive filter Lf,gRf,g. Moreover, the voltage eg,a(t), eg,b(t) and eg,c(t) is measured where
a filter bank tuned for suppressing the switching harmonics is placed. Finally, the grid VSC
is a two-level VSC constituted by 6 IGBTs with their corresponding anti-parallel diode. The
three-phase voltage at the terminal of the grid-VSC are denoted as ug,a(t), ug,b(t) and ug,c(t).

The DC-link voltage across the capacitor CDC is denoted as uDC(t) and the measured DC
current is labelled iDC(t). No DC filters or DC crowbar have been included in the model of
the test equipment. The switching signals are calculated by Pulse Width Modulation (PWM)
technique [13].

The collector-side VSC and its interface inductor including the filter bank and coupling trans-
former are also depicted in Fig. 4.2. The labelling of the electrical variables and components of
the collector circuit resembles the structure given in the previous paragraph. The collector-VSC is
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Fig. 4.2 Main circuit of the back-to-back VSC testing equipment.

a two-level IGBT-based VSC, again modulated with PWM. The three-phase terminal voltage of
the collector-VSC is denoted as ua(t), ub(t) and uc(t), and the three-phase terminal current are
labelled as it,a(t), it,b(t) and it,c(t). The interface inductor is represented by the series inductive
filter LfRf . Similarly, a filter bank tuned for suppressing the switching harmonics has been also
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Chapter 4. Modeling of the FPC wind turbine and back-to-back VSC-based testing device

modeled. The three-phase PCC voltage is denoted as ea(t), eb(t) and ec(t).

Finally, the output three-phase current from the PCC into the secondary of the coupling trans-
former T1 is here denoted as ig,a(t), ig,b(t) and ig,c(t). Finally, the test object is connected at
the primary of the coupling transformer T1, as shown in Fig. 4.1. In the following, the control
system of the testing equipment is presented.

4.4 Control of the collector-VSC of the testing equipment

The simplified single-line diagram representation of the circuit given Fig. 4.2 is shown in
Fig. 4.3. Here, only the capacitive effect of the collector filter bank and grid filter bank have
been represented by the shunt capacitors Cf and Cf,g, respectively. Moreover, the inductive and
resistive components that constitute the interfacing inductor at the collector-side of the test
equipment are here represented by the inductance Lf in series with its internal resistance Rf .
Similarly, as shown in Fig. 4.3, the filter inductance and internal resistance of the grid series
inductor are here denoted as Lf,g and Rf,g, respectively. The parameters of the modelled testing
equipment are given in Table 4.1.

AC

DC

PCC

egi uti

fC fRfL gfR,

gu gti , ge

gfL, gfC,

DC

AC

DCuDCi

DCC

To Wind 

Turbine

se

Collector-VSC Grid-VSC AC grid

T1 T2

Fig. 4.3 Simplified single-line diagram of the testing equipment.

With focus on the collector-side VSC of the testing equipment, the main control blocks that
constitute the implemented discrete controller are shown in Fig. 4.4. The control has been
developed in the synchronously rotating dq frame [42]. In Appendix A is found the adopted

TABLE 4.1. TESTING EQUIPMENT PARAMETERS.

Base values 8 MVA, 10 kV, 50 Hz
Grid-VSC filter inductance Lf,g 0.15 pu
Grid-VSC filter internal resistance Rf,g 0.015 pu
Grid-VSC filter capacitance Cf,g 7.5 pu
Transformer T2 impedance Xtr,2 0.08 pu

Collector-VSC filter inductance Lf 0.15 pu
Collector-VSC filter internal resistance Rf 0.015 pu
Collector-VSC filter capacitance Cf 7.5 pu
Transformer T1 impedance Xtr,1 0.08 pu

DC-link capacitor size CDC 2 pu
VSC switching frequency fsw 2000 Hz
Sampling period ts 0.25 ms
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Fig. 4.4 Block diagram of the cascaded vector controller for the collector-VSC of the testing equipment.

amplitude-invariant Clark’s Transformation from three-phase to αβ stationary reference frame,
and Park’s Transformation from αβ to dq rotating reference frame, and vice versa.

In the control algorithm of the collector-VSC of the test equipment, a dedicated PCC voltage
control is implemented. The role of this controller is to generate the reference current for the
inner-current controller of the converter. The structure of the cascaded current controller is shown
in Fig. 4.4. The output of the controller is the reference value for the output voltage of the VSC.
The calculated voltage is then transformed from dq-reference frame into three-phase quantities.
Finally, a PWM modulator is used to compute the switching signals of the converter. In the
following, the implemented cascaded control strategy will be described in detail.

4.4.1 Inner current controller

Considering the circuit given in Fig. 4.3, the dynamics of the current it that flows between the
terminals collector-VSC and the PCC can be described in the dq-frame as:

di
(dq)
t

dt
Lf + jωsLfi

(dq)
t +Rfi

(dq)
t = e(dq) − u(dq) (4.1)

27



Chapter 4. Modeling of the FPC wind turbine and back-to-back VSC-based testing device

In order to derive the current control, (4.1) needs to be transformed into Laplace form [12].
Moreover, by rearranging the transformed equation, the open-loop transfer function GI(s) is
obtained:

i
(dq)
t (s)

e(dq)(s)− u(dq)(s)
=

1

Rf + jωsLf + sLf

= GI(s) (4.2)

Derivation of the current controller

The controller has been derived using the Internal Model Control (IMC) method given in [43]
and [44]. By assuming perfect knowledge of the parameters, the effect of the voltage drop across
the coupling term jωsLf is cancelled in steady-state via feed-forward when deriving the current
control loop [44]. The open-loop transfer function GIOL

(s) is constituted by the controller FCI
(s)

in cascade with the decoupled plant G′I(s) as

GIOL
(s) = FCI

(s)G′I(s) (4.3)

where G′I(s) in (4.3) is the reduced transfer function of the filter impedance in Laplace form
given in (4.2) without the cross-coupling term, expressed in full form as

G′I(s) =
1

Rf + sLf

(4.4)

In Fig. 4.5 it is found a graphical representation of the devised transfer function. The transfer
function of the PI controller FCI

(s) for the current control is:

FCI
(s) = kpI

+
kiI

s
(4.5)

The closed-loop transfer function GICL
(s) from i

(dq)∗

t to i(dq)
t can be expressed as

GICL
(s) =

i
(dq)
t

i
(dq)∗

t

=
GIOL

(s)

1 +GIOL
(s)

(4.6)

by substituting (4.4) and (4.5) in (4.6), and shaping the close-loop trasnfer function as a first
order low-pass filter i.e.:

GICL
(s) =

FCI
(s)G′I(s)

1 + FCI
(s)G′I(s)

=
αcc/s

1 + αcc/s
(4.7)

where αcc is the selected bandwidth of the close-loop system GICL
(s), the control parameters kpI

and kiI can be determined. In Fig. 4.5 it is shown a block diagram representation of the cascaded
transfer functions. By arranging (4.7) into the form
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FCI
(s) =

αcc

s
G′I(s)

−1 (4.8)

and further developing (4.8), the PI control parameters kpI
= L̂fαcc and kiI = R̂fαcc are found.

Observe that the parameters L̂f and R̂f are the estimated filter inductance and resistance, respec-
tively. Moreover, when deriving the final control law, the feedforward of the cross-coupling term
jωsL̂f allows to independently control the direct and quadrature axis component of the estimated
terminal current, îtd

and îtq , respectively. Finally, (4.9) shows the implemented controller in
Laplace form:

u(dq)∗ = ê(dq) + jωsL̂f î
(dq)

t + (kpI
+
kiI

s
)(i

(dq)∗

t − î(dq)

t ) (4.9)

where ê(dq) is the estimated grid voltage. The computed voltage u(dq)∗ is the reference output
voltage of the collector-side VSC. As given in Table 4.1, the sampling frequency of the VSC is
4 kHz and its bandwidth is 25132 [rad/s]. As suggested in [43], the sampling of the electrical
quantities should be much faster than the inner control loop, i.e.: a separation of at least one
decade. Thus, the bandwidth of the current control αcc is selected to be 2500 [rad/s]. The discrete
implementation of the current controller is further discussed in Section 4.4.1

Implementation of the anti-windup in the current controller

So far, the current controller has been derived assuming that the VSC has a limitless voltage
rating in its output; thus, the controller is able to generate any desired voltage, i.e.: u(dq) = u(dq)∗ .
Although this approach is useful when calculating for instance the PI parameters, the voltage at
the VSC terminals is limited within its rating. When using an integrator term in the control loop,
a windup of the integrator output might occur in case of controller saturation, i.e.: u(dq)∗ > u

(dq)
max.
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Fig. 4.5 Block diagram of the current controller and RL filter transfer functions in close-loop.
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In this case, the error input of the integrator must be limited. By defining the current control error
εI

(dq) as

ε
(dq)
I = (i

(dq)∗

t − î(dq)

t ) (4.10)

and substituting (4.10) in (4.9), assuming a non saturation of the controller, the unlimited
reference voltage is obtained:

u(dq)∗ = ê(dq) + jωsL̂f î
(dq)

t + kpI
ε

(dq)
I +

kiI

s
ε

(dq)
I (4.11)

When the controller requests a voltage that is greater than the converter rating, the saturated
output voltage reference becomes

u
(dq)∗

sat = ê(dq) + jωsL̂f î
(dq)

t + kpI
ε

(dq)
Isat

+
kiI

s
ε

(dq)
Isat

(4.12)

where ε(dq)
Isat

is the extra error signal added into the integrator when the controller is saturated.
Subtracting (4.11) from (4.12), the term ε

(dq)
Isat

is found:

ε
(dq)
Isat

= ε
(dq)
I +

u
(dq)∗

sat − u(dq)∗

kpI

(4.13)

Observe in (4.13) that when the controller is not saturated, ε(dq)
Isat

= ε
(dq)
I and the VSC is operated

within its limits.

Discrete implementation

In the previous section the current controller has been derived in the frequency domain. However,
in applications such as discrete-time simulation and implementation of a digital control in a
laboratory environment, the control law given in (4.13) needs to be discretized. In order to derive
the current controller in discrete form, the following assumptions are made:

- The capacitor voltage ê(dq) changes slowly and can be considered to be constant over the
sampling period ts, thus:

ê(dq)(k + 1) + ê(dq)(k)

2
= ê(dq)(k) (4.14)

- The variation of the current î
(dq)

t across the filter inductor Lf is linear:

avg(̂i
(dq)

t (k, k + 1)) =
î
(dq)

t (k + 1) + î
(dq)

t (k)

2
(4.15)
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- The voltage u(dq) delivered by the VSC is, in average, equal to the reference value u(dq)∗

during the period ts

avg(u(dq)(k, k + 1)) = u(dq)∗(k) (4.16)

Under these assumption, equation (4.11) can be expressed in discrete form as:

u(dq)∗(k) = ê(dq)(k) + jωsL̂f î
(dq)

t (k) + kpI
ε

(dq)
I (k) + I I(k) (4.17)

with

ε
(dq)
I (k) = i

(dq)∗

t (k)− î(dq)

t (k) (4.18)

as the current error in discrete form at the instant k. Moreover, ê(dq)(k) and î
(dq)

t (k) are the
grid voltage and filter current, respectively, at the sampling instant k . The term u(dq)∗(k) is the
reference converter voltage at instant k, and I I(k) is the integrator state during the instant k.
With forward-Euler method, the integrator function in discrete form is calculated as:

I I(k + 1) = I I(k) + kiITs

(
ε

(dq)
I (k) +

u
(dq)∗

sat (k)− u(dq)∗(k)

kpI

)
(4.19)

Equations (4.17), (4.18) and (4.19) summarize the implemented discrete current controller for the
collector-side VSC of the back-to-back VSC-based testing equipment. In Fig. 4.6 it is shown a
step response of the current controller. Here, the simulation platform PSCAD/EMTDC v4.2 [45]
has been used.
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Fig. 4.6 Normalized step response of the current controller: current reference (black dashed), response of
system GICL

(s) (blue) and sampled current îtd
(red).

Observe the similarities between the response of the transfer function GICL
(s) and the sampled

current îtd
. With a bandwidth of 2500 [rad/s], a rise time 0.9 ms is expected, as shown in the

figure.
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4.4.2 PCC voltage controller

The PCC voltage control is in the outer loop of the collector-side VSC control shown in Fig. 4.4.
The input of the controller is the reference PCC voltage denoted as e(dq)∗ and it calculates the
necessary current reference i(dq)∗

t , which are sent into the current controller.

With reference to Fig. 4.3, the current that flows in the capacitor Cf can be derived by applying
Kirchhoff’s law at the PCC

i
(dq)
Cf

= i
(dq)
t − i(dq)

g (4.20)

Similarly, the dynamic of the current i(dq)
Cf

is expressed in (4.21)

Cf
de(dq)

dt
+ jωsCfe

(dq) = i
(dq)
Cf

(4.21)

By simply combining (4.20) and (4.21), the dependency of the PCC voltage e(dq) with the
converter terminal current i(dq)

t and the grid current i(dq)
g can be obtained:

Cf
de(dq)

dt
+ jωsCfe

(dq) = i
(dq)
t − i(dq)

g (4.22)

The transfer function needed to devise the voltage controller is obtained by transforming (4.22)
into Laplace form:

e(dq)(s)

i
(dq)
t (s)− i(dq)

g (s)
=

1

sCf + jωsCf

= GE(s) (4.23)

where GE(s) is the open-loop transfer function of the impedance across the capacitor Cf . By
applying the same methodology (ICM) given in Section 4.4.1. The voltage controller can be
derived.

Proportional controller

The close-loop transfer function for the voltage control loop can be expressed as

GEOL
(s) = FCE

(s)G′E(s) (4.24)

where FCE
(s) is the transfer function of the controller and G′E(s) is the transfer function of the

modified plant which does not include the cross-coupling term jωsCf in (4.23). By shaping the
close-loop transfer function of the voltage controller into a first-order low-pass filter, i.e.:

GECL
(s) =

FCE
(s)G′E(s)

1 + FCE
(s)G′E(s)

=
αe/s

1 + αe/s
(4.25)
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and further rearranging (4.25) into the form

FCE
=
αe

s
G′E(s)−1 (4.26)

and evaluating FCE
= kpE

as a proportional controller with bandwidth αe ≤ 0.1αcc [43], the
gain of the proportional controller is found to be kpE

= αeĈf with αe is selected to be 250 [rad/s],
where Ĉf is the estimated filter capacitance given in Table 4.1. Finally, the control law can be
written as

i
(dq)∗

t = kpU
ε

(dq)
E + jωsĈf ê

(dq) + î
(dq)

g

(
αfil

s+ αfil

)
(4.27)

with the voltage error signal defined as

ε(dq)
e = e(dq)∗ − ê(dq) (4.28)

In order to reject high frequency disturbances, a low pass filter (LPF) with bandwidth αfil = 2500
[rad/s] has been added when feed-forwarding the measured current î

(dq)

g in (4.27). For a digital
implementation, the voltage controller given in (4.27) needs to be written in discrete form. With
similar approach given in Section 4.4.1, (4.29) shows the discretized voltage controller based on
proportional controller and LPF filter:

i
(dq)∗

t (k) = kpE
ε

(dq)
E (k) + jωsCf ê

(dq)(k) + î
(dq)

g,fil (k) (4.29)

where the discrete voltage error signal is

ε
(dq)
E (k) = e(dq)∗(k)− ê(dq)(k) (4.30)
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Fig. 4.7 Block diagram of the PCC voltage control based on proportional controller with LPF.
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and the filtered grid current î
(dq)

g,fil (k) is calculated as

î
(dq)

g,fil (k + 1) = (1− Ts αfil) î
(dq)

g,fil (k) + Ts αfil î
(dq)

g (k) (4.31)

Finally, in Fig. 4.7 it is shown a graphical representation of the implemented PCC.

Proportional and integral controller with active damping

The capacitor Cf in Fig. 4.3 represents the capacitive properties of a filter bank connected to the
VSC. A non-accurate knowledge of the filter parameters i.e.: actual capacitance, filter losses, etc,
can lead to a steady state error between the reference voltage e(dq)∗ and the measured voltage
ê(dq) at the PCC. For this reason, an integral term can be included in the control law described
in (4.27). In order to derive a suitable gain kiE for the integrator and at the same time increase
the robustness of the control system against voltage disturbances, an active damping term, as
suggested in [42] and [44] has been introduced. The principle of active damping is to include
a virtual resistor GA in (4.22); while an integral part is included in the control algorithm to
preserve the bandwidth of the close-loop transfer function. The modified equation becomes:

Cf
de(dq)

dt
+ jωsCfe

(dq) +GAe
(dq) = i

(dq)
t − i(dq)

g (4.32)

By transforming (4.32) into Laplace form, the open-loop transfer function of the capacitor
voltage including the active damping term GA can be formulated as

GE,A(s) =
1

sCf + jωsCf +GA/Ĉf

(4.33)

when introducing the decoupling term jωsĈf in the control law, as shown in Fig. 4.8, a decoupled
plant G′E,A(s) can be devised. As suggested in [44], it is desired that the plant G′E,A(s) has the
same bandwidth as the voltage regulator, previously selected as αe equal to 250 [rad/s], i.e.:

G′E,A(s) =
1

sCf +GA/Cf

= KG′E,A

αe

s+ αe

(4.34)

yielding to

GA = αeĈf (4.35)

Similarly, with the approach given in Section 4.4.2, i.e.: devising the close-loop transfer function
of the voltage controller and shaping it into a first-order low pass filter, the following equivalence
can be established:

GE,ACL
(s) =

FCE,A
(s)G′E,A(s)

1 + FCE,A
(s)G′E,A(s)

=
αe/s

1 + αe/s
(4.36)
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which can be rearranged as

FCE,A
=
αe

s
G′E,A(s)−1 (4.37)

By evaluating (4.37) with FCE,A
= kpE

+ kiE/s, the parameter of the PI controller are found to
be kpE

= αeĈf and kiE = α2
eĈf .

Finally, the control law of the voltage controller in Laplace form including integrator and active
damping is written as follow:

i
(dq)∗

t = (kpE
+
kiE

s
)ε

(dq)
E + (jωsĈf −GA)ê(dq) + î

(dq)

g

(
αfil

s+ αfil

)
(4.38)

where the voltage error ε(dq)
E is defined in (4.28).

Similarly, in order to be implemented the devised control law in a digital controller, (4.38)
must be written in discrete form. Equation (4.39) shows the PI-based discrete voltage controller,
including active damping and filtering of grid current.

i
(dq)∗

t (k) = kpE
ε

(dq)
E (k) + IE(k) + (jωsĈf −GA)ê(dq)(k) + î

(dq)

g,fil (k) (4.39)

Observe that in (4.39), the discrete voltage error ε(dq)
E (k) is defined in (4.30), and the filtered grid

current î
(dq)

g,fil (k) is defined in (4.31). The integral term IE(k), including the needed anti-windup
function, is given by:

IE(k + 1) = IE(k) + kiETs

(
ε

(dq)
E (k) +

i
(dq)∗

t,sat (k)− i(dq)∗

t (k)

kpE

)
(4.40)

where i(dq)∗)
t,sat is the reference current limited within the ratings of the converter. Finally, in Fig. 4.8

is shown a graphical representation of the implemented PCC voltage controller, based on PI
controller and active damping and LPF.

Open loop control

Another option in controlling the imposed voltage at the terminals of the wind turbine is to
directly select the output voltage of the testing equipment. That is, by manually varying the
voltage u(dq)∗(k) according to the LVRT profiles given in the grid codes. In order to avoid step
variation of the modulation index, a predefined ramp-rate limiter can be used when calculating
the reference voltage of the converter.

u(dq)∗ = e
(dq)∗

LVRT (4.41)

Optionally, by taking into consideration the voltage equation given in (4.1). The steady-state
voltage drop over Lf and Rf can be easily compensated. This allows for an accurate open-loop
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control of the PCC voltage e shown in Fig. 4.3 in steady-state. In order to avoid feeding high-
frequency current transients into the reference voltage when calculating the voltage drop over
the interface inductor, a LFP can be placed when feed-forwarding the terminal current. In this
control mode, the terminal voltage of the converter can be calculated as:

u(dq)∗ = e
(dq)∗

LVRT + î
(dq)

t

(
αfil

s+ αfil

)
(R̂f + jωsL̂f) (4.42)

where αfil is the bandwidth of the LPF. Similarly, a discrete form of the open loop voltage
controller including filter compensation is written as follows:

u(dq)∗(k) = e
(dq)∗

LVRT(k) + î
(dq)

t,fil (k)(R̂f + jωsL̂f) (4.43)

where î
(dq)

t,fil (k) is the estimated converter terminal current passed through a low bandwidth LPF,
(see Section 4.4.2 for the derivation of a discrete first-order LPF).

Observe that when the parameters of the interface inductor are used in (4.43), the voltage is
controlled where the PCC is defined in Fig. 4.3, thus, upstream from the terminal voltage u.
Moreover, if the current ig is measured, the same approach can be used when the voltage at the
primary of the transformer T1 needs to be controlled in steady-state. For simplicity, (4.41) will
be used later in this thesis when open-loop control is adopted.

Comparison of the devised PCC voltage controllers

Finally, in Fig. 4.7 it is given a graphical comparison between the step response of the devised
close-loop voltage control transfer functions when using both P-based controller and PI-based
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Fig. 4.9 Step response of an ideal close-loop voltage controller trasnfer functions: reference voltage
(dashed balck); controlled voltage using proportional controller (blue); and controlled voltage
using PI controller with active damping (red).

controller with active damping. The results shown in this section are obtained by using the
simulation software PSCAD/EMTDC v4.2 [45].

From Fig. 4.9, it is noticeable that ideally both controller shows the same response. This is
expected, as both controllers were devised by shaping the close-loop system into a first order
system with bandwidth αe, as given in (4.25) and in (4.36).

In Fig. 4.10(a) is given the step response of the implemented PCC voltage controller when the
test equipment is operating with no load (ig = 0 pu). The blue traces in Fig. 4.10(a) represent the
PCC voltage when the open-loop voltage controller given in Section 4.4.2 is used. Observe that
in order to give a step reference to the voltage controller, no LPF or ramp-rate limiter is used over
the reference voltage e∗. When using open-loop control directly in the collector-VSC of the test
equipment, the three-phase current it defined in Fig. 4.2 flows freely across the interface inductor
LfRf without any control action from the VSC. On the other hand, the band-reject filter bank at
the PCC is constituted by two arrays of RLC circuits. For these reason, the interaction between
the inductive and capacitive components at collector circuit gives, as a result, a poorly damped
oscillatory response at 415 Hz in the PCC voltage, as shown with blue traces in Fig. 4.10(a).

With reference to Fig. 4.10(a), the green traces correspond to the response of the PCC voltage
when the proportional controller given in (4.39) is used. It is of interest to observe that the
pre-event and post-event PCC voltage does not reach 1 pu. Observe that only the capacitive
effect of the filter bank depicted in Fig. 4.2 has been considered when modelling the simplified
system shown in Fig. 4.3 for deriving the proportional PCC voltage controller. For this reason
a steady-state error is always present in the controlled voltage. Note that when controlling a
non loss-less system, the assumption made in Section 4.4.2 when deriving a pure proportional
controller does not represent the actual the physical system. For this reason, the step response of
the close-loop system GECL

(s) is not shaped as a first order LPF. Moreover, the step response of
the voltage at 0 s and 0.2 s are not as expected to be, taking a considerable 20 ms to reach steady
state compared with the theoretical value of 9 ms (given for a controller bandwidth of αe = 250
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Fig. 4.10 Step response of the PCC voltage when using discrete voltage controller with: (a) no load at the
collector-VSC (ig = 0) and (b) an RL load (ig is nominal). In plots: reference voltage (dashed
balck); controlled voltage using open-loop control (blue); controlled voltage using proportional
controller (green); and controlled voltage using PI controller with active damping (red).

[rad/s]), meaning that the system became over-damped.

The red traces in Fig. 4.10(a) correspond of the step response of the PCC voltage when the
PI controller and active damping Ga given in (4.39) is implemented. The use of the integrator
removes the steady-state error, fixing the actual voltage to its reference in steady-state. Moreover,
the step response has a rise time of 12 ms, which is close to the theoretical value of 9 ms. This
difference is due to the fact that the controller has no knowledge of the filter losses present in
the filter bank connected at the PCC. However, the use of integrator and virtual resistor in the
control-loop results in a more accurate first order step response.

In the following, an RL load is connected at the collector-side VSC. Here, the effect of the
feed-forward of the current îg is investigated. The response of the PCC voltage when an RL load
is connected at the primary of the transformer T1 (see Fig. 4.3) is depicted in Fig. 4.10(b). The
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RL load is set in order to demand rated current from the VSC, according to the data given in
Table 4.1. Observe that both P and PI controller show slightly different response as compared
with Fig. 4.10(a) when RL load is not connected. These 3 to 5 extra milliseconds in the rise-time
of the response of the PCC voltage is due to the delay introduced by the sampling of the current
îg in (4.40) and (4.29). Observe that the filtered current becomes part of the current reference for
the inner current controller, which also introduces delay when controlling the actual current.

When using OL control over in the test equipment, the resonance between the filters still is
present in the dynamic response of the voltage, however, the resonance is much more damped as
compare with the no-load test. Here, it is expected that the current needed to charge the capacitor
Cf is small compared to the currents it and ig that flow into the load. Moreover, the resistive part
of the load also contributes to the damping at the LC equivalent circuit formed between the filter
capacitance Cf and the interface inductor Lf at the collector-side VSC.

It is of interest to observe in Fig. 4.10(b) that the P-base controller exhibits the same performance
as in Fig. 4.10(a) and that the same steady-state error is seen in the controlled voltage. This is due
to the fact that the filter losses have not been taken into account by the controller, independently
of the current ig. Finally, note that when the OL-controller (blue traces) without steady-state filter
compensation, a steady-state error is seen at the PCC voltage. Moreover, the sign of the error is
strictly dependent of the power flow at the collector-VSC. If the current ig changes direction, a
slight over-voltage is expected at the PCC.

4.5 Control of the grid-VSC of the testing equipment

In this section the focus is on the grid-side VSC of the testing equipment. The main control
blocks that constitute the implemented discrete controller are the DC voltage control and the
inner current controller. Similar to the previous sections, the controller has been developed in the
synchronously rotating dq frame [42] by applying the IMC method.

The structure of the cascaded controller structure is shown in Fig. 4.11. In this case, a DC voltage
control generates the reference current for the inner-current controller of the converter. Similarly,
the output of the current controller is the reference value for the output voltage of the VSC. In
the following, the implemented cascaded control strategy will be described in detail.

4.5.1 Current control in grid-side VSC

The current control in the grid-side VSC share the same structure of the current control for the
collector-side VSC. Similar to (4.1), the dynamics of the current that flows in the filter Lf,g can
be expressed as

di
(dq)
t,g

dt
Lf,g + (jωgLf,g +Rf,g) i

(dq)
t,g = e(dq)

g − u(dq)
g (4.44)

from (4.44), and by applying the same IMC method including discretization of the controller and

39



Chapter 4. Modeling of the FPC wind turbine and back-to-back VSC-based testing device

Sampling 

and Hold

M
ea

su
re

d
 t

h
re

e-
p
h
as

e 
q
u
an

ti
ti

es

)(, ti gt
)(ˆ

)(

, ki
dq

gt)(ˆ
)(

, ki gt



Sampling 

and Hold

)(ˆ
, ki gt

)(teg

Sampling 

and Hold

)(ˆ keg

)(tuDC
)(ˆ kuDC

αβ 

ABC

αβ 

dqαβ 

ABC

αβ 

dq

 DC Voltage 

Controller

Current 

Controller

PWM

Modulator

)(*
)(
ku

dq

g

)(*
)(

, ki
dq

gt

αβ 

dq

gg k  )(

αβ 

ABC)(* kugTo Grid -VSC

swf

)(kg
swf

swf

)(ˆ
)(
ke

dq

g

)(* kW

swf

)(kg
Im{}

)(kg
PLL

)(ˆ ke
qg

Re{}
)(ˆ ke

dg

2x
)(ˆ kW

Sampling 

and Hold
)(tiDC

)(ˆ kiDC

swf

ba· )(ˆ kPCOLL

)(ˆ kuDC

)(ˆ
)(
keg



)(*
)(
kug



0)(*, ki
qgt

Fig. 4.11 Block diagram of the cascaded vector controller for the grid-VSC of the testing equipment.

anti-windup function for the integrator, as described in Section 4.4.1, the following control law
is found:

u(dq)∗

g (k) = ê(dq)
g (k) + jωgL̂f,g î

(dq)

t,g (k) + kpIg
ε

(dq)
Ig (k) + I Ig(k) (4.45)

with

ε
(dq)
Ig (k) = i

(dq)∗

t,g (k)− î(dq)

t,g (k) (4.46)

as the current error in discrete form at the instant k, where u(dq)∗

g is the reference grid-side
converter voltage and ê(dq)

g is the estimated grid voltage at the secondary of the grid-coupling
transformer T2.

Finally, the PI controller gain are kpIg
= αcc,gLf,g and kiIg = αcc,gRf,g, with αcc,g = 2500 [rad/s]
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Fig. 4.12 Block diagram of the implemented PLL in the grid-side VSC of the test equipment.

4.5.2 Phase locked loop

In the grid-VSC of the testing device, a Phase Locked Loop (PLL) such as the one described
in [42] is used to synchronize the VSC with the grid voltage e(dq)

g . With reference to the system
shown in Fig. 4.3 and calling ω∗g = 2π50 [rad/s] the reference angular frequency of the grid, the
equations that governs the PLL in Laplace form can be formulated as

θg =
1

s
(ω∗g + ∆ωg) (4.47)

where θg is the instantaneous position of the estimated grid voltage vector ê(dq)
g , and ∆ωg is

expressed as

∆ωg =

(
kpPLL

+
kiPLL

s

)
êgd

(4.48)

As suggested in [42], the parameter of the PI controller are selected as kpPLL
= 2αPLL and

kiPLL
= α2

PLL, where αPLL = 0.1ω∗g . Observe that the selection of the bandwidth of the PLL is a
trade-off between fast detection of the voltage angle and the ability of rejecting grid disturbances.
Moreover, a reduced bandwidth is sufficient since this PLL is on the grid-side of the testing
equipment, assuming that the grid voltage is stable during the test.

The discrete calculation of the instantaneous position θg is written as follows:

θg(k) = IPLL,2(k) (4.49)

IPLL,2(k + 1) = IPLL,2(k) + Ts(ω∗g + ∆ωg(k)) (4.50)
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where IPLL,2 is the result of the discrete integration of the angular reference frequency added to
the output of the PI controller ∆ωg(k) expressed as

∆ωg(k) = kpPLL
êgd

(k) + IPLL,1(k) (4.51)

with IPLL,1 as output of the discrete integrator of the PI controller described as

IPLL,1(k + 1) = IPLL,1(k) + TskiPLL
êgd

(k) (4.52)

The block scheme of the implemented PLL is shown in Fig. 4.12.

4.5.3 DC voltage control

The DC voltage controller of the test equipment is placed at the grid-side VSC. The DC-link
voltage vDC is controlled by exchanging active power with the AC grid. The voltage across the
capacitor CDC is controller by varying the energy stored EDC [42]. The stored energy can be
formulated as

EDC =
1

2
CDCv

2
DC (4.53)

By deriving 4.53, it is possible to define the variation of energy store in the capacitor in terms
of the difference between the input and output power flow in the DC-link. Hence, the variation
of energy content will depend on the transferred power from the collector-side VSC of the test
equipment PCOLL into the DC-link, and the active power PGRID delivered from the DC-link into
the AC network. Substituting W = v2

DC in (4.53), we get:

1

2
CDC =

dW

dt
= PCOLL − PGRID (4.54)

By transforming 4.54 into Laplace form, the transfer function between the capacitor power and
W can be written as:

W (s)

PCOLL(s)− PGRID(s)
=

2

sCDC

(4.55)

As suggested in [42], a proportional controller is used to keep the close-loop transfer function as
a first order system. The error is defined as the difference between the square of the reference
voltage i.e.: W ∗ = (v∗DC)2 and the square of the estimated capacitor voltage Ŵ . By applying the
IMC method, the complete control law is found to be:

P ∗GRID = (W ∗ − Ŵ )kpDC
+ P̂COLL (4.56)

where P ∗GRID is the active power reference of the testing equipment, P̂COLL = v̂DCîDC and
kpDC

= −αDCĈDC/2. As suggested in [43], the bandwidth of the DC voltage controller is
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Fig. 4.13 Block diagram of the implemented DC-link voltage controller in the grid-side VSC of the test
equipment.

selected to be 10 times smaller than the bandwidth of the current controller αcc,g, thus αDC =
250 [rad/s]. A block diagram of the implemented DC voltage controller is given in Fig. 4.13.

Finally, the direct-axis current reference of the grid-side VSC using amplitude-invariant Clark’s
Transformation (see Appendix A) is calculated as:

i∗t,gd
=

2

3

P ∗GRID

êgd

(4.57)

where êgd
is the direct component of the estimated grid voltage vector ê(dq)

g .

The discretization of the DC voltage controller has been done with the same procedure given in
Section 4.4.1 and Section 4.4.2. The discrete control law is written as follows.

P ∗GRID(k) = (W ∗(k)− Ŵ (k))kpDC
+ P̂COLL(k) (4.58)

and

i∗tgd
(k) =

2

3

P ∗GRID(k)

êgd
(k)

(4.59)

As suggested in [42], In order to remove steady-state error in the DC-link voltage, an integrator
term with a relatively small gain (compared with the time constant of the DC-link capacitor) has
been used.

Figure 4.14 shows the step-response of the estimated voltage v̂DC. From the figure, it is observable
that the mathematical model is accurate, and that the actual voltage follows the reference
accordingly. Finally, the reactive current reference of the grid-side VSC is controlled in zero,
thus, i∗t,gq

(k) = 0.
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Fig. 4.14 Normalized step response of the DC-link voltage controller: voltage reference (black dashed);
voltage output of the mathematical model (blue); and simulated voltage v̂DC of the test equip-
ment (red).

4.6 Wind turbine modeling

In this section, the modeling of the wind turbine is presented. A general description of an FPC
wind turbine is found in Section 2.2.3. In this thesis, only the DC-link and collector-side of the
wind turbine has been modeled. A schematic of the implemented wind turbine model is shown
in Fig. 4.15.

Reference [6] provides actual measurements of a 4 MW FPC wind turbine rotor speed with its
corresponding wind speed over a 300 s window. The generated power is also measured over
the same time period. Here it is assumed that, due to the large rotor inertia, the rotational speed
of the wind turbine is kept constant if a voltage dip occurs at its terminals [6]. For this reason,
the generator and generator-side VSC are modeled by a current source in parallel with the
DC-link capacitor. The reference of the controlled current source is set according to an equivalent
generated power P ∗GEN delivered by the generator-VSC into the DC-link. The magnitude of the
DC current source can be calculated by the simple expression

i∗s =
P ∗GEN

v̂DC,w

(4.60)

where P ∗GEN is the reference generator power, and vDC,w is the voltage across the wind turbine
DC-link capacitor CDC,w. The collector-side VSC of the wind turbine is modeled with a 3-phase
VSC with ideal switches triggered by a PWM modulator, as shown in Fig. 4.15. The converter
is interfaced with the imposed AC grid through a filter inductor Lf,w with internal resistance
Rf,w, and shunt capacitor Cf,w, where the voltage ew is measured. The VSC voltage is labelled
as uw and the VSC terminal current is labelled as it,w. Additionally, the generating unit is
interconnected with the test equipment in the secondary side of the wind turbine transformer.
Here, the voltage ew,g and the current iw,g are defined.
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Fig. 4.15 Simplified single-line diagram of the modeled FPC wind turbine.

4.6.1 Control of the FPC wind turbine

With reference to Fig. 4.15, the controller has been developed in the synchronously rotating dq
frame; the control structure is shown in Fig. 4.16. It is constituted by a DC voltage controller
that maintains the DC-voltage to its reference value and a LVRT control strategy that reacts by
injecting reactive current in case of a voltage dip. In the inner loop there is the classical current
controller also described in Section 4.4.1. The switching frequency is fsw,w = 2500 [Hz], and the
sampling frequency is fs,w = 5000 [Hz]. A PLL similar to the one described in Section 4.5.2 is
used to maintain synchronism with the imposed voltage. The PLL bandwidth αPLLw is set to 30
[rad/s]. The parameters of the modelled wind turbine are given in Table 4.2.

Current control

The current control of the wind turbine model including discretization and anti-windup for the
integrator function have been also implemented with the same methodology given in Section 4.4.1.
In (4.61) is written the discrete form of the wind turbine current controller.

u(dq)∗

w (k) = ê(dq)
w (k) + jωsL̂f,w î

(dq)

t,w (k) + kpIw
ε

(dq)
Iw (k) + I Iw(k) (4.61)

with

TABLE 4.2. WIND TURBINE PARAMETERS.

Base values 4.5 MVA, 10 kV
WT-VSC filter inductance Lf,w 0.15 pu
WT-VSC filter internal resistance Rf,w 0.015 pu
WT-VSC filter capacitance Cf,w 7.5 pu
Transformer TW impedance Xtr,w 0.08 pu

DC-link capacitor size CDC,w 0.015 pu
DC-link crowbar resistor Rcrb 1 pu
VSC switching frequency fsw,w 2500 Hz
Sampling time ts,w 0.2 ms
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ε
(dq)
Iw (k) = i

(dq)∗

t,w (k)− î(dq)

t,w (k) (4.62)

as the current error.

By using the same methodology when deriving the current control given in the previous section,
the PI controller gains are found to be kpIw

= αcc,wLf,w and kiIw = αcc,wRf,w, with αcc,w = 3000
[rad/s].

Finally, the reference voltage u(dq)∗

w (k) is transformed into three-phase quantities and sent into a
PWM modulator to calculate the switching signal of the wind turbine VSC.

DC voltage control

The discrete control of the DC voltage controller has been derived with the same procedure
given in Section 4.5.3. Calling Ww = v2

DC,w, the power reference P ∗WT(k) of the wind turbine
converter is:

P ∗WT(k) = (W ∗
w(k)− Ŵw(k))kpDC,w

+ PGEN(k) (4.63)

The active current reference i∗twd
(k) is calculated as

i∗t,wd
(k) =

2

3

P ∗WT(k)

êwd
(k)

(4.64)

where P ∗GEN is the active power reference used to calculate the reference current i∗s in (4.60). The
proportional gain is kpDC,w

= −αDC,wĈDC,w/2, and the bandwidth of the DC voltage controller
is set to ten times smaller than the bandwidth of the current control, thus, αDC,w = 300 [rad/s].
Finally, the complete control scheme is shown in Fig. 4.16.

4.6.2 LVRT strategy

When a grid fault occurs in the power system resulting in a sudden voltage variation at the
connection point of the wind power plant, modern wind turbines must be capable to ride-through
the corresponding voltage dip seen at its terminals, if the disturbance is within the specification
of the LVRT profile given in the grid code. In this scenario, the TSO requires that the wind power
plant remains in service.

The control strategies implemented in modern wind turbines can be classified in two main actions:
hardware protection of the converter, and AC voltage support by current control [13].

Current control during LVRT

The wind turbine modelled in this thesis is equipped with a current control strategy that provides
reactive power support during a voltage dip. Depending on the retained voltage at the PCC, the
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Fig. 4.16 Block diagram of the cascaded vector controller for the FPC wind turbine.

active current reference i∗t,wd
can be limited in order to give room for the pre-calculated reactive

current i∗t,wq
. In case of a severe voltage dip, the current contribution into the fault can be rapidly

controlled by the grid-side VSC of the FPC-based wind turbine.

Here, a predefined voltage/current profile is used to calculate the reactive current reference. The
set value of the current is dependent on the retained voltage at the terminals of the wind turbine.
For instance, in the German grid code [17] and Danish grid code [22] it is specified that 1 pu of
reactive current must be injected when the system voltage is below 0.5 pu.

When the voltage is restored within the normal operation range, voltage support must be main-
tained for an additional 500 ms, for example, according to the German grid code [17]. Once
the reactive current reference is set to its pre-fault value, the LVRT control slowly removes the
limitation in the active current, restoring normal active power production of the wind turbine.
Finally, in case that reactive power production is not allowed by the TSO during a voltage
dip [23], the active current must be controlled within the current limits of the VSC.
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Hardware protection

Hardware protection is used to limit the energy stored in the DC capacitor in the wind turbine
back-to-back converter, thus, preventing dangerous over-voltages in the DC-link of the wind
turbine [13]. The protection system is provided by crowbars connected to the DC-link, as shown
in Fig. 4.15.

The crowbar, also called DC chopper, is constituted by a braking resistor which dissipates
the excess of energy delivered by the generator into the DC-link. A power electronic switch
(typically, a set of IGBTs) allows the current is to deviate through the resistor Rcrb.

An hysteresis control is used to generate the gate signal of the power electronic switch. The
protection system of the wind turbine is constantly monitoring the instantaneous voltage v̂DC,w.
A control is activated when the voltage exceeds its maximum safe value (typically 1.2 pu) [13],
allowing the capacitor CDC,w to be immediately discharged into the resistor. By this means, the
capacitor CDC,w can be protected.

The resistor is dimensioned in such way that it can dissipate full power production of the wind
turbine for approximately one second. Here, its impedance is calculated so the current that flows
through the switch is in proximity to the nominal current of the VSC.

4.7 Conclusion

In this chapter the control functions of the wind turbine and the test equipment have been given
in detail, with special focus on the AC voltage control of the applied voltage at the PCC, and on
the LVRT control strategy implemented in the wind turbine model.

Finally, it is of importance to ensure a safe interaction between the wind turbine and the converter-
based test equipment. For this reason, a stability analysis of the system in steady state condition
is presented in Chapter 5. Moreover, the transient stability of the testing method is discussed in
Chapter 6.
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Stability analysis

5.1 Introduction

In the investigated testing setup, the VSC-based testing equipment is a controllable voltage
source, and it is required to present a stable operation both dynamically and under steady-state
conditions. This is of high importance, especially when considering that different wind turbine
manufacturers have implemented their own control settings as well as control strategies for
operation during a voltage dip.

A potential risk of interaction does not only relate to unstable condition of the system, but also to
situations when poorly damped resonances can be triggered in a specific operating condition.
For this reason, it is of interest to investigate the stability of the system under consideration.
Moreover, the analysis presented in this chapter aims to address the overall stability of the
investigated system. Observe that this analysis is strictly dependent on the system parameters
and in the control structure of the tested object. Here, the analysis is focused on the risk of
interaction between the two investigated controllers of the wind turbine and testing equipment,
and to identify the control parameters that mainly impact the location of the system poles.

5.2 Reduced model of the test system

In order to represent the main equations that govern the system dynamics, a reduced electrical
model of the testing setup has been derived. As shown in Fig. 5.1, only the collector-side converter
of the wind turbine and the collector-side of the test equipment have been considered for the
analysis. The DC current source of the wind turbine model and the interface impedance between
the testing device and the generation have been also included. Moreover, the output transformer
of the wind turbine TW, the AC cable and the coupling transformer T1 of the testing equipment
have been represented by the equivalent inductance and resistance Leq and Req, respectively. The
testing equipment VSC is sourced by a fix DC voltage at its DC bus, meaning that the DC-link
voltage controller of the grid-VSC of the test equipment is considered ideal and infinitely fast.

With reference to Fig. 5.1, the system parameters are reported in Table 5.1; observe that “WT” and
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Fig. 5.1 Reduced electrical model of the testing seutp.

“VSC” are used to denote wind turbine and VSC-based test equipment parameters, respectively.

TABLE 5.1. REDUCED SYSTEM MODEL PARAMETERS.

Base values 4.5 MVA, 10 kV
VSC filter inductance Lf 0.06 pu
VSC filter internal resistance Rf 0.006 pu
VSC filter capacitance Cf 4.0 pu
Equivalent interface inductance Leq 0.14 pu
Equivalent interface resistance Req 0.014 pu
WT filter inductance Lf,w 0.15 pu
WT filter internal resistance Rf,w 0.015 pu
WT filter capacitance Cf,w 7.5 pu

PCC voltage control bandwidth in VSC αe 250 [rad/s]
Current control bandwidth in VSC αcc 2500 [rad/s]
DC voltage control bandwidth in WT αdc,w 300 [rad/s]
Current control bandwidth in WT αcc,w 3000 [rad/s]

The differential equations that describe the physical system shown in Fig. 5.1, and control
strategies given in the previous chapter have been linearised around an operating point and
represented in state-space form as:

ẋ(x) = Ax(t) +Bu(t)

y(x) = Cx(t) +Du(t)
(5.1)

where matrices A, B, C and D are dependent on the systems parameters, on the control algo-
rithms and on the operating conditions.

The state vector x(t) is here represented with vector quantities as:
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(5.2)

Similarly, the input vector u(t) can be expressed as:

u(t) =




e∗

P ∗GEN

W ∗
DC

i∗t,wq


 (5.3)

Two operating point x0 are found after evaluating the mathematical model of the system shown
Fig. 5.1, when the reference generator power defined in (4.60) is set at P ∗GEN = 0 pu and P ∗GEN

= 0.9 pu (4 MW). The reference voltage of the PCC voltage controller e∗ is set at 1 pu. The
reference for the DC-link voltage controller W ∗

DC=(v∗DC)2 is set at 1 pu (DC) and reference for
the reactive current i∗t,wq

of the grid-side VSC of the wind turbine is set at 0 pu.

The output vector y(t) gives information about the value of all states, including the reference
active power and active current of the wind turbine, P ∗WT and i∗t,wd

, respectively, and the reference
current i∗t for the current control of the test equipment. In the following, the impact of the variation
of system parameters on the location of the system poles will be analysed and discussed.

Here, the linearised model has been obtained through the software Wolfram Mathematica 8 [46]
and evaluated in the simulation software MATLAB 2013b [47]. In the plots, the star represent
the initial location of the system poles and the trace represents its displacement when a selected
parameter is varied.

5.3 Dependency of system poles with respect to control para-
meters of the test equipment

The bandwidth of the closed-loop AC voltage controller of the test equipment αe sets the speed
of response of the overall system when varying the PCC voltage. Moreover, as described in
Section 4.4.2, the close-loop PCC voltage control can either be based on proportional controller
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or PI controller. Thus, it is of interest to identify the pole location when selecting a particular
control with a given bandwidth αe.

5.3.1 Impact of the topology of the PCC voltage controller

In (4.27) is given the control law of the PCC voltage controller based on proportional controller
with gain kpE

= αeĈf . Similarly, in (4.34) is given the control law of the PCC voltage controller
based on PI controller with gains kpE

= αeĈf and kiE = α2
eĈf .

Figure 5.2(a) shows the pole displacement of the investigated system when using PI-based
controller and the bandwidth of the voltage controller of the test equipment αe is varied from
250 to 2500 [rad/s]. The plot show the resulting pole location for two different operating point
of the wind turbine: the blue traces correspond to the operating point P ∗GEN= 0 pu, and the red
traces correspond to the operating point when P ∗GEN= 0.9 pu. When increasing the bandwidth
αe maintaining P ∗GEN at 0 pu, two pair of complex poles immediately become poorly damped.
Observe at the red traces that these two complex poles located in the proximity to the 45 degrees
line are located near the origin when the wind turbine operates at full power output. The results
in Fig. 5.2(a) also shows that these two pole are within the well damped area when P ∗GEN= 0.9
pu for values αe below 700 [rad/s]. Due to the cascaded structure of the implemented controller
illustrated in Fig. 4.4, two complex poles appear to move toward the non-stable region when
αe is in proximity to the current control bandwidth at 2500 [rad/s]. Finally, observe that in the
two scenarios shown in Fig. 5.2(a), two complex-poles moves across the real axis when the
bandwidth increases.

In Fig. 5.2(b) it is shown the pole location of the system when using proportional controller
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Fig. 5.2 Pole displacement when increasing the bandwidth αe from 250 [rad/s] to 2500 [rad/s]: Plot (a):
using PI controller; Plot (b): using P controller; when the testing equipment is with no load (blue
traces) and full load (red traces).
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Fig. 5.3 Pole displacement when increasing the power of the wind turbine from 0 pu to 1 pu using
open-loop controller in collector-VSC.

for the same sweeping of the bandwidth αe. Observe that for αe = 250 [rad/s], the location of
the poles for P ∗GEN = 0 pu and P ∗GEN = 0.9 pu is always below the 45 degrees line. For no-load
operation of the turbine (blue traces), two pair of complex poles moves away from the well
damped area when αe increases. For full power operation of the wind turbine at αe = 250 [rad/s],
the system poles are located in proximity to the origin, changing their characteristic frequency
and damping. However, when αe increases at 1000 [rad/s], two of complex pole become poorly
damped and continue to move in parallel to the imaginary axis when αe increases. Finally, it is
of interest to observe that for values of αe close to 250 [rad/s], the use of proportional controller
gives a more damped system as compared with PI controller, for the two selected operating point
of the wind turbine.

As discussed in Section 4.4.2, an open-loop control of the PCC voltage has been also presented.
Observe that for this analysis, the cascaded control structure shown in Fig. 4.4 is not implemented.
Therefore, the input vector e(dq)∗ of the state-space model is here fed as the VSC voltage u(dq)

shown in Fig. 5.1. The location of the poles is shown for different operating point of the wind
turbine from P ∗GEN = 0 pu to P ∗GEN = 0.9 pu (4 MW). The results are shown in Fig. 5.3.

Observe that for non-load operation, 4 pair of high-frequency complex pole appear in parallel to
the imaginary axis. When the wind turbine increases its power output, these poles are moving
toward the left-hand side, meaning that the system becomes more damped. This result goes in
hand with the results given in Fig. 4.10(a), where the three topologies of PCC voltage controllers
are compared. Observe that in both analysis, the system becomes more damped when the current
ig (see Fig. 5.1) is nominal.
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5.3.2 Impact of the active damping term in PI-based PCC voltage con-
troller

The active damping term contributes to the controllability of the PCC voltage by improving the
performance of the controller against voltage disturbances. At the same time, the addition of the
virtual resistor GA in the control-loop leads to an increment of the gain of the integrator term in
the PI controller. This action could lead to instability, if either the bandwidth αe of the close-loop
controller or the size of the virtual resistor are not properly selected.

In Fig. 5.4 it is shown the pole location when varying the bandwidth αe from 250 [rad/s] to 2500
[rad/s], for two different sizes of the virtual resistor: 50% of GA and 10% of GA, corresponding
to the blue traces and red traces, respectively. The results are shown in Fig. 5.4. Here, the wind
turbine power is set at 0.9 pu.

With focus on the pole location when αe is set at 250 [rad/s], two pairs of complex poles appear
to be relocated in proximity to the origin, when the active damping term is varied from 10% to
50% of its value. Observe in Fig. 5.4 that when the active damping GA is set to 50% of αeCf , the
displacement of the poles when varying αe is similar to the case when the full PI controller is
used, depicted with red traces Fig. 5.2(a). As expected, when decreasing the damping term to
10% of GA, the pole displacement resembles the case when using the P controller, as depicted in
Fig. 5.2(b).

Finally, here it is found that the system is stable for any given value of active damping between
0 and αeCf . However, as discussed in Section 4.4.2, the virtual resistor plays a key role when
deriving an integrator term capable of removing the steady-state error while controlling the PCC
voltage in close-loop. Moreover, the addition of active damping in the control-loop improves
the robustness of the system against voltage disturbances. For this reason, a virtual resistor of
GA = αeCf is recommended.
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Fig. 5.4 Pole displacement when varying αe is from 250 to 2500 [rad/s]. The blue and red traces
correspond to displacement of the system poles when the active damping reduced to 10%
( GA = 0.1αeCf ), and to 50% (GA = 0.5αeCf ), respectively. The wind turbine power is 0.9 pu.
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5.3.3 Impact of the feed-forward of the grid current in close-loop PCC
voltage controller

The filtering stage applied to the feed-forward of the estimated grid current îg in the close-loop
voltage control is required to be fast enough to guarantee good system dynamics. In Fig. 5.5 is
shown the displacement of the system poles when increasing the low-pass filter bandwidth αfil in
(4.27) and in (4.38) for P-based and PI-based controller, respectively, from 250 [rad/s] to 2500
[rad/s].

In Fig. 5.5(a) it is shown the pole displacement when varying αfil and the P-controller is
implemented in the test equipment. The blue curves correspond to the pole location when the
wind turbine power is set at 0 pu. Observe that when αfil = 250 [rad/sec], all poles are well-
damped. When increasing αfil, the frequency and the damping of the poles vary while maintaining
the poles within the well damped area. Note that when the power of the wind turbine is set at 0.9
pu (corresponding to the red traces in Fig. 5.5(a)), a reduced bandwidth of the filter immediately
leads to an unstable system. In this scenario, it is crucial to have fast filtering on the feed-forward
of the gird current, especially if a pure P-controller is used. The poles become well damped when
αfil is set above 1000 [rad/s].
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Fig. 5.5 Pole displacement when increasing the LPF bandwidth αfil from 250 [rad/s] to 2500 [rad/s] using
Plot (a): P-controller; and Plot (b): PI-controller with active damping; for P ∗GEN set at 0 pu (blue
traces) and P ∗GEN set at 0.9 pu (red traces).

Figure 5.5(a) shows the pole location when using PI-based controller with active damping for the
same sweeping of αfil. Observe that in this scenario, all the poles are located in the left-hand side
of the plane, independently of the wind turbine power. When the wind turbine is set to 0 pu (blue
traces), two pair of complex poles moves towards the left while still being poorly damped. If the
turbine operates at full power (red traces), the two pair of complex poles become well damped
when increasing αfil to 2500 [rad/s]. Note that for small values of αfil, the integrator term of the
PI controller and the active damping term GA has a beneficial effect on the system performance.
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5.4 Dependency of system poles with respect to wind turbine
parameters

As previously said, different wind turbine manufacturers have implemented their own control
settings as well as control strategies for operation during a voltage dip. For this reason, the
stability of the test system must also be investigated for variation on external parameters which
are not necessarily related to the control settings of the testing equipment. In the investigated
setup, two main parameters has been identified: the bandwidth of the DC-link voltage controller
of the wind turbine, which governs the power flow between the wind turbine and the grid , and
the interface impedance between the tested object and the testing device. In the following, a
sensitivity analysis is carried out, focused on the parameters previously mentioned.

5.4.1 Impact of the DC voltage controller bandwidth of the test object,
when using closed-loop and open loop control in test equipment

In this section, the focus is on the impact of the bandwidth of the DC voltage controller of the
tested wind turbine. The main control parameter that governs the power flow between the wind
turbine and the grid is the bandwidth of the DC voltage controller αDC,w. Here the wind turbine
is set to full power operation.

In Fig. 5.6(a) it is shown the pole movement when the αDC,w is varied from 300 [rad/s] to 3000
[rad/s], for the two investigated close-loop PCC voltage controllers. It is clearly shown that the
control bandwidth of the test object impacts mainly the characteristic frequency of two complex
poles. These poles become poorly damped when the bandwidth of wind turbine DC voltage
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Fig. 5.6 Pole displacement when increasing the bandwidth αDC,w from 300 [rad/s] to 3000 [rad/s]
when using: Plot(a) CL-controller with P (blue) and with PI (red); and Plot (b) OL-control in
collector-VSC.
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controller αDC,w increases above 300 [rad/s]. Observe, however, that the topology of the close
loop controller has a minor impact on the location of the majority of the poles. Moreover, the
damping of the poles located in proximity to the real axis increases when αDC,w reaches 1500
[rad/s], while the poles located in proximity to the origin remain unchanged against variation of
αDC,w.

In Fig. 5.6(b) it is shown the pole movement when varying αDC,w from 300 [rad/s] to 3000 [rad/s]
when using open-loop controller in the test equipment. As seen from the figure, the number
of poles has been reduced as compared with the use of close-loop controller, decreasing the
order of the system. Observe that when using open-loop control in the test equipment, only
high-frequency poles are affected when varying αDC,w. Moreover two pair of poorly damped
complex poles appear in proximity to the imaginary axis. Note that the system is more damped
against variation of αDC,w when close-loop controller is used.

5.4.2 Impact of the interface impedance between the testing equipment
and the wind turbine

As mentioned earlier, the total inductance and resistance of the wind turbine output transformer,
AC cable and coupling transformer of the VSC-test equipment is here represented by an equi-
valent series branch Req and Leq. If a third power collector transformer is present in the AC
circuit or if a relatively long cable used to interconnect the wind turbine with the testing device,
the total impedance between these two objects can increase. For this reason, it is of interest to
investigate the impact of the interface impedance between the wind turbine under test and the
testing equipment in the location of the system poles. Observe that under the assumption that the
test equipment is in proximity to the wind turbine (similar to the case when the impedance-based
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Fig. 5.7 Pole displacement when increasing the interface impedance Req and Leq from 0.1 pu to 0.25 pu.
Plot(a) pole location when using CL-controller with P (blue) and with PI (red); and Plot (b): pole
location when using OL-control in collector-VSC.
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test equipment is used for on-site test of wind turbines), the resonant frequency of the cables
can be neglected. Thus, only the total impedance of the two transformers is considered in this
analysis. In the following, the magnitude of Req and Leq is varied for the case when the PCC
voltage is controlled in close-loop (P-based and PI-based controller) and in open-loop. Here, the
wind turbine is operated at full power.

Figure Fig. 5.7(a) shows the poles displacement of the system when varying the impedance
from 0.1 pu to 0.25 pu. Observe that the selection of the close-loop controller (red traces for
P-controller and blue traces for PI-controller) has a minor impact on the location of the poles.
In this regard, the high-frequency poles are the most affected, becoming more damped as the
impedance increases. Note in Fig. 5.7(b) that when open-loop controller at the collector-VSC is
used, two high-frequency complex poles in proximity to the imaginary axis tend to approach
the real axis, while the other two affected complex-poles become more damped. Finally, as
shown in Fig. 5.7(a) and Fig. 5.7(a), the displacement of the low-frequency well damped poles is
negligible.

In practice, increasing the impedance means to create more physical decoupling between the
test equipment and the wind turbine system. Instead of using a direct coupling between the two
devices, a reasonable impedance level brings the whole test system more stable. However, it is
important to keep in mind that high impedance means high voltage drop between the two devices,
affecting the resulting voltage at the terminals of the wind turbine when testing for LVRT.

5.5 Conclusion

In this chapter, the impact of control settings on the location of the system poles have been
investigated through small-signal analysis. Here, it has been found that the selection of the
topology of the voltage controller impacts the order of the system. In addition, the selection
of the bandwidth of the controller determines the pole position, and thus, has a mayor impact
on the stability of the system. When using a P-based controller in the PCC voltage control, the
system poles become more damped, as compare with PI-based controller. However, the lack
of integrator term does not necessarily benefits the performance of the system. In addition, the
stability of the system is compromised if a strong filter is applied when feed-forwarding the grid
current in the control-loop. In this regard, the PI-based controller is found to be more robust
against different bandwidth of the LPF applied to the grid current. Moreover, a fast filtering of
the grid current is always beneficial for the stability of the system.

The use of PI controller with active damping increases the order of the system. However, as
also discussed in the previous chapter, the addition of the virtual resistor and integrator term
gives a better dynamic performance, especially when removing steady-state error in a system
with unknown losses. In this analysis it has been found that the size of the virtual resistor can
be reduced while maintaining stability, compromising the ability of the controller in rejecting
voltage disturbances.

External parameters such as controller bandwidth of the test object, or interface impedance
between the tested object and the testing equipment will also impact the position of the poles.
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However, if these parameters are kept within its nominal range, the stability of the system is
maintained. Finally, time domain simulations must be carried out to guarantee the stability of the
system in case of large disturbances. Thus, in the following section, a validation of the testing
methodology is presented.
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Chapter 6

Validation of the proposed grid code
testing methodology

6.1 Introduction

In the previous chapters, the overall control strategy for the VSC-based testing equipment and
for the wind turbine including LVRT control strategy have been discussed. Hence, a validation
of the investigated grid code testing methodology is presented in this section. Starting from the
evaluation of different ramp rates when varying the PCC voltage in open-loop, the evaluation
of the close-loop controller will be carried out and the algorithm for emulating the short-circuit
impedance of the grid by the test equipment will be derived. Moreover, part of the controllers
will be validated through laboratory experiment. Finally, filed test results of a 4 MW wind turbine
and a 8 MW testing equipment will be presented.

6.2 Simulation verification

This section is dedicated to the simulation of the test system shown in Fig. 4.2 interconnected to
the wind turbine system given in Fig. 4.15. The data of the parameters of the test-bench is given
in Table 4.1. First, an evaluation of different ramp rates when varying the PCC voltage with open
loop control is given. Afterwards, different PCC voltage controllers including open-loop, close
loop P-based and close loop PI-based will be compared in terms of effectiveness in following the
reference voltage. In addition, an analysis on the simulation results of the complete test bench is
given for a voltage dip test and LVRT test. Moreover, the algorithm for short circuit impedance
emulation and the capability of the testing equipment in representing different grid scenarios
is investigated. Additionally, phase-angle shift test and unbalanced voltage dip test performed
on the wind turbine by the investigated VSC-based testing equipment are also presented. In the
following, the electrical system has been modelled in the simulation platform PSCAD/EMTDC
v4.2 [45].
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6.2.1 Impact of different ramp-rates when using open-loop control of the
PCC voltage

The use of open-loop control has been widely used when controlling the collector-side in HVDC
collector systems. For this reason, the first approach in controlling the PCC voltage when
performing the step is to manually control the modulation index of the collector-VSC. However,
uncontrolled transients might occur if a step function is used when reducing the voltage. For
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Fig. 6.1 Ramp-rate comparison when using open-loop control of PCC voltage: step function (blue),
voltage dip with rate of 0.1 [pu/ms] (green), and voltage dip with 0.05 [pu/ms] (red). Plot (a):
voltage reference |u∗|; Plot (b): magnitude of PCC voltage |e|; Plot (c): magnitude of converter
current |it|.
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this reason, the effect of different ramp-rates applied to the voltage reference, including a step
change when applying a voltage dip in the PCC, will be investigated.

Zero voltage ride through test by VSC has been successfully performed using open-loop control
of the VSC in [37], [38] and [48] by setting the modulation index to zero. To cope with zero-
voltage ride through, here the controller on the wind turbine needs to be further improved by
limiting (to non-zero) the feed-forward of the grid voltage ê(dq)

w in the DC voltage controller,
in the PLL and in the LVRT control among other modifications. On the other hand, the LVRT
profile of the majority of the selected grid codes are defined within a minimum dip of 0.15 pu, as
shown in Fig. 3.2. For these reasons, in order to demonstrate the performances of the different
controllers when testing the modelled wind turbine, here the minimum dip has been set to 0.2
pu. In the following, the open-loop control given in Section 4.4.2 has been implemented in
the collector-side VSC of the test equipment. The voltage is reduced from 1 pu to 0.2 pu and
maintained for 100 ms.

As shown in Fig. 4.10(a) and also discussed in Section 5.3.1, when given a step change directly
in the PWM of the VSC, the system presents an oscillatory response. When the wind turbine is
connected (and thus, ig 6= 0), the system becomes more damped due to the fact that the majority
of the current comes from the wind turbine and not from the resonance introduced by the filters.
Furthermore, in order to mitigate the transient behavior produced by the resonance, a predefined
rate limiter on the VSC voltage can be implemented. For this reason, it is of interest to investigate
the effect of different ramp-rates applied to the voltage reference u∗ when testing for voltage dip
using open-loop control of the VSC-based test equipment, which can result in a less oscillatory
system response. In the simulated scenario, the wind turbine is operating at full power production.
Furthermore, the LVRT control strategy described in Section 4.6.2 has been also implemented.

In Fig. 6.1(a) is shown the waveform of the voltage reference magnitude |u∗| for different rate
of change of the reference converter voltage. Observe that blue traces correspond to a step
variation, while green and red traces correspond to a ramp-rate of 0.1 [pu/ms] and 0.05 [pu/ms],
respectively. The resulting PCC voltage magnitude |e| is shown in Fig. 6.1(b), and the magnitude
converter terminal current |it| is shown in Fig. 6.1(c).

As shown in Fig. 6.1(b), when using a step function in the reference converter voltage, the PCC
voltage reaches a minimum peack of approximately 0.08 pu in the first transient, while in the
second transient peaks at 1.4 pu. Observe that the frequency of the oscillations depicted in blue
traces is 432 Hz, similar to the average resonant frequency of the high-frequency poles given in
Fig. 5.3. Moreover, according to Table 5.1, the resonant frequency between Cf and Lf present in
the reduced model shown in Fig. 5.1 is in proximity to 400 [Hz].

The current shows a similar transient response, reaching 2 pu when the voltage is reduced and
1.7 pu when the voltage is increased back to normal condition. This uncontrollable transient
response can lead to tripping of both devices due to the action of a protection system. Moreover,
over-voltages and over-current can damage the power electronic devices and reduce the lifetime
of the capacitors and inductors present in the electrical circuit [29], [33]. For this reason, the use
of step variation in the reference voltage is not recommended when performing LVRT test.

When using a ramp rate of 0.05 [pu/ms] (corresponding to the red traces in Fig. 6.1), the PCC
voltage responds in a safer way and no over-currents nor over-voltages are induced. Although a
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smooth response of the system can be obtain, the PCC voltage requires 25 ms to reach steady
state during the voltage dip and during the recovery.

In [49] it is shown in detail the simulation and field test results of a LVRT test for certification
process of a DFIG wind turbine using the impedance-based test equipment shown in Fig. 3.5.
The resulting rate of change of the voltage at the terminals of the wind turbine is found to be
is 0.05 [pu/ms]. Similarly, the rate of change at the LV side of the coupling transformer is 0.03
[pu/ms].

As compared with the case scenario given in [49], here the system benefits from a wider
controllability of the system voltage when using VSC-based testing equipment. In order to have
an acceptable transient dynamic behavior, the maximum ramp-rate is here selected to be 0.1
[pu/ms]. Observe that for the green traces in Fig. 6.1, the resulting voltage and current magnitudes
are within the rated values.

6.2.2 Analysis on the impact of the topology of the PCC voltage control

As previously discussed, the use of open-loop control can produce undesired transients in the
system, if the use of a suitable ramp-rate is not considered. In addition, if the current of the
collector-VSC is not controlled in close-loop, these transients can be propagated into the DC-link
producing undesired stress in the hardware. For these reasons, as proposed in Section 4.4.2,
two type of close-loop PCC voltage controllers have been investigated in this thesis: a P-based
controller and a PI-based controller.

Here, a comparison of the performance of the open-loop control (without compensation of the
voltage drop across the interface inductor) and both close-loop controllers is given. The focus is
on the dynamic of the waveform of the PCC voltage e and the converter current it. The voltage
reference is a voltage dip with a retained voltage of 0.2 pu. The voltage reference is reduced with
a ramp-rate of 0.1 [pu/ms] and maintained for 250 ms. The wind turbine is equipped with the
LVRT control strategy described in Section 4.6.2 and it is operated at full power production and
at unity power factor.

In Fig. 6.2 is shown the transient response of the PCC voltage. In particular, a zoom of the
transient during the voltage dip and during the recovery are given in Fig. 6.2(a) and Fig. 6.2(b),
respectively. In the figures it is possible to observe that the PCC voltage is controlled in proximity
of 1 pu when open-loop control (red traces) as well as PI-based close-loop (blue traces) controllers
are used. For P-based controller (green traces), the pre-fault voltage is 0.85 pu. As expected, the
P-based controller cannot fix the steady state error present in the voltage.

At the moment of the dip, the LVRT response of the wind turbine creates a transient at 0.51 s
when reducing its active power output and immediately injecting reactive current in order to
support the voltage. When open-loop controller is used, the steady-state PCC voltage during the
dip is boosted, reaching a maximum of 0.3 pu, mainly due to the action of the wind turbine. For
the case when PI-controller is used, the PCC voltage is controlled exactly at 0.2 pu within 20
ms after the dip. Observe at the green traces that when the P-based controller is implemented,
the steady-state voltage during the dip is in proximity to 0.2 pu only due to the reactive power
support from the wind turbine.
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Fig. 6.2 Impact of the topology of the PCC voltage controller. In plots: voltage reference e∗ (black),
response of the PCC voltage e when it is controlled by a PI-based controller (blue), P-based
controller (green), and open-loop control (red). Plot (a): transient during voltage drop; Plot (b)
transients during voltage recovery.
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Fig. 6.3 Impact of the topology of the PCC voltage controller on the phase-angle of the voltage e when it
is controlled by a PI-based controller (blue), P-based controller (green), and open-loop control
(red). Plot (a): transient during voltage drop; Plot (b) transients during voltage recovery.

The transient response of the PCC voltage when recovering from the dip is shown in Fig. 6.2(b).
When the voltage reference is back to 1 pu, the PCC voltage presents an oscillatory response
when open-loop control is used. Moreover, when the PI-controller is used, the integrator takes
approximately 30 ms to bring the voltage up to 1 pu. On the other hand, when a proportional
controller is used, the post-fault PCC voltage reaches 0.85 pu.

The response of the phase-angle of the voltage e when using the three investigated controllers
is shown in Fig. 6.3. Observe in Fig. 6.3(a) that when the voltage is reduced, the P-controller
(green traces) and PI-controller (blue traces) actively vary the angle of the PCC voltage in order
to remove the stored energy in the capacitor. During the initial transient of the dip, the angle
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Fig. 6.4 Impact of the topology of the PCC voltage controller. In plots: response of the collector-VSC
current |it| when the PCC voltage is controlled by a PI-based controller (blue), P-based controller
(green), and open-loop control (red). Plot (a): transient during voltage drop; Plot (b) transients
during voltage recovery.

deviates from 0 degrees for 15 ms. Depending of the bandiwdth of voltage controller, the use of
close-loop control introduces a delay when controlling the actual PCC voltage. Observe that since
the P-controller lacks of an integrator and active damping term, the angle reaches a minimum of
-110 degrees when reducing the voltage, as shown with green traces in Fig. 6.3(a). When using
PI-based controller, the angle of the voltage reaches -90 degrees. This transient is also affected
by the fact that the wind turbine is rapidly varying its active and reactive power output as soon as
the voltage dip is detected at its terminals. Observe that when open-loop is implemented, the
frequency of the angle variations during the voltage dip is 350 Hz, similar to the undapmed poles
found in Fig. 5.3.

Moreover, the PLL included in the wind turbine control has a bandwidth αPLL equal to 30 [rad/s].
For this reason, the resulting transient in the angle of the wind turbine voltage ew (tracked by the
PLL) is fast, allowing the wind turbine to remains synchronized. Observe that once the voltage
reaches steady-state at t = 0.53 s, the voltage angle is controlled at 0 degrees. Finally, the red
traces correspond to the waveform of the phase-angle when the voltage is controlled in open-loop.
The phase of the PCC voltage is maintained in proximity to 0 degrees only as a result of the
power flow across the AC-link. Observe, however, that an oscillatory response of the voltage
leads to an oscillatory response of the angle.

The waveform of the phase-angle at recovery of the voltage is shown in Fig. 6.3(b). Here, only
the OL-controller (red traces) and PI-controller (blue traces) manage to maintain the angle of
the voltage in proximity to 0 degrees. Here, the LVRT control strategy of the wind turbine
maintains the active power production at 0 pu, while the reactive power is set according to the
retained voltage at its terminals. Moreover, during the recovery of the voltage, the wind turbine
is slowly decreasing its reactive power output. In these conditions, the PI-controller shows a
better dynamic performance in controlling the angle of the voltage at 0 pu.

The response of the current it is shown in Fig. 6.4. The pre-fault current is controlled in 0.9
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Fig. 6.5 Impact of the topology of the PCC voltage controller. In plots: response of the DC voltage uDC

when the PCC voltage is controlled by a PI-based controller (blue), P-based controller (green),
and open-loop control (red). Plot (a): transient during voltage drop; Plot (b) transients during
voltage recovery.

pu (in the wind turbine base power of 4 MW) by the wind turbine current controller. When the
voltage dip occurs at 0.5 s, before the LVRT control strategy comes into place, the DC voltage
controller will immediately maximize the current output in order to deliver the produced power.
After 10 ms approximately, the LVRT control reacts by injecting reactive current into the system
at 0.52 s. In addition, the fast variation of the voltage at the filter capacitor also contributes to the
transient seen in the current, especially in the case of open-loop control. In this case, the current
reaches a maximum value of 1.21 pu, as shown in Fig. 6.4(a). The current transient is reduced to
1.19 pu when a P-based PCC voltage controller is used. When the PI-controller is implemented,
the current reaches a peak value of 1.13 pu. Observe that during the voltage dip, the current is
maintained in proximity to 1 pu by the current control in the wind turbine.

For the recovery of the voltage shown in Fig. 6.4(b), the resulting current waveform when three
different controllers are used are similar. Here, the wind turbine is not producing active power
and it is reducing the reactive current as the retained voltage increases. Observe during the
recovery that the selection of the PCC voltage controller has no mayor impact in the current |it|
when recovering from the voltage dip. The maximum peak during the recovery is 1.25 pu for all
three voltage topologies.

It is of interest to observe the response of the DC voltage udc of the test equipment when varying
the topology of the PCC voltage controller in the collector-side VSC. As discussed in the previous
section, the use of open-loop control of the VSC voltage may create transients at the DC-link of
the test equipment. The waveform of the DC-link voltage is shown in Fig. 6.5. When applying a
voltage dip, the active power transferred from the wind turbine to the test equipment is drastically
reduced. With reference to (4.54), during the first 20 ms of the voltage dip, the input power PCOL

is lower than the output power PGRID. This unbalanced in DC power will drop the actual DC-link
voltage, as shown in Fig. 6.5(a). As expected, the minimum voltage in the DC-link is achieved
when the PCC voltage is controlled in open-loop, while the minimum voltage drop occurs when
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the proportional controller is used. Similar behavior can be seen in Fig. 6.5(b) when the voltage
is recovering. Observe that, according to Section 4.6.2, the wind turbine is not producing power
at 0.76 s. Hence, the transients shown in Fig. 6.5(b) are due to the interaction between the DC
capacitor of the test equipment and the energy delivered into the AC-link when increasing rapidly
the collector voltage.

Finally, as discussed in the previous section, in order to avoid an oscillatory response in both
current and voltage at the PCC, an acceptable rate of change of 0.1 [pu/ms] in the voltage
reference is found to be sufficient to perform LVRT test. For this analysis, the rate-limiter has
also been kept when using P-controller and PI-controller. Moreover, if close-loop control is
implemented in the collector-side of the test equipment, the transients in the voltage and current
at the PCC are damped. From the previous simulation results it is found that the response of
the PCC voltage is acceptable if the PI-based controller with active damping is implemented.
In addition, the use of ramp-rate limiter in the reference voltage is helpful, especially if the test
object reacts by rapidly varying its output current when detecting a voltage dip. For these reason,
in the following simulation results, the PI-based PCC voltage controller has been selected for
further investigation.

6.2.3 Voltage dip test

In this section, the case where PI-based controller is used for voltage dip is analysed in detail.
Here, the focus will be on the controllability of the dq quantities of the PCC voltage, the response
of the wind turbine system when detecting a voltage dip, and on the impact of the test on the DC-
link voltage of the test equipment and on the AC grid. Here, the PI-based close-loop controller
given in (4.39) has been implemented in the testing equipment. The voltage is controlled to 1 pu
followed by a reduction with a rate of 0.1 [pu/ms]. A retained voltage of 0.2 pu is maintained for
250 ms. In the following, the electrical quantities of both the testing equipment and the wind
turbine are analysed in detail.

The three-phase terminal voltage of the wind turbine filter uw is shown in Fig. 6.6(a). During
the voltage dip, the wind turbine output current it,w depicted in Fig. 6.6(b) is maintained in 1 pu.
Observe in Fig. 6.6(c) that the active power output is reduced to 0 pu in order to give room to
the reactive power to be injected in the grid. The excess of produced power boosts the DC-link
voltage immediately after the dip, as shown in Fig. 6.7(a). However, the DC crowbar reacts by
redirecting the power into the braking resistor. By this means, the DC-link voltage is maintained
at a safe value.

Moreover, as depicted in Fig. 6.7(b), a maximum of 1 pu of reactive current is injected during
the voltage dip, boosting the AC voltage uw at the terminals of the turbine up to 0.28 pu. Hence,
the maximum reactive power during the fault is 0.28 pu. At the moment that the voltage is
recovering from the fault, the LVRT control strategy in the wind turbine maintains the reactive
current, giving a fast rising of the reactive power at 0.36 s. The reactive current is reduce once
the voltage has reached 1 pu at 0.375 s. Furthermore, the AC voltage is monitored for additional
500 ms, as enforced by the German and Danish grid codes. The wind turbine resumes active
power production 100 ms after the recovery of the voltage.
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Fig. 6.6 Wind turbine response under a voltage dip. Plot (a): three-phase voltage ew; Plot (b): three-phase
current it,w; Plot (c): active (blue) and reactive (green) power output.

Moving the focus on the testing equipment, the reference and actual PCC voltage are shown
in Fig. 6.8(a). The transient in the actual PCC voltage and wind turbine filter voltage is due to
the sudden exchnage between active and reactive power; however, the test equipment manage
control the voltage back to its reference value of 0.2 pu. Moreover, the recovery of the voltage
is controlled in a smooth way. The reference and estimated d and q voltage components are
depicted in Fig. 6.8(b) and Fig. 6.8(c), respectively. Note that the controller in the collector-side
VSC of the test equipment lacks of a PLL, meaning that it generates its own reference frequency
ω∗s and thus its self generated dq transformation angle θ. As shown in the plots, each voltage
component is tracked and controlled at their reference values. Observe in Fig. 6.8 at 0.5 s that
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Fig. 6.7 Wind turbine LVRT control under a voltage dip. Plot (a): DC voltage udc,w; Plot (b): active
current ît,wd

(blue) and reactive current ît,wq
(green).
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Fig. 6.8 PCC voltage control. Plot (a): reference voltage |e∗| (blue) actual magnitude of the PCC voltage
|e| (green); Plot (b): d-axis PCC reference voltage e∗d (blue) and estimated voltage êd (green);
Plot (c) q-axis PCC reference voltage e∗q (blue) and estimated voltage êq (green).

when wind turbine is varying its current output, a transient is seen in both components of the
voltage. During this short moment, the phase-angle of the PCC voltage reaches 90 degrees of
phase-shift, as shown in Fig. 6.3(a).

The reference and estimated d-axis and q-axis components of the current vector i(dq)
t are depicted

in Fig. 6.9(b) and Fig. 6.9(c), respectively. The actual tree-phase VSC curret it is shown in
Fig. 6.9(a). During normal operation, the effect of the switching of the VSC and the reactive
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Fig. 6.9 Current control in test equipment. Plot (a): actual three-phase current it; Plot (b): d-axis current
reference i∗td

(blue) and estimated current component îtd
(green); Plot (c): q-axis current reference

i∗tq
(blue) and estimated current component îtq (green).
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Fig. 6.10 Grid-side VSC in test equipment. Plot (a): DC link voltage Udc; Plot (b): actual three-phase
grid filter voltage eg; Plot (c): actual three-phase grid-VSC terminal current it,g.

current introduced by the capacitor filter banks both in the wind turbine and test equipment
increases the actual peak value of the three-phase current slightly above 1 pu (see Table 4.2 for
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wind turbine base values). The current at the test equipment reaches a peak value of 1.25 pu in
the first transient and 1.4 pu at the recovery of the voltage. This current peak is the result of the
response of the response of the current control on the wind turbine when a fast voltage variations
occurs at its terminals. However, the rating of the test equipment, given in Table 4.1, doubles
the rating of the wind turbine. For this reason, a 1.4 pu transient current is not harmful for the
test equipment. Observe that if the wind turbine is 60% larger (7 MW), this current would be in
proximity to the rating of the testing equipment. In this case, special consideration bust be taken
on the selection of a minimum dip and on the selection of a suitable ramp-rate in order to limit
the transient current.

Finally, it is of interest to analyse the response of the grid-VSC of the test equipment. Here,
the focus is on the DC voltage control, and the impact of the testing towards the AC grid. In
Fig. 6.10(a) is shown the DC-link voltage udc and the three-phase filter voltage eg. From the
figure, it is possible to observe that the DC link voltage drops at 0.1 s approximately. This is due
to the slow time constant of the DC-link controller of the grid VSC in changing the output power
reference, when a fast reduction of active power from the wind turbine is applied.

Moreover, from Fig. 6.10(b) is shown the voltage at the grid connection point of the testing
equipment. As seen from the figure, the voltage is unaffected by the performance of the test.
Although the current is varied according to the active power variation of the wind turbine, as
shown in Fig. 6.10(c), the current does not present any transients, and is controlled by the VSC
during the complete event.

In this example, the PCC voltage is controlled in a stiff manner, meaning that the reactive power
injected by the wind turbine does not affect the setpoint of the PCC voltage. Hence, an interesting
alternative could be to include the dynamics of a virtual impedance when testing for LVRT, thus
having the ability to emulate the short-circuit impedance of a grid. This concept will be explored
in the following section and demonstrated with simulation results.

6.2.4 Short circuit impedance emulation

A control feature to emulate the impact of the grid short-circuit power during LVRT operations
has been implemented. Under the assumption that the test equipment is operated within its
voltage limits, both active and reactive power production of the test object will impact the set
point of the system voltage e, if the impedance emulation algorithm is enabled.

e

vRvL

gi LVRTe
Virtual Impedace

AC

PCC

Fig. 6.11 Equivalent representation of the VSC-based test equipment for grid impedance emulation.

In Fig. 6.11 it is shown an equivalent representation of the test equipment used to emulate the
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short-circuit power of the grid at the connection point, where the dynamic of the current ig in the
dq frame is described by the expression:

e
(dq)
LVRT − e(dq) = Lv

di(dq)
g

dt
+ i(dq)

g (Rv + jωsLv) (6.1)

labelling Rv and Lv as the inductance and resistance part, respectively, of the virtual grid
impedance shown in Fig. 6.11, the voltage e(dq)

LVRT is the selected LVRT profile of a stiff voltage
regulation and e(dq) is the PCC voltage evaluated after the voltage drop over the virtual impedance.

The inductor Lv in Fig. 6.11 contributes as a smoothing factor on the dynamic of the current ig.
Observe that Lv also impacts the amount of voltage drop across the virtual impedance in (6.1),
especially if the derivative term is included when calculating the reference voltage e∗ for the
PCC voltage controller. In addition, when implementing (6.1) in a digital controller, the discrete
calculation of the derivative term when sampling the current îg can be very sensitive to noise,
especially if the sampling time is relatively small [50], [39].

In order to investigate impact of the derivative term on the dynamics of the voltage e(dq) in (6.1),
the system shown in Fig. 6.11 has been simulated. In this study, the reference voltage vector
e(dq)∗ of the test equipment here represented as the three-phase voltage source labelled as “AC”.
The voltage is here varied in order to represent a stiff grid voltage or a grid with a predefined
grid impendace. In addition, an RL load has been connected at the other end of the circuit in
order to set the current denoted as ig at nominal value. Here, three different case scenarios has
been simulated:

First, an actual impendace Ractual and Lactual of 0.15 pu has been interconnected between the RL
load and the AC voltage source. A LVRT test has been performed to the load: the voltage e(dq)∗

= e(dq)
LVRT at the AC source is varied from 1 pu to 0.5 pu for 300 ms. The phase A of the resulting

three-phase load voltage e, which includes the dynamics produced by the actual impedance, is
plotted in blue traces in Fig. 6.12.

Second, the actual impedance is removed and a virtual impendace Rv and Lv of 0.15 pu is set
when calculating the voltage e(dq)∗ according to the following expression:

e(dq)∗ = e
(dq)
LVRT −

di(dq)
g

dt
Lv + i(dq)

g (Rv + jωsLv) (6.2)

Note that (6.2) is (6.1) rearranged in order to obtain the reference voltage e(dq)∗ and that the e(dq)∗

of the AC source includes the complete dynamic of voltage drop across the virtual impedance.
Here, the same LVRT voltage profile has been applied to the load. The resulting load voltage e is
plotted in red traces in Fig. 6.12.

Third and final case scenario. Here the dynamic of the voltage drop across the virtual impendace
is removed from the reference voltage e(dq)∗ , thus, only the static voltage drop is emulated as

e(dq)∗ = e
(dq)
LVRT − i(dq)

g (Rv + jωsLv) (6.3)

The waveform of the load voltage e is shown in green traces in Fig. 6.12.
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Fig. 6.12 Response of the load voltage e when a voltage dip is applied. In plots: load voltage when
interconecting an actual grid impendace (blue) and when using dynamic voltage drop (red) and
when using static voltage drop (blue) of an equivalent virtual impendace. Plot (a): Resulting
voltage waveform of phase A during the complete event; Plot (b): Zoom of phase A during the
voltage dip.

Observe Fig. 6.12(a) that for steady-state condition, when using virtual impedance emulation
(with and without dynamic term) there is no difference with respect to the voltage waveform
resulting when connecting the load through an actual grid impedance. During the transient,
however, a mismatch between the emulated and actual grid voltages is clearly seen, as shown in
Fig. 6.12(b). Note that when the derivative term of the voltage drop in Lv is included in (6.2)
(red traces), the effect of the short-circuit impedance is emulated accurately within less than 0.5
ms. On the other hand, when the derivative term is not included (green traces), thus, using static
voltage drop as in (6.3), the emulated voltage drop takes 2 ms to recreate the effects of an actual
impedance.

Finally, it is important to observe that the dynamics of the emulated voltage drop in the virtual
impedance is here constrained by the bandwidth of the voltage controller i.e.: in Fig. 6.8(a)
the voltage takes 12 ms approximately to reach steady-state during the dip. Therefore, when
calculating the reference PCC voltage, the derivative term (6.1) is chosen to be neglected. To
emulate the effect of the grid impedance only by using steady-state voltage drop, the calculated
voltage reference in Laplace form can be formulated as:

e(dq)∗ = e
(dq)
LVRT −

(
αfil

s+ αfil

)
î
(dq)

g (Rv + jωsLv) (6.4)

with αfil = 2500 [rad/s] as the bandwidth of the LPF used to remove high-frequency content in
the estimated grid current. Finally, the discrete implementation of the short-circuit impedance
emulation algorithm is written as

e(dq)∗(k) = e
(dq)
LVRT(k)− î(dq)

g,fil (k)(Rv + jωsLv) (6.5)
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Fig. 6.13 Wind turbine response under a voltage dip with emulated short circuit power of 10 pu. Plot (a):
three-phase voltage ew; Plot (b): three-phase current it,w; Plot (c): active (blue) and reactive
(green) power output.

with îg,fil calculated in (4.31).

In the following, a virtual impedance of 0.1 pu corresponding a short circuit power of 10 pu (45
MVA) is simulated. Here, the focus will be on the dependency of the controlled PCC voltage
(using PI-based close-loop controller) with respect of the reactive power exchanged between the
wind turbine and the test equipment.

The pre-fault voltage is 1 pu, and the retained voltage reference is 0.2 pu for 250 ms. The resulting
three-phase wind turbine voltage and output current is shown in Fig. 6.13(a) and Fig. 6.13(b),
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Fig. 6.14 PCC voltage control with emulated short circuit power of 10 pu. Plot (a): LVRT reference
|eLVRT| (blue) actual magnitude of the PCC voltage |e| (green); Plot (b): estimated d-axis grid
current îgd

(blue) and filtered current îgd,fil
(green); Plot (c): estimated q-axis current îgq (blue)

and filtered current îgq,fil
(green).

respectively. When the short-circuit impedance emulation is enabled, the active and reactive
power output from the wind turbine shown in Fig. 6.13(c) affect the set point of the voltage
reference in the test equipment, according to the discrete voltage reference calculation given in
(6.5). In Fig. 6.13(a) it is possible to see that the ew reaches a peak of 0.45 pu during the dip, as
compared with 0.28 pu in Fig. 6.6(a) when a stiff regulation of the PCC is applied. Similarly to
the previous case , the wind turbine is injecting 1 pu of reactive current during the dip, thus, the
maximum injected reactive power is 0.45 pu, as depicted in Fig. 6.13(c).

The resulting PCC voltage is boosted up to 0.33 pu during the dip, as shown in Fig. 6.14(a),
due to the action of the wind turbine. Observe that there is a difference of 0.13 pu between the
actual PCC voltage and the LVRT profile. This is due to the effect of the static voltage drop
across the virtual impedance Rv + jωsLv when calculating reference signal e(dq)∗ for the voltage
controller, according to (6.5). The d and q component of the current îg are plotted in Fig. 6.14(b)
and Fig. 6.14(c), respectively. Observe that for both plots, the non-filtered and filtered currents
components are shown in blue and green traces, respectively. According to (6.5), the filtered
current î

(dq)

g,fil is used to modify the voltage reference e(dq)∗ . Moreover, the pre-fault and post-fault
PCC voltage is also increased due to the reactive power injected by the wind turbine and test
equipment filter banks.

In the following, the interest is on the wind turbine response when the recovery ramp given in
grid code is included in the voltage reference of the test equipment.
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Fig. 6.15 Wind turbine response under a voltage dip. Plot (a): three-phase voltage ew; Plot (b): three-phase
current it,w; Plot (c): active (blue) and reactive (green) power output.

6.2.5 Test on wind turbine using the complete LVRT profile

Here, the wind turbine operates at full power and at unity power factor. The virtual short-circuit
impedance is set to 0.2 pu, corresponding a short-circuit power of 5 pu (20 MW) at the PCC.
The selected grid code LVRT profile is given in the German off-shore grid code [18]. The LVRT
profile corresponds to a retained voltage of 0.2 pu for 400 ms, and a recovering ramp to 1 pu in
the next 1 s.

The resulting three-phase wind turbine voltage is shown in Fig. 6.15(a). From the figure, it is
possible to observe that the magnitude of the wind turbine voltage reaches 0.5 pu during the
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Fig. 6.16 Wind turbine LVRT control under a voltage dip. Plot (a): DC voltage udc,w; Plot (b): active
current ît,wd

(blue) and reactive current ît,wq
(green).
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Fig. 6.17 PCC voltage control. Plot (a): reference voltage |e∗| (blue) actual magnitude of the PCC
voltage |e| (green); Plot (b): actual three-phase grid filter voltage eg; Plot (c): actual three-phase
grid-VSC terminal current it,g.

dip. The active current of the wind turbine ît,wd
shown in Fig. 6.15(b) is controlled to 1 pu. The

injected reactive power is 0.5 pu, as depicted in Fig. 6.15(c). Observe in Fig. 6.17(a) that the
resulting PCC voltage is controlled above 0.4 pu, when the LVRT profile is in 0.2 pu.

As soon as the wind turbine voltage is recovering above 0.5 pu at 1 s, the reactive current ît,wq

shown in Fig. 6.16(b) is decreasing. For this reason, the resulting reactive power also decreases.
Observe that, due to the reduction of reactive current between 1 s and 2 s, the actual PCC voltage
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approaches the LVRT profile. The active power output is maintained in zero during the voltage
dip and increases after 500 ms of the complete returning of the wind turbine voltage, at 2.3 s
approximately.

The DC-link voltage of the wind turbine VSC is depicted in Fig. 6.16(a). The voltage increases
rapidly when the wind tubine current ît,wd

is reduced to zero, as shown in Fig. 6.16(b). The
crowbar protection of the wind turbine maintains the DC voltage below 1.075 pu. As soon as
the limitation in the active current is removed, at 2.5 s approximately, the DC voltage controller
manages to bring the DC-link voltage back to its reference.

Finally, the voltage at the grid connection point of the test equipment eg is depicted in Fig. 6.17(b).
The three-phase current of the grid-VSC of the test equipment is also show in Fig. 6.17(b).
Observe that when performing the test, there are no transients in the voltage nor the current. This
is expected due to the decoupling that exists between the grid-side and collector-side. As seen in
the figure, the grid voltage is practically unaffected, during the whole LVRT test. The current is
mostly active current, resulting of the active power production of the wind turbine. The small
amount of current between 0.5 and 2.5 s is due to the reactive power injection by the filter bank
at the grid-side VSC of the test equipment.

6.3 Test of phase-angle jump during voltage dip

In this simulation, the ability of the test equipment in varying the phase angle of the PCC voltage
during a voltage dip test is investigated. Here, the voltage is controlled at 1 pu and at 0.1 s it is
dropped to 0.5 pu for 300 ms approximately. The angle θ of the reference voltage e∗ is varied
from 0 degrees to 30 degrees during the dip. The results are shown in Fig. 6.18.

Observe in Fig. 6.18(a) that the actual three-phase voltage e is zoomed during the dip and during
the recovery. From the figure it is possible to observe that the voltage actually changes its phase.
In Fig. 6.18(b) it is shown the d and q components of the PCC reference voltages êd (blue) and
êq (green), respectively and also its references (black). The d component is controlled at its
reference within 10 ms. The q is affected by the reaction of the wind turbine and it is controlled
at its reference within 15 ms. Observe that in order to create a phase shift, the q component
must be controlled at a value different than 0 pu, as compared with the case shown in Fig. 6.8
where only the d component is varied. Figure 6.18(c) shows the reference (blue traces) and the
actual (green traces) phase-angle of the PCC voltage. The actual phase-angle of the voltage is
controlled at its reference within 10 ms. An overshoot is seen at 0.11 s due to the dynamic of the
voltage component êq shown in Fig. 6.18(b). The variation of the angle θw (red traces) tracked
by the wind turbine PLL measured at the voltage êw is also shown. Observe at 0.1 s that as soon
as the reference phase-angle is varied, the PLL of the wind turbine takes 180 ms approximately
to track the voltage vector êw. This is also delayed due to the fact that the actual phase-angle of
the PCC voltage is 10 ms delayed with respect to its reference.

The magnitude of the wind turbine voltage is shown in Fig. 6.19(a) in blue traces. The magnitude
of the PCC voltage and its reference value are also plotted in the figure in green and black traces,
respectively. The PCC voltage is controlled at its reference within 12 ms after applying and after
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Fig. 6.18 Test equipment perfomance when testing for phase-angle jump during voltage dip: Plot (a):
three-phase voltage voltage eabc; Plot (b) d and q PCC reference voltages êq (blue) and êq

(green), respectively, and its references (black). Plot (c): reference (blue) and actual (green)
phase-angle in PCC voltage e. Variation of the angle θw during the voltage dip, tracked by wind
turbine PLL (red) at the voltage êw.

the recovery. The wind turbine d and q currents are shown in Fig. 6.19(b) in blue and green
traces, respectively. Observe that the d and q currents are controlled properly to 0.8 pu and -0.85
pu, respectively, and that the magnitude of the current (black) is controlled to 1 pu during the
dip, meaning that the wind turbine controller is able to control the current during the phase shift.
However, when a phase shift is applied in the AC-link, the rotating dq frame of the wind turbine
controller is not in synchronism with the angle of the voltage ew due to the delay introduced by
the PLL. For this reason, the current ît,wd

does not represent the active current and the current
ît,wq

does not represent the reactive current, at least for the first 140 ms after the phase shift. The
effect of the transitory asynchronism of the dq frame is clearly shown in Fig. 6.19(c) where the
active (blue traces) and reactive (green traces) power are depicted. Observe at 0.12 s that the
active power is decreased to 0.25 pu and that the reactive power peaks at 0.55 pu while the d and
q components of the wind turbine currents and PCC voltage are controlled without transients.
Note that the resulting wind turbine voltage is boosted by the reactive power injected by the wind
turbine, as shown in Fig. 6.19(a). Moreover, the active and reactive power set-point impact the
resulting phase-angle of the wind turbine voltage, which is dependent of the impedance across
the AC-link. For this reason, the angle variation measured by the PLL of the wind turbine is
greater than 30 degrees, as shown in red traces in Fig. 6.18(c). At 0.5 s the angle is restored to
0 degrees and the wind turbine increases the active power output to 0.65 pu while decreasing
the reactive power to 0 pu. Observe that the d and q currents are controlled at 0.65 pu and 0 pu
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Fig. 6.19 Wind turbine test for phase-angle jump during voltage dip: Plot (a): reference voltage |e∗|
(black) actual magnitude of the PCC voltage |e| (blue) and actual magnitude of the wind turbine
voltage ew (blue); Plot (b): active current ît,wd

(blue), reactive current ît,wq
(green) and current

magnitude |̂it,w| (black); Plot (c): active (blue) and reactive (green) power output.

respectively.

6.4 Test of single-phase voltage dip

In addition to the three-phase LVRT requirement given in the majority of grid codes, some
of the most elaborated grid code require wind turbines to withstand asymmetric voltage dips.
For instance, the Danish grid code [22] states that the wind turbine unit must be tested against
single-phase and two-phase voltage dip for a duration of 150 ms. In [51] it is given a method-
ology to replicate phase-to-ground faults by feed-forwarding a pre-calculated zero sequence
voltage. Observe in Fig. 4.2 that here the test equipment is interfaced by a delta-star transformer,
decoupling the zero sequence equivalent circuit between the PCC and the wind turbine circuit.
For this reason, only the positive and negative sequence voltage can be effectively regulated by
the VSC in the investigated setup. In order to demonstrate the flexibility of the VSC-based testing
equipment in reproducing unbalance voltage dips, a single-phase voltage sag test is presented in
this section. Here, the open-loop control given in Section 4.4.2 has been implemented in three-
phase form, meaning that the magnitude of each phase voltage is selected independently [52].
In this simulation, only phase C of the collector-VSC voltage is dropped to 0.5 pu for 150 ms
while phase A and B are maintained at 1 pu. The resulting three-phase voltage at the PCC and
three-phase current output of the wind turbine system are shown in Fig. 6.20.

As experted, the unbalanced voltage at the collector-VSC leads to an unbalanced PCC voltage
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Fig. 6.20 Test for single-phase voltage dip: Plot (a): three-phase PCC voltage e(abc). Plot (b): three-phase

current i(abc)
w,g .

e and an unbalanced wind turbine current output iwg as shown Fig. 6.20(a) and Fig. 6.20(b),
respectively. Moreover, due to the unbalanced voltage drop across the filter inductance of
the collector-VSC, the resulting PCC voltage in phase A (blue) and B (green) are slightly
phase-shifted and the peak values are reduced to 0.97 pu, while phase C (red) drops to 0.5 pu.
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Fig. 6.21 Wind turbine performance during single-phase voltage dip: Plot (a): WT voltage (blue) and
PCC voltage (green) RMS values. Plot (b): active current ît,wd

(blue), reactive current ît,wq

(green) and references (black); Plot (c): active (blue) and reactive (green) power output of the
wind turbine and its average values (dashed).

82



6.4. Test of single-phase voltage dip

0 0.1 0.2 0.3
0.8

0.85

0.9

0.95

1

1.05

1.1
V

ol
ta

ge
 [

pu
]

Time [s]

(a)

0 0.05 0.1 0.15 0.2 0.25 0.3

0.2

0.4

0.6

0.8

1

Po
w

er
 [

pu
]

Time [s]

(b)

Fig. 6.22 Grid-side VSC performance during single-phase voltage dip: Plot (a): three-phase PCC voltage
uDC. Plot (c): active (blue) and reactive (green) power output of test equipment towards the the
AC grid.

As expected, the wind turbine current in the MV side of the output transformer iw,g is also
unbalanced.

The RMS magnitude of the wind turbine voltage ew and the PCC voltage are shown in blue and
green traces, respectively, in Fig. 6.21(a). Observe that the LVRT control action of the wind
turbine boost the RMS value of the voltage to 0.77 pu and the RMS value of the PCC voltage is
at 0.71 pu. Since the implemented open-loop control imposes the voltage only at the terminals
of the collector-VSC of the test equipment, both the PCC voltage and wind turbine voltage are
boosted. The active and reactive current output are depicted in Fig. 6.21(b) in blue and red traces,
respectively, and its references are shown in black. As shown in the figure, in case of unbalanced
condition of the grid, the current and also the voltage will show an oscillatory component at
frequency equal to double the grid frequency. This is due the fact that the three-phase current
and voltage vectors have a negative-sequence component which rotate in the opposite direction
with respect to the synchronously rotating dq reference frame. An alternative to improve the
performance of the controller of the VSC during unbalance condition is to modify the control
system in order to control separately positive-sequence and negative-sequence current. These
modifications are presented in [53].

Observe that the active and reactive power output shown in Fig. 6.21(c) in blue and green traces,
respectively, exhibit an oscillatory response. In the figure it is also shown the average value of
both powers. Note that even during an unbalance voltage dip, the modeled wind turbine can still
provide reactive power support. Moreover, since the resulting voltage dip at the terminals of the
wind turbine is not severe, the generating unit can sill deliver active power into the grid.

Finally, it is of interest to analyze the effect oscillatory power across the AC-link in the grid-side
VSC the test equipment. In Fig. 6.22(a) it is shown the DC-link voltage uDC of the testing
equipment. From the figure it is possible to observe that the power oscillation experienced by the
wind turbine leads to a second harmonic oscillatory response of the DC voltage. It is well known
that VSC are sensitive to 2nd order harmonics in the DC-link when connected to an unbalanced
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AC system [54]. Note that the amplitude of the oscillation is strictly related to the operating
point of the wind turbine and to the nature of the test. Moreover, in Fig. 6.22(b) it is shown the
active and reactive power output in blue and green traces, respectively, of the test equipment.
Observe that the power fluctuation is propagated into the AC gird. In order to ensure a reliable
operation and increased lifespan of the testing equipment, a proper mitigation strategy must be
implemented either by hardware or in the controller of the grid-VSC.

6.5 Test of two consecutive two-phase voltage dips

A TSO can also require to wind turbines manufactures to withstand two consecutive voltage
drops at the point of common coupling of the wind power plant. Note that if the fault in the AC
system is not cleared, the action of an automatic reclosure at the point of the fault will lead to a
second voltage drop at the wind turbine terminals. The requirements given in the Danish grid
code [22] specifically says that the wind power plant must be designed to withstand recurring
faults. In particular, two consecutive single-phase to ground and two-phase (with and without
earth contact) voltage drops of 150 ms each, separated by 0.5 to 3 seconds

The impact of a single-phase voltage dip test in the testing equipment and wind turbine system
has been covered in the previous section. In this final scenario, the test equipment is used to
generate two recurring two-phase voltage dips. Similarly to the previous case, the three-phase
open-loop control given in [52] has been implemented. Here, Phase A is controlled at 1, and
phases B and C are dropped to 0.3 pu for 150 ms. In order to show the dynamic behavior of
the system within a reasonable time resolution, the second voltage dip is programmed 150 ms
after the first voltage dip is restored. The wind turbine is injecting 0.9 pu of active power into
the AC-link. The resulting three-phase PCC voltage is given Fig. 6.23(a) and the current output
of the wind turbine system is shown in Fig. 6.23(b). In the figure it is possible to observe that
both the current and the voltage become severely unbalanced. Observe that under an two-phase
voltage dip, the wind turbine manage to control the current below 1 pu.

The power output from the wind turbine is also heavily distorted, similar to the waveforms shown
in Fig. 6.21(c). For this reason, only the average of the active and reactive power output has been
plotted in Fig. 6.23(c), in blue and red traces, respectively. Note that the LVRT control strategy
manages to reduce active power production and increase the injection of reactive power during
the voltage dip. The resulting RMS value of the PCC voltage and wind turbine voltage are shown
in Fig. 6.24(a), in green and blue traces, respectively. Observe that due to the control action of
the wind turbine during dip, the resulting RMS voltage at the wind turbine terminals is 0.48 pu
and the PCC voltage is 0.35 pu.

The active and reactive current are shown Fig. 6.24(b) in blue and green traces, respectively.The
LVRT control strategy varies the reactive current according to the magnitude of the voltage
dip, while the active current is maintained at 0.45 pu. The reference current is shown in black
traces in the figure. Observe that the controller manages to control both d and q current during
unbalanced conditions. The 100 Hz oscillation in both actual and reference currents are due to
the feed-forward of the d and q component of the voltage when calculating the references.
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Fig. 6.23 Test for two-phase voltage dip: Plot (a): three-phase PCC voltage e(abc). Plot (b): three-phase

current i(abc)
w,g ; Plot (c): filtered active (blue) and reactive (green) power output of the wind

turbine.

Finally, due to the reactive power injected by the AC filters at 0.3 s, the reactive power is
maintained at a minimum value of 0.1 pu when the voltage is restored between the dips. Moreover,
the q current is set to zero. The second voltage dip is produced by the test equipment at 0.36 s.
A similar behavior of the system is expected. Observe that the wind turbine injects 0.4 pu of
reactive power, until the recovery of the voltage at 0.5 s. After 150 ms, the wind turbine starts
to resume active power production with a smooth ramp function. At 0.89 s, the generating unit
resumes normal operation.
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Fig. 6.24 Grid-side VSC performance during single-phase voltage dip: Plot (a): WT voltage (blue) and
PCC voltage (green) RMS values. Plot (b): active current ît,wd

(blue), reactive current ît,wq

(green) and references (black).

6.6 Experimental verification of the testing methodology

The aim of this section is to validate experimentally part of the simulation results obtained
in the previous section. Here, a description of the laboratory testing setup together with the
experimental results is presented. The complete test-bench is shown in Fig. 6.25, and it is located
at the Power System Laboratory placed the Department of Energy and Environment of Chalmers
University of Technology, Gothenburg, Sweden.

The grid-VSC of the testing equipment is here represented by the the DC-sourced VSC. In
order to replicate independently the operation and control of the two systems, here the switching
signals of each converter are generated by two dedicated DS1103 dSPACE board. The voltage is
controlled in open-loop. The small scale model of the wind turbine is modelled by a second VSC
with a diode-rectifier connected to its DC-link. The AC side of the diode-rectifier is connected
to a 400 V AC grid and it is used to transfer active power from the grid into the DC-link of the
wind turbine model. The VSC is operated in current control mode in order to inject the power
into the AC-link imposed by the test equipment. In order to limit the current that flows into
the capacitor CDC,w when energizing the system, the resistor Rl has been placed between the
400 V AC grid and the diode-rectifier of the wind turbine model. When the DC-link voltage
reaches 550 V, the parallel contactor is closed and the resistor is bypassed. At this instance, the
diode-rectifier is directly connected to the 400 V grid and thus the DC-link voltage is imposed at
556 V. The AC-link is controlled in open loop at 200 V by the collector-VSC. The DC-machine
that supply the DC voltage of the testing equipment is controlled at 360 V. In the following, all
the sub-modules that constitute the laboratory setup are first verified independently. Afterwards,
the sub-system and controllers are integrated in one complete test-bench as shown in Fig. 6.25.

The physical implementation of the laboratory setup is shown in Fig. 6.26, where the main parts
that constitute the test system are highlighted. Similarly, in Fig. 6.27 it is shown the inductive
and capacitive filters used to interface the wind turbine model with the test equipment. Note
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Fig. 6.25 Single line diagram of the laboratory setup fo LVRT test of the wind turbine model by VSC-
based testing equipment.
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TABLE 6.1. PARAMETERS OF THE LABORATORY SETUP.

Base parameters in AC-link 200 V, 3 kVA
Frequency 50 Hz
DC voltage (Machine) 360 V
DC voltage (Diode-rectifier) 650 V
DC capacitor test equipment CDC 6.6 mF
Filter inductance Lf,1 3 mH
Filter internal resistance Rf,1 5.3 mΩ
Filter capacitance Cf 64 µF
Filter inductance Lf,2 2 mH
Filter internal resistance Rf,2 5.0 mΩ
DC capacitor in wind turbine model CDC,w 2.2 mF

Current control bandwidth in wind turbine model αcc,w 1500 rad/s
Switching frequency of both VSC fs 5 kHz
Sampling time ts 0.2 ms

that the time response of the DC machine shown Fig. 6.27 is slow when changing its operating
point, if the incoming power from the wind turbine model is varied. In this scenario, the power is
shortly accumulated in the DC-link of the test equipment, leading to a high peak DC voltage
transient that trips the converter. For this reason, a capacitor bank of 6.6 mF has been placed
at the DC-link of the testing equipment in order to mitigate the dynamic of the DC voltage, as
shown in the right-hand side of Fig. 6.27.

6.6.1 Dynamic performance of the derived current controller in a grid-
connected VSC

In this section, an experimental verification of the devised current controller controller given
in Chapter 4 is given. First, the performance of the current control is evaluated with special
focus on the step response as well as in the decoupling of both d and q axis. Observe that the
implemented current controller is used in both the testing equipment and in the wind turbine
model. For this reason, this experimental setup is also used to test active and reactive power
exchange for validation of the LVRT control strategy of the wind turbine model.

A single-line diagram of a reduced laboratory setup used to verify the dynamic performance
of the current controller is depicted in Fig. 6.28. The VSC is connected to the grid through an
inductor. The VSC is a two-level DC/AC converter, where the DC-link is fed by a DC machine
rated in 700 V, 64 A, giving the possibility for the VSC to inject active power into the grid.
Observe that the switch swDC is closed during the complete duration of test. The DC voltage at
the terminals of the machine is controlled to 650 V by an external drive system connected in its
shaft. The converter is controlled by a DS1103 dSPACE system [55]. The discrete controller is
built and compiled in Matlab R2011a [47]. The PWM switching frequency is set to 5 kHz and
the sampling time is 0.2 ms. The system parameters of the laboratory testing setup is given in
Table 6.2.
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6.6. Experimental verification of the testing methodology

Fig. 6.26 Physical implementation of the laboratory setup.

Fig. 6.27 AC and DC filter banks in the laboratory.

Current controller step response

To evaluate the performance of the current controller, the reference current in both d and q axis
is varied with a step function. Here, a base power of 3 kW has been set into the VSC controller
and the peak value of the steady-state current is limited to 10 A. The resulting waveform of each
current component is shown in Fig. 6.29.

From Fig. 6.29(a) and Fig. 6.29(b) it is possible to observe that the d axis component of the
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Fig. 6.28 Single line diagram of the laboratory setup used for validation of the close-loop current control
and DC voltage control.

current is decoupled from the q axis component, meaning that when the d current is varied,
the q current remains unchanged and vice-versa. Moreover both step responses have similar
rise times of about 5 ms. Observe, however, due to the harmonic distortion present in the grid
voltage at the moment of the test, both current components presents large amount of harmonics.
These harmonics are therefore shown as an oscillatory component when the current vector is
represented in a 50 Hz synchronously rotating dq reference frame. Moreover, since the controller
is implemented in a digital system, delays due to discretization and computational time in the
control system result in a phase shift between the actual and feed-forwarded grid voltage ê(dq)∗, in
the control scheme shown in Fig. 4.4 [56]. In [56] and [57] it is discussed the use of an improved
harmonic-compensated current controller in order to deal with harmonic disturbances. Here,
the performance of the implemented current controller is found to be sufficient in controlling
the d and q components of the current vector. Finally, this example validates the ability of
the grid-connected VSC in controlling the current by using the discrete controller devised in
Section 4.4.1.

TABLE 6.2. PARAMETERS OF THE REDUCED LABORATORY SETUP FOR TESTING OF CURRENT CON-
TROL AND DC VOLTAGE CONTROL

Base values 400 V, 3 kVA
Grid frequency 50 Hz
DC voltage 620 V
Current control bandwidth αcc 3000 rad/s
DC voltage control bandwidth αdc 300 rad/s
Switching frequency of VSC fs 5 kHz
Sampling time ts 0.2 ms
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Fig. 6.29 Experimental validation of the implemented current controller. In plots: estimated active current
îtd

(blue) and estimated reactive current îtq (green). Plot (a): step response when reference
current i∗td

(black-dashed) is varied. Plot (b): step response when reference current i∗tq
(black-

dashed) is varied.

Current control in wind turbine model when detecting a voltage dip.

In this experiment, the current controller validated in the previous section is used to inject active
and reactive power into the grid, when a voltage dip is detected by the wind turbine. Here, the
VSC is connected to an infinite bus, as depicted in Fig. 6.28. Moreover, for this test, the signal
that encloses the grid voltage magnitude is varied internally and is sent into the LVRT control
strategy of the wind turbine controller, shown in the control diagram in Fig. 4.16. Observe
that for this experiment the grid voltage is fixed by the AC grid at 400 V. The LVRT control
strategy implemented in the wind turbine model is set according to the German grid code. In
simple words, if the grid voltage decreases below 0.9 pu, the wind turbine must inject reactive
current enabling 1 pu current when the voltage is below 0.5 pu. Active current must be limited
accordingly, in order to give room for reactive current support. The latter means that for 1 pu
reactive current, active current must set to 0 pu if the wind turbine does not have over-current
capability.

In Fig. 6.30 it is shown the wind turbine control strategy when a virtual voltage dip is detected
at its terminals. The left figures correspond to the wind turbine response when a voltage dip
of 0.8 pu is detected, while the right figures correspond to the wind turbine response when a
voltage dip of 0.4 pu is detected. Observe in Fig. 6.30(b) that for a small variation of the voltage
signal, the LVRT control strategy sets the reactive current to -0.2 pu. The active current reference
remains unchanged. In the second scenario (which corresponds to the plots the right-hand side
of Fig. 6.30), the active current is decrease from 0.9 pu to 0 pu in order to give room to a reactive
current of -1 pu. Observe in Fig. 6.30(b) that the converter is injecting full reactive current into
the grid when the voltage (control signal) is below 0.5 pu. For voltages above 0.5 pu, the reactive
current is linearly varied. The change in active and reactive current set-point are set in order to
maintain the VSC current at 1 pu. The resulting active and reactive power in Fig. 6.30(c) are the
results of the controlled current when the VSC is connected to a grid at nominal voltage.
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Fig. 6.30 Experimental verification of the LVRT control strategy of the wind turbine model. Left figures:
voltage dip to 0.8 pu. Right figures: voltage dip to 0.4 pu. Plot (a): control signal | ê |; Plot (b):
converter current îtd

(blue) and îtq (green). Plot (c): active (blue) and reactive(green) power
output.

6.6.2 DC voltage control in grid-side of the test equipment

In this section, the implemented DC voltage controller given in Section 4.5.3 is validated through
experimental verification. The utilized laboratory setup is shown in Fig. 6.28. Observe that
for this experiment, the switch swDC is opened once the DC-link is at 630 V. The DC voltage
reference is set to 620 V and varied with a step function to 630 V. In Fig. 6.31 is shown the step
response of the implemented controller.

As shown in the figure, the voltage across the DC-link capacitance of the VSC is controlled
in an smooth way. With a selected bandwidth of 300 [rad/s] (see section Section 4.5.3), the
step response shows a rise time of 12 ms which is longer than expected. If the capacitance ĈDC

used in the controller is underestimated with respect to the actual capacitance CDC, the actual
bandwidth of the close-loop DC controller is lower, leading to a longer rise-time when a step is
applied at the reference DC voltage.
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Fig. 6.31 Normalized step response of the implemented DC-link voltage controller: voltage reference
(black dashed) and sampled voltage v̂DC of the VSC (blue).

6.6.3 AC voltage control in collector-side of test equipment

In this section, the open-loop PCC voltage control given in Section 4.4.2 is validated. The
laboratory setup used in this experiment is shown in Fig. 6.32. The VSC is fed by a DC machine
and the AC side is connected to a resistive load Rl of 45 Ω through an LCL filter. The system
parameters for this experiment are given in Table 6.1. Here, no filter compensation is used,
meaning that the voltage reference e(dq)∗ is fed into the reference output voltage of the VSC.

A voltage dip test is performed by applying a voltage variation with a step function at PCC where
a resistive load is connected. In order to avoid a fast variation of the converter voltage that can
lead to undesired stress in the system, as discussed in Section 6.2.2, the reference voltage is
low-pass filtered with bandwidth of 300 [rad/s]. Meaning that the reference converter voltage is
varied with a ramp-rate of 0.1 pu/ms, approximately, as selected in Section 6.2.2.

As discussed in Section 6.2.2, the open-loop control has been found to be robust when performing
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Fig. 6.32 Single line diagram of the laboratory setup for testing open-loop AC voltage control.
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a LVRT test and gives a acceptable dynamic performance if the ramp-rate of converter reference
voltage is properly selected. Moreover, this type of controller has been used to test a 4 MW
FPC wind turbine by using the back-to-back HVDC station placed at Gothenburg’s harbour [41].
For these reasons, the open-loop controller without filter compensation given in (4.41) has been
selected for implementation in the laboratory.

In Fig. 6.33 is shown the resulting load voltage when testing for a voltage dip and LVRT tests.
Observe in Fig. 6.33(a) that for the first experiment the voltage is dropped to 0.3 pu during 200
ms. Afterwards, the voltage is restored with a step function and not with a recovery ramp as
given in the majority of the grid codes.

In order to demonstrate the flexibility of the investigated methodology, in the following, the
load is tested against a full LVRT profile which includes the recovery ramp when the voltage is
restored. The LVRT test is performed by varying the PCC voltage according to a desired LVRT
profile. Here, German grid code for off-shore wind turbines has been selected for testing. The
reference voltage is dropped to a retained value of 0.3 pu and maintained approximately 400 ms.
Afterwards, the voltage is brought back to 1 pu with a rate of 0.77 pu/s. The voltage profile is
also given in Fig. 6.35(b). The resulting load voltage is shown in Fig. 6.33(b). Observe that the
actual load voltage is slightly below 0.3 pu. This is due to the voltage drop across Lf,1 that is not
being compensated by the open-loop controller. This results demonstrate the capability of the
open-loop voltage controller in performing any kind of voltage reference at the terminals of the
VSC.
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Fig. 6.33 Resulting three-phaseLR load voltage when the open-loop PCC voltage controller is performing
a: Plot (a) voltage dip; and Plot (b): LVRT profile.
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6.6.4 Testing of voltage dip and complete LVRT profile on wind turbine
model

In the previous section the independent controllers for the grid-VSC of the test equipment has
been verified. The wind turbine controller including PLL, current control and DC voltage control
have been also tested. Here, all the sub-modules that constitute the testing bench are integrated in
one setup as shown in Fig. 6.25. In the following, the wind turbine model is tested against voltage
dips including the recovery ramp, by means of the implemented VSC-based testing equipment.

Voltage dip by VSC with PQ control strategy of wind turbine model

In this scenario, the AC voltage at the terminals of the collector-VSC is reduced from 1 pu to 0.3
pu and maintained for approximately 600 ms. Afterwards, the voltage is restored back to 1 with
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Fig. 6.34 Voltage dip test in laboratory setup: Plot (a): Three-phase voltage e(abc); Plot (b): Active power
Pw (blue) and reactive powerQw (green) output of the wind turbine model. Plot (c): Three-phase
current i(abc)

t,w ; Plot (b): Active current ît,wd
(blue) and reactive current ît,wq

(green).
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a step. The three-phase voltage at the PCC is shown Fig. 6.34(a).

The pre-fault active power output is set to 0.9 pu with at power factor, as depicted in Fig. 6.34(b).
Hence, three-phase current i(abc)

t,w and the active current ît,wd
are controlled in 0.9 pu, as shown

in Fig. 6.34(c) and Fig. 6.34(d) respectively. The reactive current ît,wq
is set to 0 pu prior the

emulated fault. The wind turbine model is equipped with the LVRT control strategy for current
control as given in the German grid code.

Observe that is the terminal voltage u of the testing equipment shown in Fig. 6.25 that is
controlled at 1 pu before applying the voltage dip. In addition, the excess of voltage drop across
the inductances Lf,1 and Lf,2 implemented in the laboratory setup are not being compensated in
the open-loop voltage controller. Moreover, the capacitor bank Cf is boosting the voltage at the
PCC during the test. For this reason, with reference to Fig. 6.34 at 0 s, the resulting PCC voltage
e(abc) shown in Fig. 6.34(a) is found to be 1.1 pu.

At 0.25 s the terminal voltage u is dropped to 0.3 pu. The PCC voltage is also in proximity to
0.3 pu slightly boosted by the reactive power injected by the wind turbine model. In order to
increase the reactive current to 1 pu after detecting the fault, the active current must is kept in 0
pu. The maximum reactive power injected during the fault is 0.32 pu approximately. When the
voltage is restored at 0.85 s, the wind turbine model cease of injecting reactive power into the
grid, however, the algorithm of voltage/reactive power compensation (described in the German
grid code) is still active for 500 ms after the voltage is back to normal operation. As discussed
in previous section, two voltage dips can be experienced at the terminals of the wind turbine if
a grid fault in the power system is not cleared. For this reason, the active current is still set to
0 pu while the LVRT control strategy actively monitoring the PCC voltage in order to supply
reactive current if a second voltage dip is observed. After 500 ms it is assumed that the system is
back into normal operation. At 1.35 s is resumed active power production by slowly removing
a limiter in the active current set-point. Finally, within the next 400 ms the active current is
restored back to its pre-fault value.

In the following, the testing equipment performs a voltage dip with the inclusion of the recovery
ramp as given in grid codes.

LVRT test by VSC with PQ control strategy of wind turbine model

In this scenario, a complete LVRT profile is tested against the wind turbine model. Similar to
the previous case, here the voltage is reduced from 1 pu to 0.3 pu and maintained for 600 ms.
Afterwards, the voltage is brought back to 1 pu with a ramp function. The LVRT control strategy
is also implemented in wind turbine model and the initial conditions are maintained (full active
power production at unity power factor). The results from this experiment are given in Fig. 6.35.

The PCC voltage shown in Fig. 6.35(a) follows the LVRT voltage profile given as a reference in
the collector-VSC of the testing equipment. As shown in Fig. 6.35(b), at 0.5 s when the voltage
is reduced, the wind turbine model injects reactive power. Moreover, the reactive current ît,wq

shown in Fig. 6.35(d) is controlled in 1 pu at the moment of the voltage dip and the active current
is ît,wd

set to 0 pu. As a result, the PCC voltage is boosted by the reactive power injected by
the wind turbine model, reaching a value of 0.4 pu during the deepest of the fault while the
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Fig. 6.35 LVRT test in laboratory setup: Plot (a): Three-phase voltage e(abc); Plot (b): Active power Pw

(blue) and reactive power Qw (green) output of the wind turbine model. Plot (c): Three-phase
current i(abc)

t,w ; Plot (b): Active current ît,wd
(blue) and reactive current ît,wq

(green).

three-phase current i(abc)
t,w is maintained within 1 pu.

The recovery of the voltage start at 1.2 s when the voltage is ramped from 0.3 pu to 1.0 pu.
Observe that the reactive current reference is maintained at 1 pu for all times when the PCC
voltage is below 0.5 pu. For this reason, the reactive power is increasing with the voltage reaching
its maximum of 0.5 pu at 1.35 s. Afterwards, the reactive current ît,wq

is linearly reduced, as
depicted in Fig. 6.35(d), according to the retained voltage at the PCC when this is above 0.5 pu.
As a consequence, the reactive power decreases when the voltage increases towards 1 pu.

At 1.8 s the reactive current is set to 0 pu, meaning that the PCC voltage is recovered from the
fault. After 500 ms, the wind turbine model resumes active power production by removing a
limitation over ît,wd

with a controlled ramp function. Full active power production is achieved at
1.75 s.

In the next experiment, the response of the modelled wind turbine is studied when no LVRT
control strategy is implemented and the power reference is maintained during the complete event.
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Fig. 6.36 LVRT test with constant power in laboratory setup: Plot (a): Three-phase voltage e(abc); Plot
(b): Active power Pw (blue) and reactive power Qw (green) output of the wind turbine model.
Plot (c): Three-phase current i(abc)

t,w ; Plot (b): Active current ît,wd
(blue) and reactive current

ît,wq
(green).

LVRT test by VSC with constant power output from wind turbine model

In this point, the response of a wind turbine that does not have implemented a LVRT control
strategy is studied. For this experiment, the wind turbine is operating with a power reference of
0.6 pu. The voltage is controlled at 1 pu and reduced to 0.6 pu for 1.3 s, followed by a recovery
ramp for 700 ms towards 1 pu. The results of this experiment are given in Fig. 6.36.

The resulting PCC voltage is shown in Fig. 6.36(a). The minimum voltage at the PCC is 0.65 pu
slightly boosted by the capacitor bank Cf . From Fig. 6.36(b) it is possible to observe that the
active power is kept at 0.6 pu during the voltage dip. In order to deliver the generated power
during a voltage reduction, the active current ît,wd

plotted in Fig. 6.36(d) must increase to its
maximum permitted value of 1 pu. The three-phase current i(abc)

t,w is shown Fig. 6.36(c). Observe
that Fig. 6.36(d) there is no reactive current injection, meaning that the reactive power is set at 0
pu during the hole event.
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Finally, at 1.3 s the voltage starts to increase. The active current is decrease accordingly so the
power output Pw is kept constant during the recovery. The voltage reaches 1 pu at 1.2 s. The
active current is set to its pre-fault value of 0.6 pu. The variation of the active current allows that
the active power is kept constant during the whole event. This control feature on wind turbines is
useful when disconnection of the wind turbine is not allowed if a steady-state voltage reduction
is present in the grid.

For further validation of the investigated methodology, field test results of a 4 MW wind turbine
is given in the following section.

6.7 Field test

Finally, field test results of a 4 MW FPC offshore wind turbine is presented. The testing equipment
is an 8 MW back-to-back HVDC station placed in Gothenburg harbour. A picture of the actual
wind turbine is given in Fig. 6.37. The wind turbine is located at the edge of the land in proximity
to the sea. The wind turbine receives offshore wind coming from the northern part of Denmark.
The tests have been performed on the 13th of January 2015.

Fig. 6.37 4 MW FPC “Big Glenn” wind turbine.
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(a) (b)

Fig. 6.38 Back-to-back HVDC Station in Gothenburg. Plot (a): collector-VSC station. Plot (b): coupling
inductor and AC filters.

Two case scenarios has been tested: case 1 corresponds to a voltage fluctuation where the voltage
is reduced from 1 pu to 0.95 pu for 100 ms; case 2 corresponds to a voltage dip of 0.65 pu for 100
ms. Here, only the three-phase voltages and currents at the PCC are sampled. The instantaneous
active and reactive power are calculated afterwards. Technical data of the testing setup is given
in Table 6.3 and the schematic of interconnection of the wind turbine with the test equipment is
shown in Fig. 4.1. The wind turbine is operating at full active power production, and the PCC
voltage is controlled in open-loop, meaning that the voltage variation is applied directly at the
terminals of the collector-VSC.

TABLE 6.3. PARAMETERS OF FIELD TEST SETUP.

Base values 10 kV, 8.0 MVA
Wind turbine rating 0.5 pu
Testing equipment rating 1.0 pu

In Fig. 6.39 is shown the results for the first case scenario. The three-phase PCC voltage is shown
in Fig. 6.39(a). At 0.05 s the voltage is reduced from 1 pu to 0.95 pu and is maintained for 100
ms. At 0.15 s the voltage is brought back to 1 pu with a ramp function. In order to maintain
constant power production during to the reduction in voltage, the wind turbine increases the
magnitude of the current, as depicted in Fig. 6.39(b). Finally, the injected active and reactive
power is given in Fig. 6.39(c). During the voltage variation, the wind turbine maintains its active
power set point, injecting a steady 0.5 pu of active power into the grid. The reactive power is
varied due to the reduction of voltage across the AC branch between the wind turbine and the
testing equipment. In this setup the back-to-back HVDC system includes a filter bank in both
of their converter terminals, therefore, it is expected that a certain amount of reactive power is
varied when the system voltage is reduced.

In the next scenario, the PCC voltage is reduced to 0.65 pu and maintained for 100 ms while
the wind turbine is producing nominal active power. A shown Fig. 6.40(a), the three-phase PCC
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voltage is dropped at 0.05 s. It can be seen from Fig. 6.40(b) that the wind turbine takes 20
ms to increase its output current after detecting the voltage dip. However, the active power is
decreased to 0.25 pu because of the abrupt reduction of the voltage and it is restored to nominal
value once the current has increased, as depicted in Fig. 6.40(c) . At 0.075 s it is possible to
observe a transient in both the current and the voltage. In figure Fig. 6.41 the voltage and current
waveforms are zoomed at the moment of the dip. Observe that the frequency of the resonance is
in proximity to 400 Hz.

In Fig. 5.1 it is shown the reduced model of the test equipment. The capacitor Cf represents the
total capacitance of the filter bank shown in the full model given in Fig. 4.2. By calculating Cf

and the series inductor Lf with the parameters given in Table 4.1, the resonant frequency between
these two objects is also in proximity to 400 Hz. Observe in Fig. 6.41(a) that an extremely sharp
voltage variation of approximately 0.05 [pu/ms] is applied at the PCC at 0.06 s. For this reason,
as discussed in Section 6.2.1, an oscillatory response of the system is expected. Therefore, the
oscillations in the voltage and current shown in Fig. 6.41(a) and Fig. 6.41(b), respectively, can
be explained by a possible interaction between the filter inductance and the capacitive element of
the filter bank of the on-site testing equipment.

The transient lasts for 10 ms and the wind turbine manages to control its current output during
the voltage dip. The wind turbine power is maintained in 0.5 pu in steady-state, while the reactive
power is varied. Finally, in Fig. 6.40(c) it is possible to observe that during the voltage dip the
wind turbine is injecting reactive power into the grid. As seen from the previous experiment, the
reactive power exchange at the terminals of the collector-VSC only due to the filter is 0.1 pu.
The wind turbine injects an additional 0.1 pu of reactive power when detecting the voltage dip at
its terminals. Therefore, a total of 0.2 pu is maintained until the voltage is increased back to 1 pu.
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Fig. 6.39 Wind turbine under voltage dip test, case 1. Plot (a): three-phase voltage; Plot (b): three-phase
current; Plot (c): active (blue) and reactive (green) power.
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Fig. 6.40 Wind turbine under voltage dip test, case 2. Plot (a): three-phase voltage; Plot (b): three-phase
current; Plot (c): active (blue) and reactive (green) power.
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Fig. 6.41 Transient response of the test equipment. Plot (a): zoom in the three-phase voltage; Plot (b):
zoom in the three-phase current.

As expected, the average value of the reactive power after the dip is 0.1 pu.

6.8 Conclusions

In this chapter, the investigated grid code testing methodology has been validated through
time-domain simulations. Here, three different topologies for PCC voltage control have been
compared. On one side, the open loop control shows to be a simple and robust way of controlling

102



6.8. Conclusions

the PCC voltage by means of controlling directly the terminal voltage of the collector VSC. In
order to avoid an undesired oscillatory response of the system, an appropriate ramp-rate must be
selected when varying the converter voltage. On the other side, the PI-based close loop controller
seems to effectively control the PCC voltage while taking care of the filter losses and at the
same time controlling the current that flows between the collector converter and the PCC, thus,
preventing an oscillatory response of the system. Moreover, focused on the dynamics of both
wind turbine and testing equipment during the test, an analysis of the performance of the overall
system has been given. The open-loop and P-based and PI-based close-loop controllers have
been verified through simulation and a control algorithm to emulate different grid scenarios has
been devised and also verified by simulations. The use of PI-based controller gives a smooth
response when controlling the PCC voltage, while the open-loop control is more simple and easy
to implement, especially when testing for unbalanced voltage dips.

For this reason, the use of open-loop controller has been validated through laboratory experiment.
The laboratory result also validates the derived current control, DC voltage control and LVRT
control strategy of the modelled wind turbine. Moreover, the open-loop controller is found to be
robust in controlling the voltage across the AC-link. If special attention is paid to the selection
of ramp-rates when controlling the voltage in open-loop, the PCC voltage can be controlled
smoothly without undesired transients, as shown in the laboratory results. Finally, field test results
of a 4 MW wind turbine and 8 MW testing equipment has been included, providing invaluable
experience on using VSC-based testing equipment for LVRT test of wind turbines. Here, the
open-loop control has been implemented and a fast variation in voltage has been applied at the
PCC, resulting in an oscillatory response of the system.
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Chapter 7

Conclusions and future work

7.1 Conclusions

This thesis has dealt with the use of VSC as a test equipment for grid code testing of wind
turbines. In particular, the main focus of the thesis has been on LVRT studies by using a back-to-
back VSC as testing device and on the ability of the test equipment in representing a grid with
different levels of stiffness.

In order to introduce the wind energy scenario and to give relevance on the issue of testing of
wind turbine, the trending of wind park installations has been described in Chapter 2. As wind
energy is an inexhaustible source of renewable energy, more and more onshore and offshore
wind parks are being installed every day. As a result, the reliability of the electricity grid is
increasingly becoming dependent on how well wind turbines are prepared to withstand grid
disturbances and in their grid support capabilities. Currently, the testing of wind turbine using
impedance-based testing equipment, described in Chapter 3, is limited only to voltage dips and
swells. Consequently, other kind of grid conditions remain unverified. For this reason, a new
approach of wind turbine testing using VSC-based testing device has been investigated in this
thesis.

The electrical modelling of the wind turbine model and of the testing equipment has been
presented in Chapter 4. The approach has been to focus on representing the electromagnetic
transient dynamic of the testing setup during only voltage disturbances. Therefore, other dynamic
behavior of large time constant such as mechanical oscillation were not covered in this thesis.
For this reason, only the electrical system of the wind turbine model together with the testing
equipment have been considered for simulation and for implementation in the laboratory setup.

Two operating points of the wind turbine have been selected for the stability analysis given in
Chapter 5. With focus on the structure of the PCC voltage control of the testing equipment,
the stability analysis shows that the minimum order is achieved when the open-loop control is
implemented. However, this does not necessarily mean that the system becomes more stable. In
fact, simulation and field test results demonstrate that poorly-damped resonances can be easily
experienced when testing for voltage dips using open-loop control in test equipment, producing
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undesired stress over the power electronic component of the VSC and filters of both the testing
device and wind turbine. Close-loop controller, in particular the PI-based controller, increases
the order of the system while keeping the dominant poles well-damped. It is also more robust
against variations in the bandwidth of the test object.

The dynamic performance of each controller has been discussed in Section 6.2.2. The transients
in the AC-system are reduced when the current and the voltage are controlled in close-loop.
Similar performance can be achieved with open-loop controller, if special attention on the
selection of the ramp-rate when varying the converter voltage is given. Open-loop control is
easy to implement, especially when performing unbalanced voltage dip over on the test object.
However, better transient response is achieved when PI-based close-loop controller is used.

Furthermore, the impact of parameters unrelated to the test equipment such as bandwidth of
the DC voltage control in the wind turbine (placed in the grid-side converter of an FPC wind
turbine) or interface impedance between tested object and testing equipment impact the location
of the system poles. The investigated close-loop controller of the PCC voltage is found to be
more robust against variations of the system parameters. In Chapter 5 it has been demonstrated
that the system is stable if these parameters are kept within a certain range. As demonstrated in
Chapter 6, the testing equipment is a flexible device that can reproduce a wider variety of voltage
profile at the terminals of the tested object. In addition, the close-loop controller provides better
damping to the high order transients found when testing for LVRT. Moreover, since the testing
equipment is constituted by two VSC in back-to-back configuration, the impact of the testing is
constrained between the tested object and the collector-VSC. For this reason, the AC grid is not
affected during the test, except for variations in active power provoked by the tested unit. The
wind turbine model presented in this thesis has been also verified by simulations, and the current
control strategy during LVRT has been validated by laboratory experiment.

Finally, as described in Section 6.7, experimental verification has been carried out on an actual
4 MW FPC wind turbine using a 8 MW 2-level back-to-back VSC system. This provides an
experimental validation of the proposed grid code testing methodology, particularly in the case
when open-loop controller is used. As expected, an oscillatory response of the system has been
observed. The next step on grid code testing by VSC is discussed in the following section.

7.2 Future work

In this thesis, the LVRT test by using VSC has been discussed. The investigated setup has been
simplified with focus on the modelling of the electrical system only. This makes the overall
analysis easy to conduct. The simplifications adopted in this thesis has been first: to exclude the
dynamics of the mechanical system of the wind turbine model, and second, to focus only on the
AC link between the wind turbine and the testing equipment for the stability analysis. A next step
in this work is then to include the mechanical system of the wind turbine. A two-mass model
could be sufficient to represent the impact of the mechanic system into the transferred power
between generator and grid. In addition, wind turbine generators with power greater than 4 MW
can posses a double winding in the stator [6], meaning that the so called full size converter can
be constituted by two set of half-size back-to-back VSC in parallel, before reaching, for instance,
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a three-winding step-up transformer at the output of the wind turbine. The introduction of these
sub-systems can lead to a different result in the LVRT test of the simulated setup. Thus, further
experimental verification is needed to assess the evaluation of the grid code testing methodology
investigated in this Thesis.

With focus on the test equipment, the use of VSC-based testing equipment brings more pos-
sibilities of tests that can be performed. As explained in Section 3.6.3, in order to investigate
the frequency response of the electromechanical system that constitute a drive train, frequency
characterization of wind turbines can be performed by introducing asynchronous frequency
content into the applied voltage while observing the equivalent admittance at the PCC. In order
to conduct these experiments, a simple open-loop PCC voltage control can be useful. This
information is of importance, especially when interconnecting a wind power plant with the grid
through VSC-HVDC systems. The next step on this analysis would be to investigate if the use of
close-loop controller at the collector-VSC can increase the damping of the possible resonances
found in the tested wind turbine.

Weak grid simulation by VSC can be used for testing voltage control capabilities on wind
turbines. Similarly, further analysis on frequency support capability of wind turbines can be
carried out by performing a test where the frequency applied at the PCC is varied. In the same
way, a proper emulation strategy of the synchronous generator including its poor mechanical
damping can be implemented in the PCC voltage control of the VSC. Here, power oscillation
damping capability of wind turbines can also be tested.
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Appendix A

Transformations for Three-phase Systems

This appendix reports necessary transformations to calculate voltage vectors from three-phase
quantities and vice versa. Expressions of the voltage vector both in the fixed and rotating reference
frames are given in the general case of unsymmetrical three-phase quantities.

A.1 Transformation of three-phase quantities into vectors

A three-phase positive system constituted by the three quantities v1(t), v2(t) and v3(t) can be
transformed into a vector in a complex reference frame, usually called αβ-frame, by applying
the transformation defined by

v(t) = vα + jvβ = K
[
v1(t) + v2e

j 2
3
π(t) + v3e

j 4
3
π(t)

]
(A.1)

where the factor K is equal to
√

3/2 or 3/2 to ensure power invariance or voltage invariance,
respectively, between the two systems. Equation (A.1) can be expressed as a matrix equation as
follows [

vα(t)
vβ(t)

]
= C23



v1(t)
v2(t)
v3(t)


 (A.2)

where, using power-invariant transformation, the matrix C23 is equal to

C23 =




√
2

3

−1√
6

−1√
6

0
1√
2

−1√
2


 (A.3)

The inverse transformation, assuming no zero-sequence, is given by


v1(t)
v2(t)
v3(t)


 = C32

[
vα(t)
vβ(t)

]
(A.4)
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where

C32 =




√
2

3
0

−1√
6

1√
2

−1√
6

−1√
2




(A.5)

A.2 Transformation between fixed and rotating coordinate
systems

Let the vectors v(t) and u(t) rotate in the αβ-frame with the angular frequency ω(t) in the
positive (counter-clockwise) direction. If the vector u(t) is taken as the d-axis of a dq-frame that
rotates in the same direction with the same angular frequency ω(t), both vectors will appear
as fixed vectors in that frame. The components of v(t) in the dq-frame are thus given by the
projections of the vector on the direction of u(t) and on the orthogonal direction, as illustrated in
Fig.A.1.

The transformation can be written in vector form as

v(dq)(t) = v(αβ)(t)e−jθ(t) (A.6)

with the angle θ(t) in Fig.A.1 given by

θ(t) = θ0 +

t∫

0

ω(τ)dτ (A.7)

The inverse transformation, from the rotating dq-frame to the fixed αβ-frame is defined by

v(αβ)(t) = v(dq)(t)ejθ(t) (A.8)

Fig. A.1 Relation between αβ-frame and dq-frame.
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The components in the dq-frame can be determined from Fig.A.1. In matrix form, the transfor-
mation from the fixed αβ-frame to the dq-frame can be written as

[
vd(t)
vq(t)

]
= R(−θ(t))

[
vα(t)
vβ(t)

]
(A.9)

while the inverse is given by
[
vα(t)
vβ(t)

]
= R(θ(t))

[
vd(t)
vq(t)

]
(A.10)

where the projection matrix is

R(θ(t)) =

[
cos(θ(t)) −sin(θ(t))
sin(θ(t)) cos(θ(t))

]
(A.11)

A.3 Voltage vectors for unsymmetrical three-phase systems

The phase voltages for a three-phase system can be written as

ea(t) = êa(t)cos [ω(t)− ϕa] (A.12)

eb(t) = êb(t)cos
[
ω(t)− 2

3
π − ϕb

]
(A.13)

ec(t) = êc(t)cos
[
ω(t)− 4

3
π − ϕc

]
(A.14)

where êa(t) and ϕa are the amplitude and the phase angle of the phase voltage ea(t), while ω is
the angular frequency of the system.

If the voltage amplitude of the three phases are unequal, the resulting voltage vector u(αβ)(t) in
the fixed αβ-coordinate system can be expressed as the sum of two vectors rotating in opposite
directions and interpreted as positive- and negative-sequence component vectors

u(αβ)(t) = Epe
j(ωt+ϕp) + Ene

−j(ωt+ϕn) (A.15)

where Ep and En are the amplitudes of the positive and negative voltage vectors, respectively,
and the corresponding phase angles are denoted by ϕp and ϕn.

When transforming the voltage vector u(αβ) from the fixed αβ-plane to the rotating dq-coordinate
system, two rotating frames can be used, accordingly. These two frames are called positive
and negative synchronous reference frames (SRFs) and are denoted as dqp- and dqn-plane:
the positive SRF rotates counterclockwise with the angular frequency, while the negative SRF
rotates clockwise with the same frequency. These two frames can be defined by the following
transformations

u(dqp)(t) = e−jθ(t)u(αβ)(t) (A.16)

u(dqn)(t) = ejθ(t)u(αβ)(t) (A.17)
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From the latter, it is straightforward to understand that a positive-sequence component corre-
sponds to a DC-component (zero frequency) in the positive SRF, while a negative-sequence
component corresponds to a vector that rotates with 100 Hz clockwise in the positive SRF

u(dqp)
n (t) = e−jθ(t)e−jθ(t)u(dqn)(t) = ej2θ(t)u(dqn)(t) (A.18)

An analogous relation can be derived for a positive-sequence component in the negative SRF.
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