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Abstract

During previous centuries, humanity had relied on fossil fuels to generate the demanded energy. Nowa-
days, the extensive use of oil, gas and coal for energy production is becoming a major problem which
concerns modern society. Global warming and climate change are the biggest challenges the scientific
community has faced. The main factor which causes those problems is the high dependence on fossil
fuels. Moreover, those resources are naturally limited and will extinct in time.

For all those reasons, during the last decades, there is intense research on finding ways to produce
the needed energy in a sustainable fashion. Renewable Energy Sources have a minimal impact on
the environment compared to traditional energy sources. Those resources can effectively tackle the
problems which arise with fossil fuel usage.

Among all the Renewable Energy Sources, wind energy is the most promising and becomes one of
the mainstream power sources in many countries around the world. This happens because wind energy
conversions systems have reached a mature stage for wide-scale integration. Type 3 Wind Turbines
are those who hold the most significant market share due to their cost-effectiveness and flexibility.

Synchronous Generators, which are dominant in the existing power grid, have the inherent feature
to relate system’s frequency with load balance due to their characteristics. The most considerable
disadvantage of the Renewable Energy Sources and specifically wind energy is that they do not provide
that feature since they are inverter-based and lack of inertia. Thus, when their penetration is increased,
the system’s stability and reliability are endangered. Moreover, during the past years, Renewable Energy
Sources were rewarded only for providing Active Power to the grid; thus, they did not participate in
voltage regulation. This situation can risk the voltage stability of the system with high renewable
penetration.

Current research confronts those problems, by proposing control systems which operate the wind
turbine in lower power output than its optimal. By this, a power reserve is kept to be utilized during
disturbances. This type of operation is sub-optimal for all the stakeholders (system and wind turbine
operators). Regarding voltage support, the existing control systems, for Type 3 wind turbines are not
capable of dynamically allocate the reactive power injection between its components. This can overload
and damage the power electronic components which are very sensitive to that kind of disturbances.
Another drawback of all the previously mentioned controls is that they cannot provide a complete
solution since they only act against one disturbance.

To overcome those problems, the presented thesis proposes an enhanced topology for the Type 3
Wind Turbine, by adding an Energy Storage System at the DC Link of its the ”Back to Back” converter
topology. This storage is controlled with the help of a Bi-Directional DC-DC converter which allows
storage charge and discharge to the grid. With this feature, the proposed system can mitigate frequency
deviations and store energy, when it is possible, to be used in future disturbances. Moreover, since the
extra power is provided from the storage, the wind turbine is capable of operating in its optimal point.
Furthermore, appropriate control of the DC-DC converter, which allows the Energy Storage System to
support the grid’s frequency is suggested.

Moreover, regarding voltage support, the existing Type 3 Wind Turbine controls were expanded to
take into consideration system loading when providing reactive power to the grid. With that way, it is
ensured that support is provided from the appropriate piece of equipment without any damage risks.
Both frequency and voltage controllers are integrated under one controller which is capable of offering
both ancillary services.

In order to identify the proposed system’s impact on a power grid, the Type 3 Wind Turbine model
with its respective controllers is modelled with the help of RSCAD. This model was developed in small-
time step, which makes it qualified for Hardware-in-the-Loop simulations. Real time simulations were
conducted with the help of Real-Time Digital Simulator (RTDS) platform to investigate the performance
of the previously mentioned control systems for different power system disturbances under different
scenarios. The results prove that the proposed topology and control strategies can effectively provide
ancillary services to the grid and secure its normal operation.
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1
Introduction

This chapter presents an extensive introduction about the subject and the content of the presented
thesis.

First of all, the necessary background about renewable energy and specifically wind energy is shown.
Afterwards, the motivation for the research is presented, and the problem that this thesis solves is
defined.

Moreover, the research questions and the objectives of the presented thesis are demonstrated.
Finally, the approach chosen in order to answer the research questions and fulfil the objectives is

demonstrated, and a summary of each following chapter is presented.

1.1. Background
Nowadays, global warming is becoming a concerning issue for the international community. As it is
known, 𝐶𝑂ኼ emissions are responsible for a high rate of greenhouse gases, one of the main global
warming causes. In order to limit this effect, many countries have decided to restrict their emissions
in a significant percentage. A drastic measure to deteriorate global warming is the de-carbonization of
the energy sector, which is responsible for an important part of the emissions mentioned above [1].
It is clear that fossil fuels are widely used for electric generation, as shown in Figure 1.1. Thus it is
critical to limit this rate to reduce electric generation 𝐶𝑂ኼ footprint.

Figure 1.1: Global Energy Consumption mix [2].

To this end, traditional fossil-fuel generators are gradually decommissioned, and Renewable Energy
Sources (RES) take their place. Energy is considered as renewable when it can be replenished in a
natural way. Examples of renewable energy are geothermal heat, sunlight, wind and tides. Since
renewable energy is ”infinite” and produces low amounts of greenhouse gases, it is considered a
feasible solution to mitigate the aforementioned global warming problems [3].

1
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Wind Energy becomes one of the most popular power sources among others RES [4]. In fact, Wind
Energy is the most used RES (excluding hydro), with its capacity, rapidly increasing globally during the
last decades. This happens due to the fact that its energy is ”green” and has high reserve. Also, it has
almost zero carbon footprint and does not contribute greenhouse emissions [3]. The share between
the different RES depicted in Figure 1.2, makes clear that Wind Energy occupies more than half of the
RES capacity worldwide.

Figure 1.2: Capacity Share of different RES (excluding hydro) [3].

1.2. Motivation
By the aforementioned information, it is clear that renewable sources and especially wind energy is
going to hold a key role in the future of power generation. This leads to the need of researching the
impact that this penetration is going to have to the existing utility grid and finding ways to make the
transition to a RES-based generation system feasible by ensuring grid’s stability.

The most important parameters of the grid that define its stability are frequency and voltage,
which have to be maintained into specific limits that are defined by each country’s grid code. The
de-carbonization of the electric energy by increasing renewable penetration can endanger this stability
if it is not done in a proper fashion. The substitution of traditional Synchronous Generators (SGs) with
power electronic interfaced RES drives to several problems that need to be addressed for a smooth
and secure transition.

As it is known, Synchronous Generators, due to their mechanical and electrical characteristics,
inherently associate load balance at the power system with frequency. This assumption is not valid
for RES which, as mentioned before, are interfaced with the existing utility grid with power electronic
devices. This means that RES generators and specifically wind turbines (WTs), which are the subject
of the current thesis, cannot inherently support the grid’s frequency. This situation, in a future scenario
with high wind penetration, is going to make frequency volatile. Except for frequency, rate of change
of frequency (RoCoF) is another important index that needs to be taken into responsibility. During
the previous years, when generation was provided mostly by SGs with inherent inertia, RoCoF had
minor significance, since the inertia as mentioned above inherently limited this rate of change when
power imbalance occurred. Although, in a future system with high RES penetration, due to decreased
system’s inertia, RoCoF values will increase, which endangers the stable operation of the system.
Synchronous Generators, due to their inherent mechanical limitations are stressed from high RoCoF
values and protection devices can be triggered if high RoCoF happens [5]. It can be perceived that
all those reasons become a major drawback when it comes to high levels of RES penetration to the
existing grid.

Regarding Voltage stability, Synchronous Generators, which in the existing system are responsible
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for providing power to the grid, are equipped with control systems that modify their excitation in order
to match their output voltage to the desired one. Those systems are widely known as Automatic
Voltage Regulators (AVR). During the past years, most RES power generation units such as WTs, were
operated under Unity Power Factor (UPF). This means that they did not provide reactive power to the
grid since active power production is the one that was rewarded by the Transmission System Operators
(TSOs). As the level of RES penetration increases, more and more TSOs are going to require from WTs
operators to be capable of providing reactive power support to the grid, to ensure stable operation [6].

1.3. Problem Definition
It is comprehensible, from section 1.2 that nowadays, SGs are responsible for regulating grid’s fre-
quency and voltage. The operations needed, beyond generation and transmission, in order to main-
tain grid stability and security are widely known as Ancillary Services. As mentioned in section 1.2,
traditionally, RES did not provide the grid’s voltage and frequency stabilization ancillary services to the
grid. Although this is not going to be the case in the future power grid, where RES will be dominant.

Currently there are different proposals in literature regarding inertial response and primary fre-
quency control [7, 8, 9, 10, 11, 12, 13]. The drawback of all those techniques that are used in order to
provide frequency support to the grid, is that they operate WT in a lower point than their maximum;
thus power generation is not optimal. This is not efficient for any of the stakeholders, neither for Wind
Farm (WF) operators, who are rewarded by the active power injected to the grid nor for the TSO, since
during steady state there is a percentage of ”clean” renewable energy that not utilized.

Like frequency, there are also different control strategies in literature regarding WT participation in
grid’s voltage regulation [6, 14, 15]. The drawback of all those control strategies is that they focus on
providing reactive power from a specific WT component, regardless the operational scenario (sub and
super-synchronous operation). This may lead to power electronic converter limit overload which can
damage the equipment.

Finally, all the aforementioned controllers act separately and manage to cure only one disturbance,
frequency or voltage respectively. In a real system those disturbances may happen simultaneously.
This means that those controllers are not able to guarantee the stable operation of the grid.

1.4. Thesis Objectives
The main objective of this thesis is to provide an integrated controller which enables Type-3 (Doubly-
Fed Induction Generators or DFIG) Wind Turbines to provide frequency and voltage support to the
utility grid. Moreover, an enhanced topology is examined, which allows more efficient exploitation of
WT by always operating it at its maximum power point, in order to tackle all of the problems mentioned
at section 1.3.

To this end, an Energy Storage System (ESS) is implemented at the DC Link of the ”Back-to-Back”
converter configuration of the DFIG. In order to make it fully controllable and capable of providing
its power in order to support the grid’s frequency, a DC-DC converter is used as an interface. This
converter is Bi-Directional, allowing ESS to inject and also absorb power from the grid when needed.
This ESS combined with the DC-DC converter will be capable of providing frequency support when a
disturbance is detected.

Moreover, an efficient control strategy is proposed to provide reactive power in a secure manner, to
avoid overloading situations and protect the DFIG and its power electronic converter circuits.

Since DFIG utilizes Voltage Source Converters (VSC) it is capable to separately control its active
and reactive power output. This feature makes it is possible to combine the aforementioned control
systems in order to provide support for both frequency and voltage disturbances.
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1.5. Research Questions
Since the thesis objectives were defined, it is possible to define the research questions, that thesis is
called to answer. Those questions are summarized below:

• How the performance of the proposed DFIG combined with ESS configuration is as-
sessed, regarding its frequency and voltage support capabilities?
Is the proposed system capable of supporting the system, or a disturbance such as a load change
or a generation loss will make the system unstable, which leads to collapse?
TSOs require from their power generating units to change their active power output in response
to a change in system frequency, in such a way that it assists with the recovery to target fre-
quency. The pattern, which the active power has to follow in response to a frequency disturbance
is defined in TSO’s Grid Code regarding its Requirements for Generators (RfG). Is the proposed
system capable of following that pattern to comply with the TSO’s RfG? This validation is very
important, since TSOs allow grid connection to those generating units which are able to comply
with those requirements.
Regarding voltage stability, TSOs define a specific range, where the system shall be operated. Is
the proposed system capable of maintaining the voltage between those voltage levels for a safe
steady-state operation?

• What is the performance of the proposed system for different penetration scenarios?
It is mentioned in section 1.2, that increasing RES penetration at a power system, makes it more
vulnerable to disturbance events and volatile. Does this also happen with the proposed system
and control scheme? In order to identify the performance, comparisons of different system
indices, like Rate of Change of Frequency RoCoF, Voltage and Frequency nadir and settling time,
between different penetration scenarios are going to be examined. The performance of the
system is going to be considered satisfactory since it has similar or enhanced behaviour compared
to the system when it is operating only with SGs.

• How robust is the proposed control scheme, by means of its ability to handle distur-
bances in power system?
Is the proposed system able to mitigate disturbances in the power system, such as load changes
or loss of generation by providing the necessary active or reactive power to maintain the system
stable? How is the system affected by measurement delays that occur in the control system?
What is the influence of the controller gains? Are the controller saturation limit decided in a
way that ensures system stability? The proposed system is going to be considered as robust
since it can successfully handle the aforementioned disturbances and modify its active and re-
active output in an appropriate fashion, which contributes towards grid’s voltage and frequency
stabilization.

1.6. Methodology
In order to be capable of assessing the impact of a Type-3 WT proposed topology in a power system,
a detailed model has to be developed. The software is used for this modelling is RSCAD. Moreover, in
order to make the model capable of being used for Hardware-in-the-Loop (HIL) simulations, the DFIG
model and its power electronic converter configuration is going to be modelled in ”Small Time-Step”.
This is a feature provided by RSCAD, in order to use the model for that kind of simulations with the
help of RTDS hardware.

There is an available DFIG model, with its respective converters. For the sake of this thesis, that
model has to be expanded and an ESS has to be connected with the DC Link of the ”Back-to-Back”
converter configuration via a Bi-Directional DC-DC converter, which needs to be built as a ”Small Time-
step” model by using the appropriate components.

Finally, the control systems which enable the proposed DFIG topology to provide frequency and
voltage ancillary services to the grid have to be implemented, with the help of RSCAD software.
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1.7. Thesis Contribution
The key contributions of the presented thesis can be summarized at the following list :

• Design and implementation of a Type-3 (DFIG) WT ”Small Time-step” model in RSCAD, equipped
with an ESS connected to the DC Link of the ”Back-to-Back” AC/DC/AC Converters. For this ESS
integration, a Bi-Directional DC-DC Converter is going to be modelled and implemented. This
model will be suitable for Hardware-in-the-Loop (HIL) simulations in RTDS hardware.

• Control system development and integration for the Bi-Directional DC-DC Converter, while ex-
panding the existing controllers of the AC/DC/AC converter configuration in order to make them
capable of providing ancillary services to the grid.

• Implementation and studies of the proposed DFIG WT with ESS system at a benchmark system
for different operational scenarios (like those mentioned at subsection 1.5).

• Comparison and assessment of the system’s performance for different operational scenarios.

1.8. Thesis Outline
A summary for each of the next chapters of the presented thesis is presented below:

• Chapter 2: A lower level description of RES and its importance for the future power grid is
going to be presented. Since Wind Energy is the subject of this thesis, a review of history and
contemporary developments and an explanation of different Wind Farm (WF) applications are
shown. After that, the different types of WTs are shown, and their operation is explained. Finally,
a literature review of ancillary services and state-of-the-art control strategies that Type-3 WTs are
equipped with, in order to provide those ancillary services are discussed, both for frequency and
voltage support.

• Chapter 3: In this chapter, mathematical modeling of all the Type-3 WT components is presented.
Especially, the system is broken down into simpler components, and their respective mathematical
modelling is demonstrated. Moreover, the basic control of DFIG is shown and explained.

• Chapter 4: In this chapter, the proposed topology for the DFIG equipped with an ESS and the
respective control systems of the Grid Side Converter (GSC), Rotor Side Converter (RSC) and
the Bi-Directional DC-DC Converter which is utilized to control the power injection from ESS
to the DC Link of the ”Back-to-Back” converter configuration, such as the opposite direction is
demonstrated. The integrated proposed control system is capable of mitigating both frequency
and voltage disturbances to the grid, with appropriate modification of active and reactive power
output.

• Chapter 5: In this chapter, an extensive presentation of simulation results is presented. This
includes results for frequency, voltage and combined disturbances, in order to identify the ability
of the proposed system and control scheme to mitigate those disturbance events. Results are
demonstrated for various scenarios, like different penetration levels, different proportion of WT
equipped with ESS and others, mentioned in subsection 1.5 of this chapter. The results are
compared, and a brief analysis is provided

• Chapter 6: In this chapter, the results demonstrated in Chapter 5 are furtherly explained, and the
performance of the proposed system is evaluated for all different scenarios. The conclusions are
demonstrated, and the research questions are thoroughly answered. Finally, the contribution of
this thesis is highlighted.





2
Theoretical Background

In this chapter, a review of renewable energy sources and their necessity for the sustainable power
system of the future is going to be discussed. Furthermore, a theoretical analysis of wind energy and
its conversion to electric power, which is utilized to the grid will be conducted, by also referring to the
State-of-the-Art existing technologies. Finally, there will be a description and explanation of ancillary
services, the way they maintain system’s stable and secure operation is presented and the reason why
those services are affected by increased RES penetration changes.

2.1. Importance of Renewable Energy
Nowadays, there is an increasing demand for energy as a consequence of the economic development
and growth of the last decades [16]. This increase also applies to electric energy.

Currently, most of the electric power demand is covered by fossil fuels. This leads to 𝐶𝑂ኼ emissions,
which have many side-effects and drawbacks, such as global warming and material emission, which
are a hazard for living creatures. Another serious disadvantage of fossil fuels is the fact that they are
limited in nature and will diminish in time. The remaining reserves that still exist are in places that is
either dangerous or also expensive to look for (i.e. ocean floor) [17] .

Extracting electric power from nuclear plants, which is an alternative, also includes great health,
environmental and safety risks. As seen from previous accidents at nuclear plants, a failure in such a
plant, which may be caused from a human error or an equipment malfunction, may lead to tremendous
disasters for humans and environment, not only after the accident but also in a long term due to the
contamination [17].

By the information mentioned above, it is easy to understand why renewable energy sources seem
such an appealing and sustainable option for modern societies. First of all, their operation has a minimal
footprint on the areas where they are installed, in contrast to the conventional power generation units.
Furthermore, the research on renewables and the improvement of infrastructures will lead to a more
cost-effective from an economic and environmental perspective, energy. At this moment, European
energy policies promote RES, since they can cover electric energy demand. This potential of RES,
allow European Union members to strengthen their energy sector in a ”green” and sustainable fashion
and simultaneously reduce their fossil fuel needs, and as a consequence their dependence from the
countries which export them. At this moment, half of the energy consumption is covered with imported
fossil fuels, which makes Europe very energy-dependent and insufficient [17].

From what has referred above, it is clear that are able to increase the energy supply, making
European countries more independent of fossil fuels. With RES, it is possible to tackle many problems
introduced by fossil fuels, such as their price volatility and securing the energy supply. It also has to be
stated that, with the proper utilization of RES, the funding of importing conventional energy sources
can be reduced significantly, and the difference can be invested in other sectors.

Finally, RES are also capable of allowing governments to reduce 𝐶𝑂ኼ emissions in order to protect
the environment and living creatures. During the last years, there is an emerging trend by European
Union countries to reduce greenhouse gases. Their target is, to reduce the aforementioned emissions
by 80-95% below 1990 levels, by 2050. Also, as a short-term target, by 2020, EU countries desire to

7
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reduce their emissions by 20% below 1990 levels as a part of the European 2020 strategy, in addition
to the Kyoto Protocol agreement.

Carbon dioxide is released mainly due to the fossil fuels that are used for electricity and heat
generation, which highly contributes to global warming [17]. The effects of global warming can lead to
disastrous consequences for human and environment. To this end, RES which are ”green” sources of
energy and more Eco-friendly than the conventional sources, are able to help towards the minimization
of 𝐶𝑂ኼ emissions. In comparison with the conventional power plants, RES have a minimum footprint,
which is small and localized. Moreover, they can help towards the development of rural areas without
electricity in developing countries, by providing cheap and reliable electrification.

2.2. Wind Energy
As seen from section 2.1, renewable energy is going to play an important role during the next years
for sustainable economic growth. Among these many renewable resources, wind power is one that
offers a mature technique, as well as promising commercial prospects, and is now generally applied in
large-scale electricity generation.

2.2.1. Wind Energy History and Development
There are many renewable resources, as previously mentioned, such as solar, tidal, etc. but the wind
seems to be the one that is more capable of being applied in a large scale [16]. Extracting power
from wind is not a new concept. Societies use wind power for more than 3000 years, and during
the last century, humans start to exploit wind energy in order to produce electric power. In Ancient
Egypt, windmills were used for water pumping, as well as Chinese farm workers were exploiting wind
energy to drain rice fields. At 1887, windmills started to be used for electricity generation [18]. The
first horizontal wind turbine was prototyped in 1941 in the US in order to electrify isolated rural areas.
Despite that, the following years there was any development, due to oil low, competitive prices [16]. It
is noted during the years, that the development of wind power was highly dependent on oil and other
fossil fuel cost. After the oil crisis, wind power usage experienced a huge development, and this trend
exists until today.

2.2.2. Wind Energy Nowadays
During the last decade, wind energy is used by many countries as an electric power source, as a result
of the 𝐶𝑂ኼ emission targets that were referred at section 2.1. In Figure 2.1, the wind power capacity
development during the last decade is depicted. Nowadays, wind power is calculated as 55% of the

Figure 2.1: Cumulative Wind Power capacity during the last decade [19].
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renewable capacity globally, excluding hydro. Wind power covered 3.7% of the global electric power
demand during 2015. Especially in Europe, many countries have a high penetration of wind power (i.e.
Denmark, Germany, Portugal). Furthermore, it has to be noted that Denmark’s power generation from
wind quite often exceeds the consumption of the country [19].

This development would be impossible without the evolution of wind turbines. During the previous
decades, wind turbine size and power rating have increased as can be seen in Figure 2.2.

Figure 2.2: Development of WT during the years [19].

It can be noticed by Figure 2.2, that the development of wind turbines, is highly related to the
evolution of power electronic devices during these years, which allowed higher power levels and con-
trollability of wind turbines. Nowadays, main WT manufacturers, build their wind turbines in the power
range of 4-6 MW and there is an effort to push this range in a higher level, due to the need of electric
energy cost reduction.

It is widely known that there are two types of Wind Farm (WF) installations:

Onshore Wind Farms
Onshore wind farms are those farms which lay on the land. Most of the wind farms nowadays belong to
this type of wind farms. United States own currently, the largest part of onshore wind farms, in terms of
capacity with China coming after. Although Europe has a large number of onshore wind farms, none of
them is large enough as a unit, to be compared with the aforementioned infrastructures. Onshore WFs
main advantage is that they can be deployed easier than an offshore WF and their connection with the
grid is easier to establish. On the other hand, the main disadvantages of the onshore installations are
that there is a visual impact on the natural landscape, some animal species like birds may be affected
by the rotating blades, and finally, it has been reported that wind turbines contribute to noise pollution
[19].

Offshore Wind Farms.
During the last years, there is an emerging trend towards offshore wind farms. This is happening due
to the scarcity of available space to install onshore wind farms. As expected, this fact led to extensive
research and development of offshore farms, in order to be able to provide power in a secure and
consistent manner.

The main advantage of offshore wind farms, is those wind characteristics are better offshore since
usually, it is blowing faster and stronger, which means the potential of higher power generation. Fur-
thermore, since they are installed far away from land, their noise can be ignored, and human life is not
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affected by their visual impact [16]. On the other hand, their connection with the main utility grid is
harder and needs sophisticated equipment, which makes them a more expensive choice.

The increase of offshore wind penetration in Europe can be identified by the following graph shown
in Figure 2.3, which depicts the ratio of onshore and offshore wind farm installation. It is clear that
during the last years, offshore installations are increasing more rapidly. This fact shows a clear trend
toward this kind of infrastructure.

Figure 2.3: Cumulative onshore and offshore Wind installations in Europe [20].

2.2.3. Wind Turbine Types
Wind Turbines (WTs) are those devices, which enable the conversion of wind energy into mechanical
energy and finally into electricity. The main parts of a general Wind Turbine are enlisted below [19]:

• A rotor equipped with turbine blades to convert wind energy to mechanical.

• A gearbox (which can be eliminated in fixed-speed wind turbine solutions).

• An electrical generator which converts mechanical power to electrical.

• One (at least) power electronics topology (either converter or soft-starter for fixed-speed wind
turbines).

• A transformer to interface the Wind Turbine with the main utility grid.

The process of the wind to electrical power conversion is depicted in Figure 2.4.

Figure 2.4: Power conversion process in a Wind Turbine System [19].
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Despite their common characteristics, wind turbines can be classified into different types, regarding
their:

• Type of Generator (Synchronous or Induction Generator)

• Speed Controllability

• Approach to limit aerodynamic power.

This categorization leads to the following main types of Wind Turbines.

Type 1 - Fixed Speed Wind Turbine:
Type 1 WT, is a fixed speed controlled wind turbine, equipped with a squirrel cage induction machine,

which is interfaced directly to the grid with the help of a transformer. Moreover, a capacitor bank is
applied in this configuration in order to compensate for them, which is drawn from the generator.
Furthermore, to achieve a smoother connection with the main utility grid, this wind turbine type also
includes a soft-starter. The aforementioned topology is depicted in Figure 2.5.

Figure 2.5: Type-1 Wind Turbine Topology [19].

With this type of wind turbine, electric power is dictated from the wind and cannot be controlled.
This means that a fluctuation in wind speed will cause a respective fluctuation at the generated electric
power. This can cause voltage and frequency deviations at the point of common coupling if the grid is
not strong enough to tackle these deviations. Consequently, this kind of WTs is used only in small-scale
applications because they do not support any speed control and require a strong grid to connect with.
Besides that, their design has to consider high wind speeds, which will be caused by gusts or storms
[19].

Type 2 - Variable Speed Wind Turbine with variable rotor resistance:
Type 2 WT, is a limited variable speed controlled turbine, equipped with a wound rotor induction

generator. Like Type 1 WT, it is also directly connected with the main utility grid, but the rotor winding
of its generator is connected with a controlled resistance. By controlling this resistance, it is able to
control the speed of the wind turbine in a range of ± 10% of its synchronous speed. Similarly to the
Type 1 WTs, a capacitor bank is needed, in order to compensate reactive power needs of the generator.
Furthermore, the smooth connection with the grid is achieved with the utilization of a soft-starter, just
like the previous case [19]. The topology of Type 2 WT is shown in Figure 2.6.
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Figure 2.6: Type-2 Wind Turbine Topology [19].

In order to control the variable resistance, an optically controlled converter, which is mounted on
the rotor shaft, is utilized. This is a cost-efficient solution since expensive slip rings are avoided.
Furthermore, this choice makes the generator more robust since slip rings require maintenance. The
drawback of this topology is that there is an energy loss at the variable resistances, which is dissipated
in heat loss [19].

Type 3 - Variable Speed Wind Turbine with partially rated frequency converter:
Type 3 WT or Doubly-Fed Induction Generator (DFIG) WT as it is widely known, is a variable speed

wind turbine equipped with a wound rotor induction machine. The stator of the DFIG is directly con-
nected to the grid in contrast with the rotor, which is connected to the grid via two, partially rated,
”Back to Back” power electronic converters. Those converters, which define the range that speed can
be controlled, are usually rated around ±30% of the nominal power output of the stator, which means
that they allow operation at 30% slip above and below synchronous speed. Those converters are also
able to provide the demanded reactive power and allow a smooth connection with the main utility grid.
The topology of this type of WT is shown in Figure 2.7.

Figure 2.7: Type-3 Wind Turbine Topology [19].

In comparison with Type-2 WT, this WT type is capable of operating in a broader rotor speed range.
Furthermore, it is possible to utilize the energy which is produced at the rotor, which does not happen
at Type-2 WT, because as mentioned before, this power is dissipated in resistors. From the economic
aspect, the partially rated power electronic converters make this concept highly attractive. On the other
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hand, the use of slip rings at the machine is a major drawback of this setup since they need regular
maintenance. Moreover, it is needed to implement a protection scheme in case of faults [19].

Type 4 - Variable Speed Wind Turbine with fully rated frequency converter:
Type 4 WT, is a variable speed wind turbine equipped with a permanent magnet machine. The

machine is fully decoupled from the grid since stator is interfaced with it via fully rated back-to-back
power electronic converters. This allows fully controllability of the speed of the wind turbine. The
topology of this kind of wind turbines is depicted in Figure 2.8.

Figure 2.8: Type-4 Wind Turbine Topology [19].

The advantage of this setup, as mentioned above, is that the machine can be operated in the full
range of rotor speed. Furthermore, this type is more robust than Type-3, since it does not require slip
rings and also can operate without a gearbox. This flexibility, though, comes with an economical cost
increase, since the power electronic converters have to be rated to the nominal power output of the
WT which leads to a higher cost that Type-3 WTs.

2.3. Ancillary Services
All of the power system services that do not have as a purpose to provide real power to the grid
are considered as ancillary services. Those ancillary services can be summarized in three categories,
reactive power supply, frequency control and provision of operating reserves. [21].

Reactive power is needed in order to minimize losses in a power system and also maintain voltage
levels at the desired level. Reactive power is provided to the system through synchronous generators
or by specialized equipment in the power system, such as capacitor banks or Flexible AC Transmission
Systems (FACTS) [21].

Frequency control is needed for the system, in order to maintain the frequency in a specific range
around its nominal value. The purpose of this control is to balance electric power generation and
demand in a power system. Synchronous generators are providing frequency support, by changing
their active power output during a power mismatch, which might happen by a load change or by a
loss of a generation unit. This output change is achieved, either with manual control or with automatic
generation control (AGC, governors, etc.) [21].

Operating reserves are those who assist the power system in order to maintain a constant equilib-
rium between production and demand for power. Those reserves allow the system to operate during
large load changes or drops. Operating reserves are distinguished, based on their availability and the
time window they are able to operate. There are 10-minute reserves that can provide their power to
the grid within 10 minutes and also scheduling reserves that can provide power within 60 minutes. As a
further distinction, ten-minute reserves are separated at spinning and non-spinning reserves. Spinning
reserves are generating systems such as heat or hydro units, which can scale up their power output
within ten minutes, while non-spinning reserves are quick-start units or non-sensitive loads that can
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be interrupted. The spinning reserves that are used to respond immediately to load changes, consist
the regulating reserves and they are responsible for the aforementioned voltage control [21].

2.3.1. Frequency Support
During the last years, as mentioned before, there is a huge trend towards the increase of wind power
capacity. This increase puts in hazard the security and reliability of power systems. Since the nature
of wind is stochastic and intermittent, several challenges arise. This fact leads to the need for more
flexible loads that can be operated partially, which causes reduced life cycle and extended costs. It is
clear that this situation is not allowing higher penetration of RES and specifically WTs to the existing
grid [7].

The variable speed WT, which hold the lion’s share in wind turbine market, lack or have highly limited
inertial response capability and are not widely used for frequency control. The traditional approach,
demanded from Wind Turbines, only to inject their maximum power to the grid, without participating
in the ancillary services market. This approach creates serious drawbacks when wind penetration rises
[7].

In order to ensure that the power network will operate in a reliable, secure and economical manner,
it is required to maintain system’s frequency close to the nominal value, within the desired range during
its operation. Since wind penetration is gradually increasing and traditional synchronous generators
are decommissioned, WT will need to provide frequency regulation capabilities to the grid [8].

It is expected that in close future TSOs will require from WTs to be capable of delivering inertial
response and frequency control in order to ensure the grid’s normal operation [7]. As referred in section
2.2.3, variable speed WT are interfaced with the grid via power electronic converters. By effectively
controlling the switching patterns of those inverters, with different control strategies, it is possible to
provide a wide range of ancillary services to the main utility grid. In the following section, the available
methods will be reviewed and analyzed.

Inertial Response
In a power system, during steady-state operation, power generation is always equal to power demand,
including line losses. During a load or generation change event, the kinetic energy which is stored in
the rotating masses of machines that are connected to the system is going to change. This means
frequency will fluctuate.
The frequency change is calculated by Equation 2.1 [8]:

𝑑𝐸፤።፧
𝑑𝑡 ≈ 𝐽 ∗ 𝑓ኺ ∗

𝑑𝑓
𝑑𝑡 ≈ 𝑃፠፞፧ − 𝑃 ፞፦ፚ፧፝ (2.1)

where :

• 𝐸፤።፧ : Kinetic energy stored in the generators and motors shaft

• 𝑓 : System frequency

• 𝑓ኺ : System’s nominal frequency

• 𝐽 : Total System Inertia

Since generators cannot change their active power output (𝑃፠፞፧) instantly, the variation of frequency
is mitigated by the system’s kinetic energy release from its inertia. That is the inertial response which
tries to stabilize the system’s frequency after a disturbance. This response is an inherent feature of
synchronous generators and happens immediately when there is a disturbance at the grid. Some
seconds after the disturbance, primary frequency control, which is explained in the following section,
is activated in order to eliminate the remnant frequency deviation.

From the equation 2.1, it is clear that since 𝐽 is reduced, by decommissioning traditional SGs and
increasing the penetration of power, electronic interfaced sources have an impact on the system’s
inertial response. A system with a high inertia value has a higher frequency nadir during load increases
and lower RoCoF.
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Natural Inertia Response from WTs :
From subsection 2.3.1.1, it is made clear how the inherent feature of inertia is operating for synchronous
generators that are directly coupled to the main grid. On the other hand, for WTs, the rotational
speed of the shaft is (partially) decoupled from the frequency when they are interfaced to the grid via
power electronics converters. A comparison between the different WT types and their inertial response
capability can be seen in the following table.

Table 2.1: Wind Turbine Types Inertial Response capability comparison [7].

WT Type Inertial Response Capability

SG ++
Type-1 +
Type-2 +
Type-3 -
Type-4 None

The traditional synchronous generators are chosen as a comparison reference for the inertial re-
sponse capability. It can be identified that fixed speed induction generators have a lower inertial
response, due to the slip of the generator, which causes a reduced coupling between rotor speed and
system frequency. Furthermore, DFIGs, have restricted inertial response capabilities, by controlling
appropriate the Rotor Side Converter (RSC). Finally, Type 4 WTs, which are fully decoupled from the
grid with power electronic interface do not inherently provide inertial response, since rotor speed is
fully decoupled from frequency due to the power electronic interface.

Nowadays, since variable speed wind turbines are mostly used for wind power conversion, as men-
tioned before, problems arise regarding the grid’s stability, since they are reducing the system’s inertial
when substituting common SGs. Although, there are appropriate control systems, which allow the
exploitation of WT’s shaft kinetic energy to emulate inertia response and support the system during
disturbances. Those control strategies are summarized below:

• Synthetic Inertia Response: With this type of control, wind generator mimics the behaviour of a
SG. This technique is going to be analyzed in the following subsection since it is the one that is
enhanced and utilized in the proposed Type 3 WT topology of the presented thesis.

• Temporary Power Surge: With this type of control, there is a power increase during a disturbance,
which is not determined by the disturbance itself, but by a pre-defined function. During the event,
power output is increased for a period, and after that, a recovery underproduction period follows.

Synthetic Inertia:
As mentioned before, Synthetic Inertia control method tries to mimic the behaviour of a SG. During

steady state operation, the power output of the WT is dictated by the Maximum Power Point Tracker
(MPPT). During a frequency event, an inertial response 𝐾።፧ is added to the MPPT output (𝑃ፌፏፏፓ) value.
In order to calculate this value, system frequency has to be measured and filtered with a Low-Pass filter
in order to reduce measurement noise. This is mandatory because it is needed to derive the frequency
signal in order to obtain RoCoF, and a signal with noise cannot be derivated properly. Moreover, a dead
band has to be implemented in order to avoid controller operation during small frequency disturbances.
This inertial response extra power output is calculated from Equation 2.2.

𝑃።፧ = −𝐾።፧
𝑑𝑓ᖣ
𝑑𝑡 (2.2)

Thus, when frequency decreases, 𝑃።፧ value becomes positive and it is added to the 𝑃ፌፏፏፓ value. This
leads to extracting kinetic energy from the rotor shaft and consequently slowing down the turbine.
This control strategy is called synthetic inertia due to the fact that, as can be identified with Equation
2.2, WT mimics the behavior of a traditional SG. The kinetic energy is extracted from the rotor can be
calculated from Equation 2.3 [8] :

𝑃።፧ =
𝑑𝐸፤።፧
𝑑𝑡 = 𝐽Ω፬፲፧

𝑑Ω፬፲፧
𝑑𝑡 (2.3)
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where, Ω፬፲፧ represents the rotational speed of a synchronous generator which corresponds to the
frequency of the grid.
In addition to this, another term called 𝑃 ፫፨፨፩ which is proportional to frequency deviation from its
nominal value (Δ𝑓) is added to the MPPT’s output (𝑃ፌፏፏፓ). This value is used for two purposes

1. In order to oppose the function of MPPT which will try to operate WT at its optimal power point.
If this happened would lead to decreased inertial response during a disturbance.

2. In order to limit frequency deviation (nadir or peak), by modifying the output proportionally to
frequency deviation (Δ𝑓)

The main disadvantage of this control scheme is that after WT provides the inertial response it
should return to the previous steady-state operating point, which leads to a recovery period where
power output is less than the WT’s optimal operating point.
This thesis, proposes a different approach, by installing an ESS between the DC Link of the ”Back
to Back” power electronic converters and providing the excess power from that source; thus WT can
always operate at its optimal power point.

Primary Frequency Control
In this subsection, different control schemes for primary frequency support by WT are going to be
explained and analyzed.

Deloaded Control:
In order to be capable of providing primary frequency response (PFR), variable speed WTs are oper-

ated in a lower power point than their optimal. The difference between their optimal and the operational
point can be used as an emergency reserve in case of frequency deviation. There are three types of
deloaded control in literature [8]:

• ”Balanced” control: This control scheme is reserving a constant percentage of WT’s rated power
as a reserve. The mathematical formulation of this control is described in the Equation 2.4.

𝑃፫፞፟ = {
𝑃ፃ፞፥፨ፚ፝፞፝ 𝑃ፃ፞፥፨ፚ፝፞፝ ≤ 𝑃ፌፏፏፓ
𝑃ፌፏፏፓ 𝑃ፃ፞፥፨ፚ፝፞፝ > 𝑃ፌፏፏፓ

(2.4)

𝑃 ፞ = [0,… , 𝑃፫ፚ፭፞፝]

• ”Delta” control : This control scheme, is reserving a percentage of WT’s maximum active power
output. The mathematical formulation of this control is described in the Equation 2.5.

𝑃፫፞፟ = {
(1 − 𝐾ፑ፞፬፞፫፯፞)𝑃ፌፏፏፓ 𝑃ፌፏፏፓ ≤ 𝑃ፑፚ፭፞፝
(1 − 𝐾ፑ፞፬፞፫፯፞)𝑃ፑፚ፭፞፝ 𝑃ፌፏፏፓ > 𝑃ፑፚ፭፞፝

(2.5)

𝐾ፑ፞፬፞፫፯፞ = [0,… , 1]

• ”Fixed Reserve” control : This control scheme is reserving a fixed amount of active power to
provide as a reserve in case of a disturbance. The mathematical formulation of this control is
described in the Equation 2.6.

𝑃፫፞፟ = {
𝑃ፌፏፏፓ − Δ𝑃ፑ፞፬፞፫፯፞ 𝑃ፌፏፏፓ ≤ Δ𝑃ፑፚ፭፞፝
𝑃ፑፚ፭፞፝ − Δ𝑃ፑ፞፬፞፫፯፞ 𝑃ፌፏፏፓ > 𝑃ፑፚ፭፞፝

(2.6)

Δ𝑃ፑ፞፬፞፫፯፞ = [0,… , Δ𝑃፦ፚ፱]

A comparison of the power output of a WT for different wind speeds, with the aforementioned
control strategies is depicted in Figure 2.9:
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Figure 2.9: Active Power Output for each Primary Frequency Control Strategy [8]

Rotor Speed Control:
It is possible to operate the wind turbine in sub-optimal power level by changing the operating point

of the WT, while rotor speed stays below its maximum speed limit.
Thus, the power output of the WT can be adjusted between the desired deloaded value (𝑃 ፞) and

its maximal one (𝑃፦ፚ፱), by changing the rotor speed between the range of (𝜔𝑟, 𝑑𝑒𝑙 and 𝜔፦ፚ፱). As a
consequence, the power reference of the WT can be calculated, as shown in Equation 2.7:

𝑃፫፞፟ = 𝑃 ፞ + (𝑃፦ፚ፱ − 𝑃 ፞)(
𝜔፫,፝፞ − 𝜔፫,፦፞ፚ፬
𝜔፫,፝፞ − 𝜔፫,፦ፚ፱

) (2.7)

where :

• 𝑃፦ፚ፱: Maximum Power.

• 𝑃 ፞: Deloaded Power.

• 𝜔፫,፦ፚ፱: Wind Turbine’s rotor speed at 𝑃፦ፚ፱.

• 𝜔፫,፝፞: Wind Turbine’s rotor speed at 𝑃 ፞.

• 𝜔፫,፦፞ፚ፬: Wind Turbine’s measured rotor speed.

Pitch Angle Control:
Initially, pitch angle control was used in order to prevent generator and power electronic circuits

from overloading and also the rotor from over-speed. In order to support frequency, traditional pitch
control needs to be modified according to the wind. The initial pitch angle is used in order to maintain
a power back-up in case of a frequency disturbance event. This method is slower than the others
because the servo time constant of the pitch controller is slower than the power converter one.

From the details mentioned above, it is clear that, by following these control methods, there is a
loss of active power output during steady-state operation of the WT, which is translated to less ”green”
power injected to the grid and also the sub-optimal operation of WT. This thesis tries to tackle that
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issue, by providing this extra power needed for frequency regulation from an ESS which is connected
to the DC-Link of the ”Back to Back” power electronic converter configuration. With this approach, WT
is always able to operate at its optimal power point and provide the maximum available power to the
grid, while there is a back-up reserve in order to support grid’s frequency when needed.

2.3.2. Voltage Support
As mentioned before, the high penetration of RES dictates the need for new requirements for their
interconnection to the existing utility grid. In the previous sections, the importance and the ways to
provide frequency support to the grid were thoroughly demonstrated.

Except that, another challenge is to operate WFs in a proper way that they can also provide voltage
or reactive power support to the grid when needed. During the previous years, most of the operators
preferred to utilize renewable energy sources under Unity Power Factor, since they were rewarded base
on the active power contribution to the grid. This is going to change in the future if RES become the
dominant generation units.

There are different methods for reactive power control of WT. This thesis will focus on those methods
that are used by Type 3 (DFIG) WT, which are listed below [14]:

• Fixed Power Factor Control: In most cases, fixed power factor control is operated under a Unity
Power Factor; thus, WT does not contribute reactive power to the grid. Despite that, there is the
possibility to use different power factor values (from 0.95, leading to 0.95 lagging, for instance).
It is important, not to breach the limits of stator, rotor and power electronic converters when
providing reactive power. When a Type 3 WT is operated under Unity Power Factor, magnetizing
currents are supplied through the rotor via the appropriate rotor excitation, while stator reactive
power remains at zero value. The Rotor Side Converter (RSC) of the ”Back to Back” converter
configuration of DFIG, is responsible for providing the demanded reactive power to the rotor. This
does not affect the grid since its rotor is decoupled via power electronic converters.
Thus, the rotor side converter, which acts as a Voltage Source Converter (VSC), is capable of
fulfilling the reactive power needs of the rotor.

• Voltage Control by Rotor Excitation: With this type of control, stator’s reactive power output is
modified in order to regulate the voltage at the point of common coupling (PCC) at the desired
level. In order to achieve this, the voltage at the PCC is compared with the nominal one and
the difference between them is used as an input of a PI controller which gives as an output the
stator reactive power reference. This value is provided to the RSC controller, which regulates the
reactive power of the stator.
The main benefit of this control scheme is that machine stator can be overloaded for a short
period of time, in contrast to the power electronic components which connect the rotor to the
main grid; thus stator can provide a larger reactive power reserve.

• Voltage Control by Grid Side Converter (GSC): With this control type, GSC, which is operated as a
VSC, utilizing a proper control scheme is capable of providing the needed reactive power, in order
to maintain the voltage at the PCC between pre-defined levels. The drawback of this technique is
the possibility that GSC is already loaded with the slip power; thus, the reactive power capacity is
lower. This problem arises when the converter is already loaded with the nominal power, which
though is not the case for the most time of operation.

• Voltage Control using both RSC and GSC: This control scheme is not so usual, and there is very
limited literature about it. There are two types of control that combine RSC and GSC operation:

– Uncoordinated Control: At this control scheme, each controller tries to regulate the voltage
at PCC. With that kind of control, it is possible to cause circulating currents between the GSC
and the stator, since both converters trying to regulate the voltage without coordination.

– Coordinated Control: At this control scheme, there is one controller which defines the re-
active power output of GSC and stator with different ways. One possibility is that RSC is
the main controller, thus reactive power is provided by the stator, and GSC operates only if
needed. Another way is that GSC is the main controller and RSC and stator only participates
when GSC reaches its thermal limits. Finally, there is also the possibility to share reactive
power between the two converters with a pre-defined ratio.
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At this thesis, a combination of the techniques mentioned above is going to be implemented. The
reactive power support to the grid is going to be provided either from RSC or from the GSC depending
on the rotor’s slip. The proposed approach provides the demanded reactive power from the grid side
converter when the generator operates at its nominal speed, so grid side converter is not loaded. If
the generator is operating with a slip close to its limits ( ±0.3), controllers send an appropriate control
signal to rotor side converter, so stator provides the demanded reactive power.





3
Mathematical Modeling and
Implementation in RSCAD

As mentioned in chapter 2, the Doubly Fed Induction Generator (DFIG) is used by many WT manufac-
turers for high power (multi-MW) applications. In this chapter, mathematical modelling of this type of
generator and its controls are going to be presented, so it is easy to understand how the generator’s
power output is controlled and to accomplish the model implementation in a simulation software like
RSCAD, in order to be used for HIL simulations in RTDS.

3.1. Doubly-Fed Induction Generator (DFIG) steady-state oper-
ation

As already stated, DFIG is an induction machine with a wound rotor. In DFIG setup, both rotor and
stator are connected to electrical sources, and this is the reason that this type of generator is called as
”Doubly-Fed”. The rotor is establishing its magnetic field with the help of three-phase currents, which
energize rotor windings. The developed rotor magnetic field causes torque development due to the
interaction with the stator respective field. The magnitude of the developed magnetic field is a function
of the strength of the aforementioned magnetic fields (stator and rotor) and their phase displacement.
Thus, mathematically, torque is calculated as the vector product of stator and rotor magnetic fields as
it can be validated from Equation 3.1 and Figure 3.1 [22].

Figure 3.1: Magnetic poles generated by currents in stator and rotor windings [22].

21
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𝑇 = 𝜓፬ × 𝜓፫ = |𝜓፬||𝜓፫|cos𝜃፭ (3.1)

From 3.1, it is clear that the optimal torque can be achieved when stator and rotor field vectors have
90deg phase displacement; thus, they are normal to each other. Since the stator is connected to the
main utility grid, which is considered a balanced source, stator flux has a constant magnitude, and its
vector rotates with synchronous speed according to grid’s frequency [22].

In order to explain the way torque is controlled in the DFIG, the single-phase equivalent circuit of
an induction machine is going to be introduced. The aforementioned circuit is depicted in Figure 3.2.

Figure 3.2: Single phase equivalent of an induction machine [22].

The left-hand side part of the circuit is representing the stator, while the other one the rotor of the
induction machine.

At the stator side, 𝑅፬ and 𝐿፬ are two ”parasitic” components which represent the resistance and
the leakage inductance of the stator phase winding respectively. The leakage inductance is used to
model all the flux which is generated by the stator winding but does not cross the air gap; thus does
not participate in torque production. Stator resistance represents the resistance of the conductors, by
which stator windings are manufactured.

The 𝐿፦ inductance represents the generation of the flux which crosses the air gap between the
stator and the rotor, which is the flux that is utilized in the machine.

Similarly to the stator, the rotor circuit also includes two ”parasitic” elements, 𝑅፫ which represents
the rotor resistance and 𝐿፫ which represents the rotor’s leakage reactance. Moreover, the rotor side
includes the representation of the generated mechanical power. To achieve this, an additional resistance
𝑅፫(1 − 𝑠)/𝑠 is included.

Rotor and stator are connected via a transformer as can be seen from Fig.3.2. This transformer’s
turns are dependent on the real turns ratio between stator and rotor and on the slip which the machine
is operating.

It is considered necessary to define what slip is in an induction generator. Slip is calculated with
the help of Equation 3.2:

𝑠 = 𝑛፬ − 𝑛፫
𝑛፬

(3.2)

Where :

• 𝑛፬ : Synchronous speed.

• 𝑛፫ : Rotor’s mechanical speed.

Synchronous speed is calculated as:

𝑛፬ =
60𝑓
𝑝 RPM (3.3)

Where:

• 𝑓 : Electrical Frequency of the voltage which is applied to stator windings (50 or 60 Hz in a grid).

• 𝑝 : Number of Pole Pairs
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For easier understanding, during the following analysis, the DFIG is going to be considered as a con-
ventional induction motor. When the rotor is open-circuited, and rotor shaft is blocked (standstill
operation), if the stator is excited, there is a generated voltage at the terminals of the rotor circuit
(𝑉፫, as named at Figure 3.2). This voltage will have the same frequency with the voltage of the stator
excitation because in this case rotor speed 𝑛፫ is zero and as a consequence slip 𝑠 is equal to 1 (by
Equation 3.2). As rotor speed increases, the frequency of the output voltage is going to drop. When
the rotor reaches the synchronous speed frequency is going to be zero; thus, there is not an induced
voltage at the rotor terminals. When the rotor keeps accelerating above the synchronous speed, the
voltage will increase again but with opposite phase sequence to the sub-synchronous mode [22]. Rotor
frequency can be mathematically formulated, as shown in Equation 3.4:

𝑓፫ = 𝑠𝑓 (3.4)

Since rotor terminals are open-circuited, current does not flow; thus torque is not produced since there
is a lack of rotor field (𝜓፫) as can be validated from Figure 3.1. When the rotor is short-circuited,
rotor currents can flow with a frequency that can be calculated from Equation3.4. This leads to the
production of a magnetic field at the rotor (𝜓፫). This field rotates with the same speed as stator’s
magnetic field (𝑝𝑠𝑖፬). The interaction between those two fields is capable of produce torque as seen
in Figure 3.1.

A critical detail which has to be understood is that rotor and stator magnetic fields are both rotating
with synchronous speed, even though rotor might be turning asynchronously.

The mechanical torque output of the generator can be calculated as the power which is consumed
or produced by the rotor resistance. This mechanical output can be calculated by Equation 3.5:

𝑃፦፞፜፡ = 3|𝑖፫|ኼ(
1 − 𝑠
𝑠 )𝑅፫ (3.5)

It is possible, for the sake of this analysis to neglect rotor and stator resistances and leakage induc-
tances, so the per-phase equivalent circuit becomes like the own shown in Figure 3.3 :

Figure 3.3: Simplified induction machine equivalent circuit and phasor diagram [22].

It is shown from Fig.3.3, the stator flux is normal to the rotor flux component for the optimal torque
production. From this circuit, it is possible to derive the produced mechanical torque of the machine
as demonstrated in Equation 3.6:

𝑇፦፞፜፡ = 3|𝑖፫
ᖤ |
ኼ
(1 − 𝑠𝑠 )𝑅፫

ᖤ

𝜔፦
(3.6)

Since:

𝜔፦ =
(1 − 𝑠)𝜔፬

𝑝 and 𝜓፦ = 𝐿፦𝑖፦ =
𝑉፬
𝜔፬

= |𝑖፫
ᖤ |𝑅፫

ᖤ

𝑠𝜔፬
(3.7)
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From Equation 3.7, Equation 3.6 can be written as:

𝑇፦፞፜፡ = 3|𝑖፫
ᖤ |
ኼ
(1 − 𝑠𝑠 )𝑅፫

ᖤ

𝜔፦
= 3𝑝|𝑖፫

ᖤ |𝑅፫
ᖤ

𝑠𝜔፬
|𝑖፫

ᖤ | = 3𝑝𝜓፦|𝑖፫
ᖤ | (3.8)

This transformation from Equation 3.6 to Equation 3.8 is performed in order to prove that torque
can be controlled in two ways, either by controlling stator flux 𝑝𝑠𝑖፦ or by controlling rotor current
magnitude 𝑖፫

ᖤ
, since the vectors remain normal to each other as shown in Figure 3.1.

In an actual DFIG system, the phase and the magnitude of the stator voltage, which are dictated
by the grid voltage magnitude, are monitored, and rotor currents are modified in a proper fashion to
be normal to the stator flux so that the DFIG can produce optimal torque.

In order to achieve this, most of the DFIGs use a closed-loop control scheme utilizing a Voltage
Source Inverter [22]. This Voltage Source Inverter is used as a three-phase voltage source which
can change its voltage phase and magnitude instantaneously. This feature makes the Voltage Source
Inverter ideal for rotor current regulation [22].

In order to achieve proper rotor current set-point, precise knowledge of the physical rotor position
is needed. This can be achieved with the help of a mechanical position sensor. With this equipment,
it is possible to modify the rotor current suitably, in order to be normal to the stator flux and achieve
optimal torque generation.

3.2. Power Electronic Converters

In the previous section 3.1, the importance of VSC, for the optimal operation of a DFIG was demon-
strated. It is known from chapter 2, that in Type 3 WT, the rotor is connected to the grid via a ”Back
to Back” AC/DC converter setup. This setup can be separated into two different converters, Rotor Side
converter (RSC) and Grid Side Converter GSC. Those two converters are coupled via a DC Link, which is
established with the help of a capacitor [22]. This capacitor acts as energy storage and keeps voltage
fluctuations in the DC Link between the desired range. RSC is responsible for DFIG’s torque and speed
control. It is also capable of modifying the power factor of the stator output. On the other hand, GSC
is responsible for maintaining the voltage at the DC Link between the desired limits, without taking
into consideration the rotor’s power direction and amplitude. From the aforementioned facts, it is clear
that rotor side converter is operated in different frequencies, according to the wind speed in order to
maintain torque optimal, while grid side converter is operated at grid’s frequency. Nevertheless, GSC
can also be operated under leading or lagging power factor in order to absorb or inject reactive power
to the grid [22]. A three-phase winding transformer is mostly used, in order to interface stator and
GSC to the main utility grid.

This ”Back to Back” power electronic converter setup, is mandatory to convert the variable voltage
and variable frequency output of the rotor into a fixed voltage and fixed frequency output which can be
absorbed by the grid. The DC Link is used as mentioned before as energy storage, which can provide
the required energy between the rotor and the grid.

Nowadays, most of the DFIG setups are using the two-level, six switch converter, also known as full
bridge converter. This VSC is able to produce two voltage levels (0 and 𝑉ፃፂ) as an output for each leg
of the converter. Each one of the three converter legs consists of two switches; thus, the total number
of a three-phase VSC is six. A detailed DFIG arrangement is presented in Figure 3.4:
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Figure 3.4: Typical DFIG arrangement with back-to-back converters [8].

The full bridge converter mentioned before is capable of providing a three-phase voltage output
with variable amplitude, frequency and phase. The output voltage is constrained only by the DC Link
voltage level since the peak line voltage is not possible to be higher than 𝑉ፃፂ. Another important
feature of the VSC is that it can modify the output voltage instantaneously, with a short delay which is
imposed by switching frequency of the semiconductors. In order to achieve this variation, pulse-width
modulation (PWM) is used in order to control the output voltage. In Figure 3.5, a full bridge converter
is depicted:

Figure 3.5: Full Bridge Voltage Source Converter circuit [22]
.

In order to explain its operation, only phase A is considered for simplicity purposes. When switch
𝑇ኻ is on, then 𝑉ፚኺ is equal to 𝑉ፃፂ. On the other hand, when switch 𝑇ኼ is on then 𝑉ፚኺ becomes zero. It
has to be noted that switches 𝑇ኻ and 𝑇ኼ are switched in a complementary fashion since it is not allowed
to be on at the same time [22]. By switching 𝑇ኻ and 𝑇ኼ periodically the average output voltage 𝑉ፚኺ can
be regulated in a range between zero and 𝑉ፃፂ. For PWM control, switching frequency is kept constant
and width is modified in a proper way, in order to achieve the desired voltage output. An example of
PWM application is demonstrated in Figure 3.6 :
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Figure 3.6: Pulse Width Modulation example [22].

From this visualization of PWM, it is clear that, by changing the modulating waveform, it is possible
to change the generated pulse waveform. The voltage output can be calculated as:

𝑉፨፮፭ = 𝑉ፃፂ
𝑡ኻ,፨፧
𝑇፬፰

(3.9)

Where:

• 𝑇ኻ,፨፧ : On time of 𝑇ኻ switch.

• 𝑇፬፰ : Switching period.

For the sake of further analysis, modulation index is calculated as shown in Equation 3.10:

𝑚 = 𝑡ኻ,፨፧
𝑇፬፰

(3.10)

This allows to modify Equation 3.9 as:
𝑉፨፮፭ = 𝑚𝑉ፃፂ (3.11)

Modulation index is defined in a range from zero (when switch 𝑇ኼ is continuously on) to one (when
switch 𝑇ኻ is continuously on). By changing the modulation index, it is possible to change output voltage
frequency and amplitude.

At a three phase VSC, such as the one depicted in Figure 3.5, three modulation indices are needed,
one for each phase. The output voltage of each leg can expressed as a function of modulation index,
as shown in Equation 3.12:

⎧
⎪

⎨
⎪
⎩

𝑉ፚኺ = 𝑚ፚ𝑉ፃፂ

𝑉፛ኺ = 𝑚፛𝑉ፃፂ

𝑉፜ኺ = 𝑚፜𝑉ፃፂ

(3.12)

If the aforementioned modulation indices change sinusoidally, their value can be calculated from
Equation 3.13:

⎧
⎪⎪

⎨
⎪⎪
⎩

𝑚ፚ =
ኻ
ኼ +𝑚sin(𝜔𝑡)

𝑚፛ =
ኻ
ኼ +𝑚sin(𝜔𝑡 − ኼ᎝

ኽ )

𝑚፜ =
ኻ
ኼ +𝑚sin(𝜔𝑡 + ኼ᎝

ኽ )

(3.13)
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It is easy now to express VSC output line voltage as :

⎧
⎪⎪

⎨
⎪⎪
⎩

𝑉ፚ፛ = 𝑉𝑎0 − 𝑉፛ኺ = √3𝑚𝑉ፃፂsin(𝜔𝑡 −
᎝
ዀ )

𝑉፛፜ = 𝑉𝑏0 − 𝑉፜ኺ = √3𝑚𝑉ፃፂsin(𝜔𝑡 −
኿᎝
ዀ )

𝑉፜ፚ = 𝑉𝑐0 − 𝑉ፚኺ = √3𝑚𝑉ፃፂsin(𝜔𝑡 −
᎝
ኼ )

(3.14)

From Equation 3.14, it is clear that the created three-phase voltage outputs can be fully controlled
since magnitude is controlled by modulation index 𝑚, while frequency and phase are regulated by
the respective one of the modulation waveform. In a real system, digital signal generators, micro-
controllers and computer processors are utilized, in order to generate the demanded modulation wave-
form and compare it with carrier waveform to send the respective pulses to the switches.
From the previous equations, it is shown that a VSC is able to generate a voltage with any amplitude,
frequency and phase, only limited by DC Link voltage and switching frequency. Thus, VSCs can be
considered as an ideal voltage source with controlled voltage amplitude, phase and frequency. The
capacity of this source is usually higher than the needed one for the excitation that is required [22].

This feature provides the opportunity to control active and reactive power flow from and to the grid
according to the needs of the power system. For a lossless DFIG, during steady-state, the mechanical
power of the shaft is calculated of the sum of stator and rotor power as 𝑃𝑚 = 𝑃፬ +𝑃፫. From this, rotor
power can be calculated from the Equation 3.15:

𝑃፫ = 𝑃፦ − 𝑃፬ = 𝑇፦𝜔፫ − 𝑇 ፦𝜔፬ = −𝑇፦(
𝜔፬ − 𝜔፫
𝜔፬

)𝜔፬ = −𝑠𝑇፦𝜔፬ = −𝑠𝑃፬ (3.15)

Since slip can be also calculated as 𝑠 = ᎦᑤዅᎦᑣ
Ꭶᑤ

.
This means that, since the maximum slip is limited (±0.3 is a usual value), the ”Back to Back” converters
which are loaded with rotor’s (slip) power can be partially rated. This is a big advantage of Type 3
WTs against the Type 4 ones, since they use fully rated power electronic converters which are more
expensive. In RSCAD’s Wind Turbine model, the mechanical power output of the wind turbine is
calculated as :

𝑃፦ = 𝐶፩(𝜆, 𝛽)
𝜌𝐴
2 𝑣

ኽ
ፖ።፧፝ (3.16)

Where :

• 𝑃፦ : Mechanical Power Output of the Wind Turbine (kW).

• 𝐶፩(𝜆, 𝛽) : Performance coefficient of the turbine as a function of tip speed ratio (𝜆) and blade
pitch angle (𝛽).

• 𝜌 : Air Density (𝑘𝑔/𝑚ኼ).
• A : Turbine blade area (𝑚ኼ).
• 𝑣ፖ።፧፝ : Wind speed (𝑚/𝑠𝑒𝑐).
RSCAD model allows the usage of two different performance coefficient functions. The one is used

at the presented research is :

𝐶፩(𝜆, 𝛽) = 𝐶ኻ[
𝐶ኼ
𝜆ኻ
− 𝐶ኽ𝛽 − 𝐶ኾ]𝑒

ዅᐺᎷᒐᑚ + 𝐶ዀ𝜆 (3.17)

Where ኻ
᎘ᑚ
= ኻ

᎘ዄኺ.ኺዂᎏ −
ኺ.ኺኺኽ኿
ᎏᎵዄኻ .

Furthermore, tip speed ratio is calculated as :

𝜆 = 𝜔፫𝑅
𝑣ፖ።፧፝

(3.18)

Where :
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• R : Wind Turbine radius (m).

• 𝜔፫: Turbine rotational speed (rad/sec).

• 𝑉ፖ።፧፝ : Wind Speed (m/sec).

The power output as a function of turbine speed is depicted in the Figure 3.7:
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Figure 3.7: Power output as a function of turbine speed.

From the previous figure, it is shown that the extracted power is maximized for a slip equal to
-0.2. On the other hand, when turbine speed is synchronous, thus slip is zero, no active power is
injected from or to the rotor windings, and consequently, the related converters are not loaded. This
characteristic is going to be exploited in a proper manner in order to provide ancillary services to the
grid in a fashion that will not add stress to the converters. When speed is higher than the synchronous,
the DFIG is operating at supersynchronous mode, and slip is negative. From Equation 3.15, it is realized
that there is an active power flow from the rotor to the grid. On the other hand, when DFIG operates
at subsynchronous mode, slip is positive, and this causes the rotor to consume reactive power, which
is transferred via back-to-back converters.

By this manner, it is achievable to control the extracted from wind turbine power. The proposed
control scheme, enables optimal operation of DFIG, since its power output is maximized and also gives
flexibility by providing ancillary services to the grid, is thoroughly explained in the following section.

3.3. Doubly-Fed Induction Generator Control System
Before going into detail about the control system of the DFIG, it is important to explain the mathematical
transformations needed, in order to achieve vector control. The conventional method that is used to
control a quantity in many applications is a PI Controller [22]. In order to simplify the equations it is
needed to control, DC quantities are needed as an input of the PI controller. As it is known, the power
system operates in three-phase AC such as the DFIG, so there is the need to express the desired values
in a DC manner. This is accomplished with the help of the following transformations.

3.3.1. Clark Transformation
Clark or 𝛼𝛽 transformation is used in order to map three-phase instantaneous voltages in ABC frame,
into instantaneous voltages on the 𝛼𝛽 stationary frame. Practically, the 𝛼𝛽 reference system is a two-
phase system equivalent, where the aforementioned three-phase AC quantities are represented by a
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two-phase equivalent with the same space vector. The transformations for voltage and current values
are given by the matrix Equation 3.19:

[𝑣ᎎ𝑣ᎏ] =
√2
3 [
1 −ኻ

ኼ −ኻ
ኼ

0 √ኽ
ኼ −√ኽ

ኼ
] [
𝑉ፚ
𝑉፛
𝑉፜
] (3.19)

[𝑖ᎎ𝑖ᎏ] =
√2
3 [
1 −ኻ

ኼ
ኻ
ኼ

0 √ኽ
ኼ −√ኽ

ኼ
] [
𝑖ፚ
𝑖፛
𝑖፜
] (3.20)

There are also two 𝑣ኺ, 𝑖ኺ components, which are zero for symmetrical three-phase signals, like
those in the examined case, and this is the reason they can be neglected. For better understanding,
the transformation is depicted in Figure 3.8:

Figure 3.8: Clack Transfromation Diagram [23].

3.3.2. Park Transformation
Clark or 𝛼𝛽 transformation transforms the three-phase signals into a space vector which is still sinu-
soidal. This means, its magnitude is changing during its rotation. As mentioned before, in order to
utilize a PI controller, DC signals are needed as an input; thus, the output of Clark transformation
cannot be used to control the system. Despite that, it is a handy tool, since it is used as an input for
Park or d-q Transformation. This transformation is using a synchronously rotating reference frame. Its
d-axis might be aligned with the voltage vector (SVO) at the PCC or with the stator flux vector (SFO).
This way allows any vector expressed in the 𝛼𝛽 stationary frame to be expressed in a rotating reference
frame. The transformations for voltage and current values are given by matrix Equation 3.21:

[𝑣፝𝑣፪] =
2
3 [

𝑐𝑜𝑠(ኼ᎝ኽ ) 𝑐𝑜𝑠(ኼ᎝ኽ − 𝜃) 𝑐𝑜𝑠(ኼ᎝ኽ − 𝜃)
−𝑠𝑖𝑛(ኼ᎝ኽ ) −𝑠𝑖𝑛(ኼ᎝ኽ − 𝜃) −𝑠𝑖𝑛(ኼ᎝ኽ − 𝜃)

] [
𝑉ፚ
𝑉፛
𝑉፜
] = [ 𝑐𝑜𝑠(𝜃) 𝑠𝑖𝑛(𝜃)

−𝑠𝑖𝑛(𝜃) 𝑐𝑜𝑠(𝜃)] [
𝑣ᎎ
𝑣ᎏ] (3.21)

Where 𝜃 is the angle between dq and 𝛼𝛽 reference frames and can be calculated as:

𝜃(𝑡) = ∫
፭

ኺ
𝜔፬(𝑡)𝑑𝑡 + 𝜃ኺ (3.22)
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Where 𝜃ኺ is the initial angle.

This method gives as an output two DC signals which can be used as an input for PI controllers at
a control system. The new reference frame is shown in the following figure:

Figure 3.9: Park Transformation Diagram [23].

3.3.3. Rotor Side Converter
As it is already mentioned, RSC is responsible for the rotor windings excitation of the DFIG. RSC is
responsibe for controling rotor winding currents in such a way that rotor flux is normal to the stator
one, in order to maximize the produced torque that is developed at generator’s shaft [22].

For this purpose, RSC utilizes a torque controller to control active and reactive power at stator
terminals. The optimal power which is extracted from the wind turbine is calculated from Equation
3.23.

𝑃፨፩፭ = 𝑘፨፩፭𝜔ኽ፫ (3.23)

In RSCAD model, 𝑘፨፩፭ constant is considered as 1. The measured output power is compared to the
reference, and a PI Controller is used to mitigate the error. The output of this controller is the rotor
q-axis reference current (𝑖፫፞፟፪ ) which has to be injected to the rotor windings to achieve optimal power
extraction. Thus, q-axis is used to control electromagnetic torque 𝑇 . On the other hand, the d-axis
component is used to control the power factor at stator’s terminal by controlling reactive power output.

To describe the aforementioned control strategy more extensively, it is necessary to express it
mathematically. In order to do so, general Park’s model of an induction machine is used. Using a
stator flux oriented (SFO) reference frame, voltage vector can be expressed as shown in Equations
3.24 and 3.25:

⃗⃗⃗𝑣፬ = 𝑅፬𝑖፬ +
𝑑 ⃗⃗𝜓፬
𝑑𝑡 (3.24)

⃗⃗⃗𝑣፫ = 𝑅፫𝑖፫ +
𝑑 ⃗⃗𝜓፫
𝑑𝑡 − 𝑗𝜔

⃗⃗𝜓፫ (3.25)

Where :

• ⃗⃗⃗𝑣፬ : Stator voltage, which is imposed by the grid.

• ⃗⃗⃗𝑣፫ : Rotor voltage which is controled by the RSC.
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The flux equations can be obtained from Equations 3.26 and 3.27 :

⃗⃗𝜓፬ = 𝐿፬𝑖፬ + 𝐿፦𝑖፫ (3.26)

⃗⃗𝜓፫ = 𝐿፦𝑖፬ + 𝐿፫𝑖፫ (3.27)

Where:

• 𝐿፬ = 𝐿𝑚 + 𝐿፥፬ : Stator Self-Inductance.

• 𝐿፫ = 𝐿𝑚 + 𝐿፥፫ : Rotor Self-Inductance.

Since, as mentioned before, Stator-Flux Orientation is used, the dq-axis components of stator flux
equation are calculated from Equation 3.28:

{
𝜓፬፝ = 𝐿፬𝑖፬፝ + 𝐿፦𝑖፫፝ = 𝜓፬ = 𝐿፦𝑖፦፬

𝜓፬፪ = 0
(3.28)

The rotor and voltage flux equations are shown below:

{
𝑣፫፝ = 𝑅፫𝑖፫፝ + 𝜎𝐿፫

፝።ᑣᑕ
፝፭ − 𝜔፬፥።፩𝜎𝐿፫𝑖፫፪

𝑣፫፪ = 𝑅፫𝑖፫፪ + 𝜎𝐿፫
፝።ᑣᑢ
፝፭ − 𝜔፬፥።፩(𝐿ኺ𝑖፦፬ + 𝜎𝐿፫𝑖፫፝)

(3.29)

{
𝜓፫፝ =

ፋᎴᑞ
ፋᑤ
𝑖፦፬ + 𝜎𝐿፫𝑖፫፝

𝜓፫፪ = 𝜎𝐿𝑖፫፪
(3.30)

Where:

• 𝜎 = 1 − ፋᎴᑞ
ፋᑤፋᑣ

: Leakage Factor.

• 𝐿ኺ =
ፋᎴᑞ
ፋᑤ

: Equivalent inductance.

• 𝜔፬፥።፩ = 𝜔፬ − 𝜔፫ : Slip angular speed.

The stator flux angle which is needed for the dq transformation is calculated from Equation 3.31:

{
𝜓፬ᎎ = ∫(𝑣፬ᎎ − 𝑅፬𝑖፬ᎎ)𝑑𝑡

𝜓፬ᎏ = ∫(𝑣፬ᎏ − 𝑅፬𝑖፬ᎏ)𝑑𝑡
(3.31)

𝜃፬ = 𝑡𝑎𝑛ዅኻ(
𝜓፬ᎏ
𝜓፬ᎎ

)

From Equation 3.29, Equation 3.32 can be derived:

{
𝑣ᖤ፫፝ = 𝑅፫𝑖፫፝ + 𝜎𝐿፫

፝።ᑣᑕ
፝፭

𝑣ᖤ፫፪ = 𝑅፫𝑖፫፪ + 𝜎𝐿፫
፝።ᑣᑢ
፝፭

(3.32)

Compensation terms are needed to be added to the voltage d-q components, calculated above in
order to guarantee proper tracking of currents. So, the d-q axis reference voltage can be calculated
as:
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{
𝑣∗፜፝ = −𝑣

ᖤ
፜፝ + (𝜔፞𝐿፜፡፨፤፞𝑖፜፪ + 𝑣፝)

𝑣∗፜፪ = −𝑣
ᖤ
፜፪ − (𝜔፞𝐿፜፡፨፤፞𝑖፜፝)

(3.33)

Electromagnetic torque can be calculated from Equation :

𝑇 = −32𝑝Im{
⃗⃗⃗⃗⃗𝜓፬ ⃗⃗⃗ ⃗𝑖∗፫} = −

3
2𝑝𝐿ኺ𝑖፦፬𝑖፫፪ (3.34)

Since Stator-Flux orientation is used, stator flux current 𝑖፦ can be considered as fixed to the stator
voltage [22]. It is possible to control torque via the q-axis component of rotor current. Consequently,
the reference current can be derived from Equation 3.35:

𝑖፫፞፟፫፪ = −2 𝑇፫፞፟፞
3𝑝𝐿ኺ𝑖፦፬

= −2 𝑇
፫፞፟
፞
3𝑝𝜓፬

(3.35)

The vector control system for the RSC is depicted in Figure 3.10:

Figure 3.10: Rotor Side Converter vector control system [22].

3.3.4. Grid Side Converter
GSC control strategy targets to maintain the DC Capacitor voltage at the desired level. Moreover, it
can also inject or draw active or reactive power from and to the grid. Before going into detail, it is
mandatory to explain the way active and reactive power is controlled. In Figure 3.11, the single phase
equivalent of the GSC and its phasor diagram are depicted:
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Figure 3.11: (a) GSC single phase equivalent and (b) phasor diagram [22].

As referred in the previous subsections, a VSC is able to produce a voltage with arbitrary amplitude,
phase and frequency. This means that voltage 𝐸, shown in Fig.3.11 can be fully controlled by the
GSC. In order to explain how active and reactive power is controlled, load angle method is going to be
utilized, despite the fact that, real-life applications utilize more complex control methods.

Load angle method is imitating the traditional synchronous generator behavior, by using the phase
difference 𝛿, depicted in Figure 3.11, in order to control active power. Reactive power, on the other
hand, is controlled by changing the amplitude of the voltage generated by the GSC. The steady state
equations to calculate active and reactive power are [22, 3]:

𝑃 = 𝑉𝐸sin(𝛿)
𝑋፬

(3.36)

𝑄 = 𝑉ኼ
𝑋፬
− 𝑉𝐸𝑋፬

cos(𝛿) (3.37)

Where 𝑋፬ is the interface inductance which connects GSC with the main grid. In case that angle 𝛿 is
small, Equations 3.36 and 3.37 can be simplified as:

𝑃 = 𝑉𝐸𝛿
𝑋፬

and 𝑄 = 𝑉ኼ
𝑋፬
− 𝑉𝐸𝑋፬

(3.38)

From Equation 3.38, it is clear that active power (P) is controlled by the angle 𝛿 and reactive power
(Q) is controlled by the voltage magnitude (E). The VSC provides the opportunity to modify those values
with the proper control strategy effectively. The active power load of the GSC is dependent on the DC
Link Voltage. When DC Link voltage is rising above the desired level, GSC changed angle 𝛿 in a way
that it injects more power to the grid [22]. On the other hand, if DC Link voltage is decreasing below
the limit, GSC reduces the active power injection. The energy stored in the capacitor can be calculated
from Equation 3.39 [22]:

𝑊ፃፂ = ∫𝑃ፃፂ𝑑𝑡 =
1
2𝐶𝑉

ኼ
ፃፂ (3.39)

Where:

• 𝑊ፃፂ : Capacitor stored energy.

• 𝐶 : Total capacitance

• 𝑉ፃፂ : Capacitor voltage.

• 𝑃ፃፂ : DC link power input.

DC Link voltage and energy changes can be calculated as:

𝑑𝑉ፃፂ
𝑑𝑡 = 𝑃ፃፂ

𝐶𝑉ፃፂ
(3.40)

𝑑𝑊ፃፂ
𝑑𝑡 = 𝑃ፃፂ (3.41)
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Where, 𝑃ፃፂ is defined as the difference between the power input from RSC and the output from
GSC. So, from Equation 3.39 it is clear that 𝑉ፃፂ remains constant when 𝑃ፃፂ is zero.
Since the general concept behind GSC control is explained, it is time to demonstrate the vector control
method that is used. In this case, reference frame is aligned with the stator voltage vector. Active and
reactive power are controlled separately by using d-q reference frame [22].

The voltage equations in d-q axis reference frame can be calculated from Equation 3.42:

{
𝑣፜፝ = 𝑅𝑖፜፝ + 𝐿፜፡፨፤፞

፝።ᑔᑕ
፝፭ − 𝜔፞𝐿፜፡፨፤፞𝑖፜፪ + 𝑣፝ኻ

𝑣፜፪ = 𝑅𝑖፜፪ + 𝐿፜፡፨፤፞
፝።ᑔᑢ
፝፭ + 𝜔፞𝐿፜፡፨፤፞𝑖፜፝ + 𝑣፪ኻ

(3.42)

The angular position that is needed for the transformation from ABC to d-q reference frame is calculated
from Equation 3.43:

𝜃፞ = ∫𝜔፞𝑑𝑡 = 𝑡𝑎𝑛ዅኻ(
𝑣፜ᎏ
𝑣፜ᎎ

) (3.43)

Where 𝑉፜ᎎ , 𝑉፜ᎏ are the GSC voltages transformed into stationary frame components.
Since grid voltage amplitude is constant, direct axis voltage component 𝑉፜፪ is zero and quadrature

axis component is constant [22]. By making the assumption that GSC transformer winding has a star
connection, power flow can be calculated from Equation 3.44 :

{
𝑃፜ = 3(𝑣፜፝𝑖፜፝ + 𝑣፜፪𝑖፜፪) = 3𝑣፜፝𝑖፜፝

𝑄፜ = 3(𝑣፜፝𝑖፜፪ + 𝑣፜፪𝑖፜፝) = 3𝑣፜፝𝑖፜፪
(3.44)

From this equation it is shown that active and reactive power can be controlled from direct and quadra-
ture component of GSC current respectively. As in RSC case, compensation terms for better accuracy
are added to the equations as shown in Equation 3.45:

{
𝑣∗፜፝ = −𝑣

ᖤ
፜፝ + (𝜔፞𝐿፜፡፨፤፞𝑖፜፪ + 𝑣፝)

𝑣∗፜፪ = −𝑣
ᖤ
፜፪ − (𝜔፞𝐿፜፡፨፤፞𝑖፜፝)

(3.45)

Those voltage references are transformed from d-q reference frame to the ABC reference frame, and
they are used as a modulating waveform (as shown in section 3.2) for the PWM signal generation.

The vector control system for the GSC is depicted in Figure 3.12

Figure 3.12: Grid Side Converter vector control system [22].
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Proposed topology and integrated
control system for Frequency and

Voltage support

In Chapter 2, different existing methodologies for frequency and voltage support were discussed. When
it comes to frequency support, all of the existing control schemes in literature have a major drawback.
For inertial response, after providing kinetic energy, there is a significant time interval, where wind
turbine has to claim back this energy and thus it is providing less power to the grid [8]. For primary
frequency response, power loss is even higher, since all the proposed methods suggest to operate WT
in lower power output than their optimal one (10 − 20% lower). This reserve, with proper control,
can be used during a disturbance. This leads to a 10 − 20% loss during steady-state operation, which
is sub-optimal for both stakeholders since the TSOs have less ”green power” injected to their power
system and WF operators are earning less since their reward is based on their active power injection
to the grid.

In Chapter 3, the basic control strategies for the GSC and the RSC were shown and analyzed. In the
following sections, the proposed topology with the new control systems are going to be demonstrated
and explained.

4.1. Topology
In order to tackle all the problems, current DFIG control strategies have, this thesis proposes a modified
topology. Specifically, a new connection of an Energy Storage System ESS with the DC Link is proposed.
The interface between the ESS and the DC Link is achieved with the utilization of a Bidirectional DC-DC
Converter. A bidirectional topology is proposed, so ESS can be involved both in under-frequency and
over-frequency situations and provide frequency support to the grid.

With this improved proposed topology and the appropriate control system, it is possible to operate
the WT in its optimal power output all the time. When frequency support is needed, instead of providing
this extra power reserve from turbine’s shaft, ESS is activated with the proper control of the interface
Bidirectional DC-DC converter and injects the needed extra power. The control system needed to
achieve this kind of operation is explained in the following subsection.

35
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The aforementioned topology is depicted in Figure 4.1:

Grid Side Converter Rotor Side Converter

Bi-Directional

DC-DC

Converter

Energy

Storage

System

DFIG

3-Winding

Interface 

TransformerGrid

DC Link

Figure 4.1: Proposed Topology.

With this improved proposed topology and the appropriate control system, it is possible to operate
the WT in its optimal power output all the time. When frequency support is needed, instead of providing
this extra power reserve from turbine’s shaft, ESS is activated with the proper control of the interface
Bidirectional DC-DC converter and injects the needed extra power. The control system needed to
achieve this kind of operation is explained in the following subsection.

Moreover, since active and reactive power injections are decoupled by utilizing Park Transformation,
as shown in section 3.3, it is possible to support the grid’s voltage at the PCC and frequency simulta-
neously. To do so, an expansion of the control schemes, mentioned in section 3.3 for both RSC and
GSC is mandatory. The proposed control systems are demonstrated in the following sections.

4.2. ESS and Half - Bridge Bidirectional DC-DC Converter
At Section 3.3.4, the principles of active and reactive power transfer from GSC were explained. From
Equations 3.40 and 3.41, it was shown that DC Link voltage is directly related to the power transferred
from and to it. In a regular DFIG, this power is calculated as the difference between injected power
from RSC and drawn power from GSC plus the system losses. In the proposed topology, this equation
has to take into consideration the ESS injection. Equation 4.1 demonstrates the proposed system’s
behaviour:

𝑃ፃፂ = 𝑃ፑፒፂ − 𝑃ፆፒፂ + 𝑃ፄፒፒ (4.1)

Where 𝑃ፄፒፒ is the power injected from or to the ESS.
This means that during a disturbance, since GSC is controlling d-axis component in order to maintain

DC Link Voltage (𝑉ፃፂ) at the desired set-point (which means 𝑃ፃፂ has to be kept zero), power injected
from ESS (𝑃ፄፒፒ), is going to be injected to the grid via GSC. Since ESS is capable of injecting and
absorbing the power, a converter which allows bi-directional power flow is needed.

In order to interface ESS with the DC Link in a controlled fashion, a bi-directional converter needs
to be utilized.
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There are different types of bi-directional DC-DC Converters which can be divided into two categories
based on the galvanic isolation between input and output. Those main categories are:

• Non-Isolated Bidirectional DC-DC Converters.

• Isolated Bidirectional DC-DC Converters.

Isolated Bidirectional DC-DC Converters require a high frequency transformer between the two con-
version stages. This feature makes that specific type of converters less attractive for this specific
application, since the converter with the ESS need to be installed in a limited space. Non isolated DC-
DC Converters on the other hand are more compact, which is critical for this type of application, and
provide higher efficiency. Between the non isolated DC-DC converter topologies, Half Bridge Bidi-
rectional DC-DC Converter is the most common one for this kind of applications due to its simple
structure and reliability.

Half-bridge DC-DC converter consists of two switches which are operated separately and not in
a complementary fashion like VSC, as described in Chapter’s 3 Section 3.2 [24]. Instead of using a
triangular carrier waveform, a saw-tooth one is used for the pulse width modulation control of this
converter [25]. The aforementioned waveform is scaled from zero to one, and it is compared with the
desired duty cycle, which provides the desired power output (𝑃ፄፒፒ) [25].

In Figure 4.2, the non-isolated Half-Bridge bi-directional Converter topology is demonstrated.

Figure 4.2: Non-Isolated Half-Bridge Bidirectional DC-DC Converter Topology [25].

This topology is chosen because of its simplicity in terms of design and control and also its reduced
size and cost, in comparison with similar isolated converters which need a transformer. Comparing with
other non-isolated converters, half-bridge bidirectional converter, requires less components has higher
efficiency and lower conduction losses.

This converter has two modes of operation:

• Buck mode, where power is transferred from the high voltage side (𝑉ፀ) to the low voltage side
(𝑉ፁ).

• Boost mode, where power is transferred from the low voltage side (𝑉ፁ) to the high voltage side
(𝑉ፀ).

Both modes can be utilized with a proper control strategy in order to provide frequency support services
to the grid during under and over-frequency situations by injecting or absorbing active power with the
help of ESS. Switch 𝑄ኻ is used for the buck mode of operation, while switch 𝑄ኼ is the one responsible
for the boost mode. In the following subsections, each mode will be explained, and the way the duty
cycle is controlled will be discussed.
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4.2.1. Boost Mode
In this mode of operation, when switch 𝑄ኼ is closed, the inductor 𝐿ፃፂ and the ESS are connected in
parallel, causing inductor and ESS voltage to be equal. The rate of change in the inductor voltage is
constant; thus current presents a linear increase when the switch is closed. On the other hand, when
the switch is open, antiparallel diode of switch 𝑄ኻ is conducting and current flows to the high voltage
bus.

In order modify ESS power output during boost operation, reference power is compared with the
measured power at the dc link. The error is provided to a PI controller which gives Duty Cycle as an
output. The block diagram of the aforementioned control system is depicted in Figure 4.3:

Pref

Pout

∆P PI

Controller Dboost
+

−

Figure 4.3: Control loop for Boost Mode Duty Cycle.

The aforementioned controller is mathematically expressed as:

𝐷፛፨፨፬፭ = (𝑃፫፞፟ − 𝑃፨፮፭) ∗ (𝐾𝑝 +
𝐾።
𝑠 ) (4.2)

This mode of operation is utilized when an under-frequency is detected and ESS injects power to the
grid in order to maintain the frequency between the desired limits.

4.2.2. Buck Mode
For buck mode of operation, a similar process like in the boost mode of operation is applied. In this
case, switch 𝑄ኻ is switched with a duty cycle dictated by the demanded power output, while switch
𝑄ኼ always remains off. It is critical to mention that, like VSC, the two switches cannot be switched on
simultaneously because this will cause a short-circuit [25]. Control strategy for buck mode is shown in
Figure 4.4:

Pref

Pout
∆P PI

Controller Dbuck
+

−

Figure 4.4: Control loop for Boost Mode Duty Cycle.

The aforementioned controller is mathematically expressed as:

𝐷፛፮፜፤ = (𝑃፨፮፭ − 𝑃፫፞፟) ∗ (𝐾𝑝 +
𝐾።
𝑠 (4.3)

This mode of operation is utilized when an over-frequency is detected and ESS absorbs the excess
power from the grid in order to maintain the frequency between the desired limits.

From the aforementioned, it is clear that ESS is able to contribute during frequency disturbances,
either decline or increase with a proper control strategy applied to the Bi-Directional DC-DC converter,
which interfaces it with DFIG’s ”Back to Back” converters DC Link. This strategy is explained in the
following section.
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4.3. Integrated frequency and voltage support control system.
It was extensively explained in section 3.3 of Chapter 3, that active and reactive power could be
separately controlled with the help of VSC and Park transformation, since they are regulated by a
different axis component in each case. This fact provides the flexibility to control active and reactive
power output simultaneously and as a result grid’s frequency and voltage.

In this section, the proposed control systems for frequency and voltage support are going to be
explained.

4.3.1. Inertial Response and Primary Frequency Control proposed approach
The proposed strategy for inertial response and primary frequency control consists of two controls
integrated under one system, as shown in Figure 4.5.

fmeasured

fnominal

ferror
Kdroop

Pdroop +

+

+

ROCOF
Pin

Pref

−

Low Pass

Filter

d
dt

Deadband

Deadband

Kin

Figure 4.5: Proposed integrated frequency control.

This control scheme can be expressed mathematically with Equation 4.4

𝑃፫፞፟ = (𝑓፦፞ፚ፬፮፫፞፝ − 𝑓፧፨፦።፧ፚ፥) ∗ 𝐾፝፫፨፨፩ +
𝑑𝑓
𝑑𝑡 ∗ 𝐾።፧ (4.4)

The first part, which acts as synthetic inertial response, is a fixed droop control which is adjusting 𝑃።፧
value in terms of RoCoF. Thus, controller output tries to restrict the rate of frequency deviation.

The second part, which acts as a primary frequency controller, is a droop controller which changes
𝑃 ፫፨፨፩ value according to frequency deviation (Δ𝑓) between measured and nominal frequency. This
control output enhances frequency nadir (or peak). In contrast with the strategies referred in section
2.3.1 of Chapter 2, this approach allows WT to permanently operate at its maximum power point and
does not alternate WT’s shaft speed. All the extra power needed to mitigate frequency deviation, which
is calculated by the controller (𝑃፫፞፟) is provided by the ESS that is paired with the DC Link of the ”Back
to Back” converter setup of DFIG. The active power set-point is translated to the necessary Duty Cycle
for each switch of the Bidirectional DC-DC Converter; thus, the desired power is provided at DC Link
and the GSC. This happens due to the fact that, as mentioned at subsection 3.3.4, GSC control uses
d-axis current component in order to maintain DC Link voltage stable. As explained before, in order to
do so, total active power at the DC Bus has to be zero. Thus, power injected (or absorbed) from the
ESS at the DC Link via the converter is also injected to the grid.

4.3.2. Primary Frequency Control for Grid Code Compliance
It was noted in section 1.5, TSOs require from the generating units a specific response pattern during
frequency disturbances.

Active Power regulation is divided into Automatic Frequency Response, where the active power
is automatically adjusted by governors andManual Control where the power output is changed based
on the demanded by the TSO set point values.

Requirements for Generators (RfG) define three types of automatic frequency response [26, 27]:
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• Frequency Sensitivity Mode (FSM):
This is the operating mode of a power-generating unit in which the active power output changes
in response to a change in system frequency, in such a way that it assists with the recovery to
target frequency.

• Limited Frequency Sensitivity Mode for Over-frequencies (LFSM-O):
This mode of operation is to be activated, when the system is in an emergency state of over-
frequency and all frequency reserves in negative direction have already been deployed.

• Limited Frequency Sensitivity Mode for Under-frequencies (LFSM-U):
This mode of operation is to be activated, when the system is in an emergency state after of
under-frequency and all frequency reserves in positive direction have already been deployed.

Those active power control modes details, specified in German Grid Code [28] are shown in Table
4.1:

Table 4.1: Frequency sensitivity modes defined by German Grid Code.

Mode Description

FSM 0.2 Hz Deadband, 6% droop, 2% of WT capacity
LFSM-U 49.8 Threshold, 2% droop
LFSM-O 50.2 Threshold, 5% droop

A comparison between LFSM-O,LFSM-U and FSM modes is shown in Figure 4.6:
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Figure 4.6: Frequency Sensitivity Modes.

A control system for the WT and ESS, in order to comply with the LFSM-O and LFSM-U operation
modes is depicted in Figure 4.7:

fmeas

fthreshold

+

−

KLFSM Pref
Max.Capacity

0

Figure 4.7: ESS Control Strategy for Grid Code Compliance (LFSM-U and LFSM-O).
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The mathematical formulation of this controller is shown in Equation 4.5:

𝑃፫፞፟ = (𝑓፦፞ፚ፬ − 𝑓፭፡፫፞፬፡፨፥፝) ∗ 𝐾ፋፅፒፌ (4.5)

Where,

𝐾ፋፅፒፌ =

⎧
⎪

⎨
⎪
⎩

−0.02, 𝑓፦፞ፚ፬ < 49.8𝐻𝑧

0, 49.8𝐻𝑧 < 𝑓፦፞ፚ፬ < 50.2𝐻𝑧

−0.05, 𝑓፦፞ፚ፬ > 50.2𝐻𝑧
A control system for the WT and ESS, in order to comply with the FSM operation modes is depicted

in Figure 4.8:
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−
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Figure 4.8: ESS Control Strategy for Grid Code Compliance (FSM).

The mathematical formulation of this controller is shown in Equation 4.6:

𝑃፫፞፟ = (𝑓፦፞ፚ፬ − 𝑓፭፡፫፞፬፡፨፥፝) ∗ 𝐾ፅፒፌ (4.6)

𝐾ፅፒፌ =

⎧
⎪

⎨
⎪
⎩

−0.06, 𝑓፦፞ፚ፬ < 49.8𝐻𝑧

0, 49.8𝐻𝑧 < 𝑓፦፞ፚ፬ < 50.2𝐻𝑧

0.06, 𝑓፦፞ፚ፬ > 50.2𝐻𝑧
With those control systems, the proposed WT topology is capable of complying with the RfG defined
specifically by the German Grid Code.

4.3.3. Voltage Support proposed approach
As mentioned in section 3.3, active and reactive power can be separately controlled with the help
of VSC topology and Park transformation. This fact provides the capability of controlling active and
reactive power output separately in order to regulate the grid’s frequency and voltage.

In Chapter 2, different methods for voltage regulations were demonstrated and discussed. The
proposed voltage control strategy takes into consideration slip, in order to determine if stator or GSC will
provide the needed reactive energy to the grid in order to keep the voltage between the grid code limits
for steady-state operation. By doing so, power electronic converters load is taken into consideration, in
order to protect them from overloading. At section 3, DFIG’s principles of operation were demonstrated.
It was realized that, for speeds different than the synchronous one, rotor provides or consumes power,
which means that during this state of operation, GSC and RSC are loaded proportionally to the slip.
Due to the fact that ”Back to Back” converters are partially rated and need to be as small as possible
to reduce overall system’s cost, it is understood that during high slip values, those converters are not
able to participate in voltage regulation.

On the other hand, if slip is close to zero, then GSC is capable of providing reactive power at its
full range, which is a feature of DFIG that can be exploited in order to create a flexible control scheme
which can always provide the desired reactive power to the grid and utilized all its equipments (stator
and power electronic converter topologies).
To begin with, the voltage at the PCC is measured and compared with a reference value, which is
the limit for steady-state operation defined by each TSO’s grid code. This error is used as an input
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of a PI Controller, which provides as an output a current reference 𝑖፫፞፟. The block diagram of the
aforementioned scheme is shown in Figure 4.9:

V
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Verror+

−
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iref
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Figure 4.9: Reference current calculation for Voltage Support.

The mathematical formulation of this control scheme is demonstrated in Equation 4.7

𝑖፫፞፟ = (𝑉∗ፏፂፂ − 𝑉፦፞ፚ፬)(𝐾፩ +
𝐾።
𝑠 ) (4.7)

After that, current state of operation needs to be determined. For this reason, turbine speed 𝜔፫፞፟ is
measured and compared with the synchronous speed 𝜔፬፲፧፜ in order to calculate the slip. It is decided
that GSC has to be able to provide (or absorb) a portion of reactive power to (or from) the grid. Thus,
a deadband has to be utilized. This deadband defines the amount of reactive power is held as a
reserve from GSC. After passing slip through the deadband, this value is compared with zero in order
to define which component is going to provide voltage support in case of a disturbance. So, current
reference calculated from previous control scheme (Figure 4.9) depending on slip, is provided to the
DFIG’s converters.

The Equations 4.10, 4.11, 4.8 and 4.9 show the mathematical formulation of the control depicted
in Figure 4.10.

𝑖∗ፆፒፂ = 𝑖፫፞፟ ∗ 𝐵𝑙𝑜𝑐𝑘ፆፒፂ (4.8)

𝑖∗ፑፒፂ = 𝑖፫፞፟ ∗ 𝐵𝑙𝑜𝑐𝑘ፑፒፂ (4.9)

𝐵𝑙𝑜𝑐𝑘ፆፒፂ = {
1, 𝑠𝑙𝑖𝑝 ∈ [−𝑑𝑏, 𝑑𝑏]

0, 𝑒𝑙𝑠𝑒𝑤𝑖𝑠𝑒
(4.10)

𝐵𝑙𝑜𝑐𝑘ፑፒፂ = {
0, 𝑠𝑙𝑖𝑝 ∈ [−𝑑𝑏, 𝑑𝑏]

1, 𝑒𝑙𝑠𝑒𝑤𝑖𝑠𝑒
(4.11)
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Figure 4.10: Converter participation control logic.
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It was demonstrated at section 3.3.4, that q-component of GSC is responsible for controlling its
reactive power output. The reference current which is calculated from the aforementioned logic, is
compared with the q-axis measured current component. The error is provided as an input to a PI
Controller which gives as an output the reference q-axis voltage component. In a following stage,
d-component which is defined by DC Link capacitor voltage as referred before and q-component after
an inverse Park Transformation are used for PWM control of GSC. Reference voltage control strategy is
depicted in Figure 4.11:

i
∗

GSC
+

−

iGSCq,meas

iGSCq,error PI

Controller
v
∗

GSCq

Figure 4.11: Grid Side Converter outer-loop control logic.

This controller can be mathematically expressed as:

𝑣∗ፆፒፂ,፪ = (𝑖∗ፆፒፂ − 𝑖ፆፒፂ፪,፦፞ፚ፬)(𝐾፩ +
𝐾።
𝑠 ) (4.12)

The same logic is applied for RSC control. It is shown above that RSC is able to control stator’s reactive
power output by properly controlling d-axis component. For this reason, the calculated reference
current value is compared with the measured d-axis current component of RSC and the error is provided
to a PI Controller. The output of this controller is the d-axis voltage component, which after an inverse
Park Transform is utilized for the effective control of RSC with the PWM method. The RSC voltage
support control strategy is depicted in Figure 4.12.

i
∗

RSC
+

−

iRSCd,meas

iRSCd,error PI

Controller
v
∗

RSCd

Figure 4.12: Rotor Side Converter outer-loop control logic.

The equation that describe this control is shown below:

𝑣∗ፑፒፂ,፝ = (𝑖∗ፑፒፂ − 𝑖ፑፒፂ፝,፦፞ፚ፬)(𝐾፩ +
𝐾።
𝑠 ) (4.13)

The aforementioned control system is capable of providing voltage support to the grid in each case
of operation (sub, synchronous and super-synchronous) by smartly utilizing the converters according
to the slip; thus according to their loading and protect them from overcharging. It has to be noted
that the system is enabled only when voltage is breaching the allowed operational limits defined by
the grid code and maintain it between them. In order to bring the voltage back to its nominal value,
TSOs have to proceed to further actions.





5
Simulation and Results

In the previous chapter, the mathematical modelling of each system component was demonstrated.
Moreover, the control systems for frequency and voltage support were thoroughly explained and ana-
lyzed.

In this section, frequency and voltage behaviour for different operational scenarios is going to be
demonstrated, and the impact of the proposed topology and control system is explained. The chapter is
divided into three sections. At the first one, frequency behaviour is examined during various situations,
such as wind penetration, controller gains, delays and WT percentage equipped with ESS. Furthermore,
the comparison between Primary Frequency Response and the proposed integrated controller with
Primary Frequency Control and Inertial response is demonstrated.

The second section is examining the voltage support capability of the proposed control system. Two
different scenarios are going to be considered. At the first one, demanded reactive power is provided
by the GSC and at the other one support is given by the DFIG’s stator, by properly controlling rotor’s
excitation with the help of RSC converter.

Finally, since the proposed controller is integrated and is capable of simultaneously mitigating both
frequency and voltage deviations, the third section of the results examines system’s frequency and
voltage behaviour during parallel active and reactive power load changes at the system.

For all the following simulations, IEEE 14-Bus System was used as a benchmark, since it is suitable
for frequency and voltage stability studies. Further information about this system can be found in
Appendix A.

5.1. Frequency Support
As mentioned before, the system’s frequency behaviour is going to be examined in this section. In
order to obtain better insight, frequency nadir (or peak) and RoCoF are presented and compared for
the various operational scenarios. As a test system, IEEE 14-Bus benchmark system is used, which is
appropriate for frequency and voltage stability studies.

5.1.1. Integrated Control for Inertia Response and Primary Frequency Control
In this subsection, the system’s frequency behaviour is examined, and a comparison between tra-
ditional primary frequency control with the proposed integrated frequency controller is going to be
demonstrated. In order to get a frequency deviation at the grid, a load increase of 10 MW at Bus 9 is
introduced at the first second of the simulation. The Wind Penetration at this case is 15% (in terms of
active power) and all WTs are equipped with ESS. Frequency and RoCoF responses are shown in the
following figures and table:

45
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Figure 5.1: Frequency Comparison between PFR and proposed Integrated Control.
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Figure 5.2: RoCoF Comparison between PFR and proposed Integrated Control.

Table 5.1: Frequency and RoCoF Comparison for different Frequency Control strategies.

Frequency Control Nadir [Hz] Max.RoCoF [Hz/sec]

No Control 49.8712 -0.1008
PFR 49.9027 -0.0939
Integrated Control 49.9171 -0.0783

From Figures 5.1, 5.2 and Table 5.1 it is clear that Primary Frequency Control has an impact on
system’s frequency nadir, by increasing it, compared to the base case where WTs do not participate in
frequency regulation. Furthermore, it slightly enhances the response of the system by reducing RoCoF
immediately after the disturbance. The integrated control strategy, on the other hand, is improving
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both primary frequency and inertial response. This can be validated since both Nadir and RoCoF are
improved compared to the previous controller.

Since the impact of each controller in frequency and RoCoF was demonstrated above, it is considered
necessary to show the participation of the ESS in terms of power and the way this power changes as
a function of the indices mentioned above. In the following figures, ESS power injected at the DC Link
is shown in the same graphs with the system’s frequency and RoCoF:
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Figure 5.3: ESS Power Output compared with Frequency.

Figure 5.4: ESS Output compared with RoCoF.

It is clear that after the disturbance, almost immediately ESS starts injecting power to the DC Link
in order to mitigate the frequency deviation, mimicing the response of a SG. The short delay is a
consequence of control system’s deadbands. When deadband becomes positive and higher than the
activation deadband, injected power is reduced in order to mitigate this increasing RoCoF. The active
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power which is still injected after RoCoF is diminished is due to the Primary Frequency control.
In Figure 5.3 and 5.4, ESS power injection at DC Link is depicted. It is also important to demonstrate

that this injected power is also transferred and injected properly at the PCC, since TSOs are interested
on this injection and not for the ”internal” operation of the DFIG. This is shown in Figure 5.5, where
ESS, WT and total power at the PCC are depicted:
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Figure 5.5: Active Power from ESS to the PCC correlation.

It is obvious, that the injected power from the ESS at the DC Link of the ”Back to Back” converter
configuration of DFIG, is translated to an equal active power increase at the PCC. This means that
GSC is capable of providing this extra power to the PCC without any further control actions (as also
demonstrated in Equation 4.1).

In order to assess the contribution of the proposed control strategy to system’s stability, a compar-
ison between the eigenvalues, obtained with the help of Prony analysis on SG’s output power signal is
demonstrated in Figure 5.6:
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Figure 5.6: Active Power from ESS to the PCC correlation.
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It is clear, that oscillations are damped faster with the implementation of the proposed control
system, since damping ratio of the derived modes is higher than those, when the WTs are operated
under UPF mode. In Figure 5.7, ESS’ State-of-Charge is presented.
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Figure 5.7: ESS State-of-Charge during an under-frequency event.

It is clear that the ESS is discharging after the disturbance and the slope is varying according to the
power that is pushed to the grid.

5.1.2. Frequency Comparison for different proportion of WTs equipped with
ESS

In this section, a comparative frequency behaviour study for different percentage of WTs equipped
with ESS and the proposed control strategy is going to be demonstrated. This study is capable of
highlighting proposed topology’s impact and its ability to mitigate frequency fluctuations even if it is
partially implemented. For the following simulation, Wind Penetration of 15% is considered.

Furthermore, this analysis can provide information about the reserve power needed from ESS in
order to achieve an operation similar to the synchronous system’s (without any RES, only with SGs).
The following figures and table, show the frequency and RoCoF behaviour and indexes of the system
for a 10MW load increase at Bus 9 :

Table 5.2: Frequency and RoCoF comparison for different percentage of WTs equipped with ESS.

% ESS Nadir [Hz] Max.RoCoF [Hz/sec]

Base Case (Only SG) 49.8853 -0.0906
0 % 49.8691 -0.1000
25 % 49.8812 -0.0931
50 % 49.8941 -0.0878
75 % 49.9064 -0.0820
100 % 49.9171 -0.0783
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Figure 5.8: Frequency Comparison for different percentage of WT equipped with ESS.

Figure 5.9: RoCoF Comparison for different percentage of WT equipped with ESS.

From Figures 5.8, 5.9 and Table 5.2, it can be observed that, when 50% of farm’s WTs are equipped
with ESS and the proposed control scheme, frequency’s nadir and maximum rate of change are similar
to those of the base case, when system operates only with SGs. For a higher rate of the proposed
system implementation, frequency becomes more stable than the synchronous system, since power
reserve from ESS increases. This is an important feature of the enhanced system, which can be
exploited in order to achieve better performance and simultaneously reduce WTs costs.
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5.1.3. Frequency Comparison for different Wind Penetration Levels
As mentioned in Chapter 1 (especially in section 1.2) and 2, a serious drawback of RES penetration is
that system’s inertia decreases; thus the grid is more vulnerable to large frequency deviations. This
leads to lower frequency nadirs and higher RoCoF, which stresses the existing synchronous generators
and endangers the normal operation. At this subsection, the system’s frequency response to a load
increase of 20MW at Bus 3, for different penetration levels (in terms of active power) is examined. It
has to be noted that, for each level, all WTs are considered to be equipped with ESS and the proposed
integrated control system. The findings of those simulations are shown in Figures 5.10,5.11 and Table
5.3:

Figure 5.10: Frequency Comparison for different levels of Wind Penetration.

Figure 5.11: RoCoF Comparison for different levels of Wind Penetration.
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Table 5.3: Frequency and RoCoF comparison for different Wind Penetration Levels.

Wind Penetration Level Nadir [Hz] Max.RoCoF [Hz/sec]

Base Case (Only SG) 49.7615 -0.1895
15 % 49.7830 -0.1751
30 % 49.8308 -0.1416
40 % 49.8551 -0.1334
50 % 49.8742 -0.1180

From the results, it is notable that, while penetration increases, frequency has enhanced perfor-
mance, since nadir is increased and maximum RoCoF decreases. This is contrary to the system’s
behaviour when WTs are integrated without control to the grid. Figures 5.10, 5.11 clearly show that
frequency nadir and maximum RoCoF are significantly improving as penetration increases. This is a
consequence of adding a small ESS (in this case, 5% of DFIG’s output). This reserve can be immedi-
ately injected to the grid when a frequency disturbance is detected. Furthermore, ESS implementation
allows WT to operate at its maximum power point and always provide optimal during its operation.

5.1.4. Frequency Comparison for different Controller Delays

During the previous simulations, it was considered that all of the measurements and controller outputs
were obtained in real time. Although this is not the case in an actual power system. In the real world,
there is a period of time needed, in order to transmit the data from the measurement location to the
control centre and to provide these data from the control centre to the individual controllers [29]. This
time period is commonly referred to as communication delay. Those delays shall be implemented in
the simulation in order to identify if they cause oscillations and instability. In Figures 5.12, 5.13 and
Table 5.4, frequency and RoCoF behaviour, for different delay values that exist in literature [29] are
examined. It has to be noted that for the following simulations, Wind Penetration of 15% is considered.

Figure 5.12: Frequency Comparison for different measurement delays at the control system.
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Figure 5.13: RoCoF Comparison for different measurement delays at the control system.

Table 5.4: Frequency and RoCoF comparison for different measurement delay values.

Measurement Delay [ms] Nadir [Hz] Max.RoCoF [Hz/sec]

0 49.9171 -0.0783
20 49.9171 -0.0784
200 49.9072 -0.0805
500 49.9071 -0.0820

From those results, it can be observed that measurement and communication delays have a minor
impact on frequency’s nadir and rate of change. While delay increases, frequency indices go into
decline, with RoCoF being more influenced than frequency nadir. Although the impact is not so critical
since the difference is insignificant, despite that, those simulations show that delay can be a factor
which is capable of limiting and deteriorate the controller if their value is high enough.

5.1.5. Frequency Comparison for different Controller Gains
As shown in section 4.3.1 of chapter 3, integrated control for inertial response and primary frequency
control utilize two droop controllers with different gain values. In this section, the sensitivity of the
system as a function of those gains is going to be examined. For the following simulations, Wind
Penetration of 15% is considered.

Primary Frequency Control Gain Variation
First of all, frequency and RoCoF response during a 10MW load increase at Bus 9 are compared for
different 𝐾፝፫፨፨፩ values. The results are demonstrated in Table 5.5 and Figures 5.14 and 5.15:

Table 5.5: Frequency and RoCoF comparison for different primary frequency controller gain (ፊᑕᑣᑠᑠᑡ) values.

𝐾፝፫፨፨፩ Nadir [Hz] Max.RoCoF [Hz/sec]

0 49.9019 -0.0784
1 49.9141 -0.0788
3 49.9173 -0.0746
9 49.9173 -0.0760



54 5. Simulation and Results

Figure 5.14: Frequency Comparison for different primary frequency controller gain (ፊᑕᑣᑠᑠᑡ) controller.

Figure 5.15: RoCoF Comparison for different primary frequency controller gain (ፊᑕᑣᑠᑠᑡ) values.

It is noticed from the results, that RoCoF is slightly improved by the droop change. It is expected
that this gain variation would have minimum impact on RoCoF since as it was explained in section
4.3.1, 𝐾፝፫፨፨፩ acts against frequency deviation and not against RoCoF. On the other hand, it is clear
that by changing 𝐾፝፫፨፨፩ value, frequency nadir is changing. Specifically, when droop increases, nadir
is improved. This trend is not noticed for high gains due to the limits on the duty cycle of the DC-DC
converter, which does not allow higher active power injection to the DC Link and as a consequence to
the grid.
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Inertial Response Gain Variation

It is also considered necessary to identify system’s response for different values of the 𝐾።፧ gain which is
responsible for deteriorating RoCoF by providing inertial response. The frequency and RoCoF behavior
for a a 10MW load increase at Bus 9, with different 𝐾።፧ gain values are depicted in Figures 5.16, 5.17
and Table 5.6:

Figure 5.16: Frequency Comparison for different inertial response controller gain (ፊᑚᑟ) values.

Figure 5.17: RoCoF Comparison for different inertial response controller gain (ፊᑚᑟ) values.
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Table 5.6: Frequency and RoCoF comparison for different inertia response controller gain (ፊᑚᑟ) values.

𝐾።፧ Nadir [Hz] Max.RoCoF [Hz/sec]

0 49.9022 -0.0918
2 49.9158 -0.0835
4 49.9173 -0.0783
8 49.9173 -0.0778

From the results, it is noted that, as explained in section 4.3.1, there is no significant impact of 𝐾።፧
gain variation at the system’s frequency nadir, since this gain acts against RoCoF. In contrast, while
𝐾።፧ gain increases, it is observed that maximum RoCoF is limited. Such as the previous case, after a
value, further increase of the gain is not translated into improved RoCoF performance. This happens
due to the limitations of the duty cycle of the DC-DC converter.
At this section, it was made clear how each gain affects the behaviour of the system, and the limits of
the controller contribution to the system’s frequency were demonstrated.

5.1.6. System response during Over-Frequency situations
Most of the frequency disturbances in a transmission system happen for two main reasons, either
generation loss, which means that production is decreasing, or load connection to the grid, which is
translated to demand increase. Both of the changes mentioned above cause frequency decline since
demand is higher than the generation. For that reason, under-frequency disturbances were examined
at the previous subsections.

With the development of the existing power system, isolated areas that were previously autonomous
and operated with the help of small generators and RES are now connected to the main utility grid with
long overhead lines. If for any reason, this connection is lost during steady-state operation, there will
be an excess of active power in the isolating grid, which causes over-frequency [30].

In order to tackle this problem, the proposed control scheme is capable of absorbing the excess
of active power with the help of ESS and the appropriate control of the interface Bi-Directional DC-DC
converter. Figures 5.18 and 5.19 demonstrate frequency and RoCoF comparison during a 15 MW load
decrease at Bus 9. It is mentioned that for this simulation, Wind Penetration of 15% is considered.
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Figure 5.18: Frequency Comparison for over-frequency disturbance.
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Figure 5.19: RoCoF Comparison for over-frequency disturbance.

A comparison between frequency performance indices for those different operational scenarios is
shown in Table 5.7 :

Table 5.7: Frequency and RoCoF comparison for over-frequency disturbances.

Operational Scenario Peak [Hz] Max.RoCoF [Hz/sec]

Base Case 50.1151 0.0913
15% Wind Penetration without control 50.1265 0.1001

15% Wind Penetration with the proposed integrated control 50.0737 0.0665

From the results, it can be clearly seen that the proposed controller is capable of effectively miti-
gating over-frequency disturbances at the grid. In fact, at the specific penetration level (15% in terms
of active Power) and proportion of WTs equipped with ESS (100% for this simulation), systems perfor-
mance is even better than the one when system is running exclusively on SGs.

Specifically, frequency peak is notably decreasing when the proposed control system is imple-
mented. The same behavior is also observed for maximum RoCoF, which is drastically diminished,
reducing the stress on the remaining SGs. Moreover, as a consequence of Primary Frequency Control,
when the proposed control strategy is deployed, frequency returns to a steady state value which is
closer to the nominal one (50 Hz).

Another benefit of the proposed topology and control strategy is that the system is capable of
capturing the excess power during imbalances, store it, and uses it when it is needed to provide
frequency support in the future. In Figure 5.20, ESS’s State of Charge is demonstrated. It can be seen
that, when the disturbance happens, at the first second of the simulation, DC-DC converter operates in
buck mode and charges the ESS. Until Secondary Frequency Control takes action, which is responsible
for active power re-dispatch in order to bring frequency back to the nominal value, ESS is going to
absorb power which will be utilized at a later frequency dip. State of charge is shown in Figure 5.20:
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Figure 5.20: ESS State-of-Charge during an under-frequency event.

5.1.7. Grid Code Compliance
In this subsection, system’s capability of complying with the Requirements for Generators (RfG) is going
to be examined for both under and over-frequency disturbances. Moreover, all three modes explained
in Chapter 4 are going to be examined and demonstrated.

Frequency Sensitive Mode (FSM)
This paragraph examines active power output of the WT for different frequency disturbances, when
WT is operated under Frequency Sensitive Mode (FSM). As stated in section 4.3.2, WT shall change its
output with 0.06 droop while deadband is set at 0.2 HZ. Figures 5.21,5.22,5.23 show WT’s response to
under-frequency disturbances, while Figures 5.24,5.25 and 5.26 depict the response to over-frequency
events. Moreover, Table 5.8 shows the results for over and under frequency events.
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Figure 5.21: Wind Turbine response during under-frequency event (FSM operation, 2 Hz disturbance).
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Figure 5.22: Wind Turbine response during under-frequency event (FSM operation, 0.87 Hz disturbance).
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Figure 5.23: Wind Turbine response during under-frequency event (FSM operation, 0.54 Hz disturbance).
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Figure 5.24: Wind Turbine response during οver-frequency event (FSM operation, 0.54 Hz disturbance).
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Figure 5.25: Wind Turbine response during under-frequency event (FSM operation, 0.84 Hz disturbance).
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Figure 5.26: Wind Turbine response during over-frequency event (FSM operation, 2 Hz disturbance).

Table 5.8: WT response during FSM operation.

Δ𝐹 [Hz] 𝑃፩፫፞ [MW] 𝑃፩፨፬፭ [MW] Δ𝑃 [MW] ጂፏ
ፏᑣᑖᑗ

[%]

-2 1.11 1.15 0.04 2
-0.87 1.11 1.15 0.04 2
-0.54 1.11 1.13 0.02 1
0.54 1.11 1.09 -0.02 -1
0.87 1.11 1.07 -0.04 -2
2 1.11 1.07 -0.04 -2

It is clear that immediately after the disturbance, active power injection at the PCC is modified,
according to the frequency deviation. This is happening since ESS is providing frequency support to
the grid according to the controller. The proposed system is capable of complying with the Frequency
Sensitive Mode, as stated in Germany’s grid code.

Limited Frequency Sensitivity Mode - Under-Frequency (LFSM-U)
In this paragraph active power output of the WT for different frequency disturbances, when WT is
operated under Limited Frequency Sensitivity Mode for Under-Frequency (LFSM-U). As discussed in
section 4.3.2, WT shall change its output with 0.02 droop while deadband is set at 0.2 HZ. Figures
5.28,5.27,5.29 show WT’s response to under-frequency disturbances. Moreover, Table 5.9 shows the
results for over and under frequency events.

Table 5.9: WT response during LFSM-U operation.

Δ𝐹 [Hz] 𝑃፩፫፞ [MW] 𝑃፩፨፬፭ [MW] Δ𝑃 [MW] ጂፏ
ፏᑣᑖᑗ

[%]

-1.2 1.91 1.93 0.02 1
-2.2 1.91 1.94 0.04 2
-2.33 1.91 1.94 0.04 2
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Figure 5.27: Wind Turbine response during under-frequency event (LFSM-U operation, 1.2 Hz disturbance).
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Figure 5.28: Wind Turbine response during under-frequency event (LFSM-U operation, 2.2 Hz disturbance).
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Figure 5.29: Wind Turbine response during under-frequency event (LFSM-U operation, 2.33 Hz disturbance).

When the frequency disturbance occurs, active power injection at the PCC is increasing, according
to the frequency deviation. This is happening since ESS is providing frequency support to the grid
according to the controller. The proposed system is capable of complying with the Limited Frequency
Sensitivity Mode - Under-Frequency, as stated in Germany’s grid code.

Limited Frequency Sensitivity Mode - Over-Frequency (LFSM-O)
In this paragraph active power output of the WT for different frequency disturbances, when WT is
operated under Limited Frequency Sensitivity Mode for Over-Frequency (LFSM-O). As discussed in
section 4.3.2, WT shall change its output with 0.05 droop according to frequency deviation while
deadband is set at 0.2 HZ. Figures 5.30,5.31 and 5.32 depict the response of the WT to over-frequency
events. Moreover, Table 5.10 shows the results for over and under frequency events.

0 1 2 3 4 5 6 7 8 9 10

50

50.1

50.2

50.3

50.4

50.5

50.6

50.7

1.89

1.895

1.9

1.905

1.91

1.915

1.92

Figure 5.30: Wind Turbine response during over-frequency event (LFSM-O operation, 0.6 Hz disturbance)
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Figure 5.31: Wind Turbine response during under-frequency event (LFSM-O operation, 1 Hz disturbance)
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Figure 5.32: Wind Turbine response during under-frequency event (LFSM-O operation, 2 Hz disturbance)

Table 5.10: WT response during LFSM-O operation.

Δ𝐹 [Hz] 𝑃፩፫፞ [MW] 𝑃፩፨፬፭ [MW] Δ𝑃 [MW] ጂፏ
ፏᑣᑖᑗ

[%]

0.6 1.91 1.89 -0.02 -1
1 1.91 1.87 0.04 -2
2 1.91 1.87 0.04 -2
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5.2. Voltage Support
In the previous section, controller performance for frequency disturbances was demonstrated. As
stated at Chapters 1 and 2, keeping the system’s voltage into a specific range is also important for
the normal operation of the grid. Till today, most of the WT were operated under Unity Power Factor
(UPF), which means they do not provide reactive power to the grid. The proposed controller is capable
of mitigating fluctuations and maintaining voltage into the limits, decided by the TSO, by providing
reactive power support.

Every TSO has its own grid code which defines voltage limits for normal operation. From ENTSO-E
documentation [31], it is noted that Hungarian grid code is the stricter one, regarding voltage limits
(0.95𝑝.𝑢. < 𝑉 < 1.05𝑝.𝑢.). Those limits are going to be taken into consideration during the following
simulations, in order to assess the system’s voltage behaviour. As a consequence, if the controller can
maintain voltage stability in terms of this grid code, then it is capable of complying with all European
Grid Codes.

In order to create a voltage drop, a load of 50 MVAR is connected to the grid at Bus 2 at the first
second of the simulation. For the next simulations, Wind Penetration is considered as 15%, in terms
of active power.

The results part is divided into two subsections. The first one presents simulation results and voltage
behaviour of the system when slip is in that range, where voltage support is provided by the GSC since
it is not fully utilized. The second part, on the other hand, presents the results of the simulations,
where reactive power support is provided from DFIG’s stator, by appropriate controlling rotor excitation
currents with the help of RSC.

5.2.1. Reactive Power support from GSC
When controller was explained at Chapter 3 (see section 4.3.3 and Figure 4.10), it was made clear that
the reactive power support can be provided by GSC or DFIG’s stator with the help of RSC according to
generator’s slip. It was also shown that, while slip increases, the load of the ”Back to Back” inverter
configuration also increases. For those reasons, in order to protect the converters from overloading,
it was decided that the controller should provide reactive power from the GSC when slip is lower than
0.1.

In this simulation, generator speed is considered as 1p.u., thus slip is zero. This means that the
reactive power support is provided by the GSC, as mentioned above. A comparison of voltage be-
haviour, when WT is operated under Unity Power Factor and when the proposed control is deployed,
is demonstrated in Figure 5.33:
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Figure 5.33: Voltage Comparison at the PCC (voltage support provided by GSC).
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It is clear that when the WT are operated under Unity Power Factor, voltage drops under the lower
voltage limit defined by the grid code (Red Line at the diagram) for over than 3 seconds and after
that it is settled in a point below than the lower limited one. On the other hand, when the proposed
control system is deployed, when voltage drops under the lower limit, the controller is activated and
compensates the demanded reactive power in order to stabilize the voltage. The settling point of the
voltage is above the lower limit, opposite to the previous result.

In order to examine the operation of the controller in depth, it is considered necessary to show the
reactive power output of the GSC, compared to the voltage deviation. This response is shown in Figure
5.34.

It can be realized that, during steady state operation, GSC is not injecting reactive power to the
grid. When the load change happens and voltage begins to decline, GSC does not provide reactive
power support to the grid, until the point that voltage falls beyond the Grid Code limits. When this
happens, GSC increases its Reactive Power output in order to bring voltage back to the desired levels,
which is successfully achieved after a short time period.
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Figure 5.34: Voltage at PCC and Reactive Power injection from GSC correlation.

As mentioned in section 5.1.1, TSOs are interested for the injection at the PCC and not what for the
separate WT component outputs. For this reason, it is needed to also show the injection at the PCC,
which is depicted in Figure 5.35:
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Figure 5.35: Reactive Power injection at the PCC (voltage support provided by GSC).

It is obvious that reactive power injection at the PCC, follows the same pattern of the GSC reactive
power output. This means that GSC’s injection is translated to an equal reactive power injection at the
PCC.

5.2.2. Reactive Power support from Stator
This sections demonstrates the reactive power support of DFIG WTs, when stator is providing this
ancillary service to the gird. For this simulation, turbine speed is considered as 1.2p.u., thus slip is
equal to 0.2. This means that the ”Back to Back” configuration is already loaded close to it’s limits,
since it is transferring active power to the grid, and cannot provide further support.

For this reason, controller provides the support via DFIG’s stator by appropriately controlling rotor
excitation currents. Voltage at the PCC, compared with the respective one when WTs are operated
under Unity Power Factor is demonstrated in Figure 5.36:
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Figure 5.36: Voltage Comparison at the PCC (voltage support provided by DFIG’s stator).
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Voltage response is similar to the one was observed when support was provided by GSC (see
Figure 5.33). For this mode of operation, voltage is again successfully maintained above lower limit,
in contrast to the case when WT is operated under Unity Power Factor. Figure 5.37 demonstrates the
reactive power output of the stator, compared to the voltage at the PCC :
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Figure 5.37: Voltage at PCC and Reactive Power injection from DFIG’s stator correlation.

In this mode of operation, the reactive power follows the same pattern with the one, when it is
provided by the GSC (see Figure 5.34). Initially, during steady-state, where DFIG is operated under
Unity Power Factor, stator provides an amount of reactive power, in order to compensate the needs of
the rotor and ”Back to Back” converter configuration; thus only active power in PCC is provided. When
voltage breaches the lower limit, reactive power provided by stator is rapidly increasing in order to
support voltage at the grid. The total injected reactive power of the WT at the PCC is shown in Figure
5.38:
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Figure 5.38: Reactive Power injection at the PCC (voltage support provided by DFIG’s stator).

It is shown that during steady-state operation, there is an insignificant amount of reactive power
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which is injected to the grid. After the disturbance, reactive power output is scaling up in order to
compensate system needs and support system’s voltage, which is a result of controller actions to
counteract the voltage dip.

5.3. Integrated Control for Frequency and Voltage support
During previous sections, frequency and voltage behavior of the system with the proposed topology
and controls were demonstrated. As mentioned in thesis introduction, those kind of events can happen
simultaneously during the operation of a power system and threaten its stable operation. For this
reason, it is necessary to integrate the aforementioned controls under a system and implement it at
the DFIG WT in order to enable it to mitigate both frequency and voltage disturbances simultaneously.

In order to investigate the controller’s response, a simultaneous active and reactive power step load
increase is considered. Specifically, a 10MW + 50MVAr load increase occurs at Bus 2. Moreover, the
Wind Penetration is considered as 15% (in terms of Active Power).The section is again divided in two
subsections. The first one shows the results when voltage support is provided by GSC and the other
one when support is responsibility of DFIG’s stator.

5.3.1. Voltage Support from GSC
As in section 5.3.1, generator speed is considered at 1p.u., so controller will provide reactive power,
when needed, from the non utilized GSC. Frequency and RoCoF results for DFIG Unity Power Factor
operation compared to those with the proposed controller implemented are shown Table 5.11:

Table 5.11: Frequency RoCoF comparison for simultaneous frequency and voltage disturbance (voltage support provided by
GSC).

Control System Nadir [Hz] Max.RoCoF [Hz/sec]

Without Control 49.7925 -0.1905
With Integrated Control 49.8878 -0.1299

For better understanding of system’s behavior, Frequency and RoCoF after the disturbance in com-
parison with the scenario where WTs are operated under Unity Power Factor are depicted in Figures 5.39
and 5.40. Those figures help to visualize frequency and RoCoF fluctuations and spot the differences
between the operational scenarios.
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Figure 5.39: Frequency comparison for simultaneous frequency and voltage disturbance (voltage support provided by GSC).
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Figure 5.40: RoCoF comparison for simultaneous frequency and voltage disturbance (voltage support provided by GSC).

The results validate how helpful the proposed controller is for the system. Frequency nadir is
significantly enhanced, and RoCoF follows the same pattern. Furthermore, regarding primary frequency
control capability, it is clear that the settling point of the frequency enhanced with the proposed control
system and it is within the allowed limits (50 ± 0.05 Hz).

Since frequency improvement is validated, it is also important to examine the system’s voltage
deviation. This behaviour, compared to the one when WTs inject exclusively active power to the grid,
is shown in Figure 5.41:
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Figure 5.41: Voltage at the PCC (voltage provided by GSC).

It is noted that, when WTs are equipped with the proposed control system, the voltage after a short
dip under the lower limit (the red line at the figure) is increasing since it is supported by the DFIG and
settles at a point which lays in the allowed voltage range.

From the results shown in Figures 5.39, 5.40 and 5.41, it is unambiguous that the proposed control
system and topology are capable of providing the desired Ancillary Services (Inertial Response, Primary
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Frequency Control and Voltage Support) to the grid. Both Frequency and Voltage drops were mitigated
in comparison with the Base Case, and RoCoF was notably decreased.

It is important to demonstrate the way controller against those deviations, by presenting the output
of the respective power electronic topology, in this case, GSC, which diminishes both disturbances by
increasing its active and reactive power injection. Those power injections are depicted in Figure 5.42
below:
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Figure 5.42: Active and reactive output of the GSC (voltage support provided by GSC).

As clearly shown in Figure 5.42 that during steady-state operation, GSC is not injecting any active or
reactive power to the grid, which is expected since the generator was operating at synchronous speed;
thus rotor’s slip power is zero. When the disturbance occurs, and the controlled variables (frequency
and voltage) go beyond the allowed limits which are imported to the controller with the help of dead
band, active and reactive power injected from the GSC increase in order to support system’s frequency
and voltage. The controllers, as can be seen, are enabled in a different time. Frequency controller is
enabled first and GSC began to inject active power to the grid. After approximately 0.2 seconds, the
voltage controller followed, by increasing reactive power reference point.

It was explained in Chapter 2 and specifically in Section 2.2.3 that, one of the biggest advantages
of DFIG based WTs is that their cost is reduced, in comparison with Type-4 WTs, due to the fact that
power electronic converters are partially rated, since they only need to transfer the slip power of the
generator. In order to investigate the loading of the GSC, while providing frequency and voltage support
to the grid, GSC’s apparent power is depicted in Figure 5.43.

It is considered that ”Back to Back” converters are rated at 30% of DFIG’s rated power. The
simulated DFIG is rated at 2MW; thus power electronic converter rating shall be 0.6 MVA.

From Figure 5.43, it is comprehensible that controller limits are set in a proper way that they protect
GSC from overloading risk. This case is the one that stresses GSC most, in terms of power loading and
despite that, it is still operating under its limit.
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Figure 5.43: Apparent Power output of the GSC (voltage support provided by GSC).

5.3.2. Voltage Support by DFIG’s stator
For this operational scenario, like in section 5.2.2, generator speed is considered as 1.2 p.u.. This
means that generator is operated at super-synchronous speed and rotor provides slip power (in this
case 0.2 p.u.) to the grid via the ”Back to Back” converter configuration. This is detected by the
proposed control strategy, which will provide reactive power support, when needed, from DFIG’s stator
with the help of the GSC. With such an operation, overloading power electronic converters is avoided,
since stator can be transiently overloaded and provide extra reactive power reserve [6].

Frequency behaviour comparison of the two operational scenarios (DFIG operated under Unity
Power Factor and DFIG equipped with the proposed control system) for simultaneous active and reactive
power load increase at Bus 2 are shown in Figures 5.44, 5.45 and Table 5.12:
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Figure 5.44: Frequency comparison for simultaneous frequency and voltage disturbance (voltage support provided by DFIG’s
stator).
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Figure 5.45: RoCoF comparison for simultaneous frequency and voltage disturbance (voltage support provided by DFIG’s
stator).

Table 5.12: Frequency and RoCoF comparison for simultaneous frequency and voltage disturbance (voltage support provided
by DFIG’s stator).

Control System Nadir [Hz] Max.RoCoF [Hz/sec]

Without Control 49.7925 -0.1905
With Integrated Control 49.8841 -0.1380

Results clearly demonstrate that proposed controller is able to provide inertial response to the grid
since RoCoF is significantly decreased the moments after the disturbance, which leads frequency to
decline with a less steep slope than the base case when WTs are operated under Unity Power Factor.
Furthermore, frequency nadir and settling point are notably enhanced, compared to the base case,
and lays in the allowed operational limits (50 ± 0.05 Hz). This means that the proposed controller is
successfully providing primary frequency support ancillary service to the grid.

Comparing to the results of the previous subsection 5.3.1, it can be realized that there are not
any remarkable differences in frequency behaviour. That was expected since in both cases, frequency
support is provided by the GSC; thus frequency is similar for both cases.

Since there is also a reactive power load increase, the voltage is going to be affected. Voltage
behaviour when WTs are only injecting active power to the grid compared to the behaviour when
the proposed control system is deployed is depicted in Figure 5.46. It is noticed that, when WTs are
operated under Unity Power Factor, voltage decline is larger and longer. Moreover, after the transient
period, the voltage settling point is lower than the allowed limit.

On the other hand, when integrated control is implemented after the voltage falls below the allowed
limit, the controller takes action and supports the voltage, which settles above the lower limit (0.95p.u.).
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Figure 5.46: Voltage at the PCC comparison between the operational scenarios (voltage support provided by DFIG’s stator)..

In order to identify controller’s operation, active and reactie power output of DFIG’s stator is shown
in the following figure:
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Figure 5.47: DFIG’s stator Reactive Power output of the during voltage support.

As shown in Fig.5.47, during steady-state operation, stator’s reactive power output is positive.
This happens since, at steady state, DFIG is operated under Unity Power Factor; thus, the stator is
compensating the reactive power needs of the rotor. After the disturbance, stator’s reactive power
output is rapidly increasing to support the voltage at the PCC and subsequently at the grid. Active
power output is not presented since frequency support is a responsibility of GSC, so stator’s injection
is not affected by the control action. It is also clear that reactive power output is increased when the
voltage drops below the lower voltage limit, which is the time voltage support controller is activated.
Stator’s apparent power output is depicted in Figure 5.48:
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Figure 5.48: DFIG’ stator Apparent power output during voltage support.

It was mentioned in Chapter 3, and specifically in subsection 4.3.3, that in order to change the
reactive power output of DFIG’s stator, rotor excitation currents need to be modified. This change
happens with the help of RSC. As mentioned in the previous section, power electronic converters are
a sensitive piece of equipment which needs to be operated into specific limits.

Since ”Back to Back” converters are partially rated, it needs to be investigated if those limits are
breached during the disturbance. GSC is operating within the limits, if it is considered that converters
are rated at 30% of DFIG’s rated power (see Figure 5.43). For this operational scenario, since RSC has
to change the excitation currents, it is also important to examine if its limits are breached. Figure 5.49
shows the Apparent Power which is transferred by the RSC.
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Figure 5.49: Apparent Power output of the RSC (voltage support provided by DFIG’s stator).

Before the disturbance, RSC provides the reactive power needs of the rotor. Those are covered by
the stator, in order to operate the WT under Unity Power Factor. This means that strictly active power is
injected at the PCC. After the disturbance, reactive power transferred by the RSC is increased in order



76 5. Simulation and Results

to properly change the excitation currents of the rotor. Despite that, the converter always operates
within its power limits, which means that the controller is appropriately saturated, in order to protect
RSC from overloading.



6
Conclusion and Discussion

At Chapter 5, frequency and voltage behaviour was demonstrated under different scenarios and modes
of operation. For this purpose, the DFIG with the proposed control and topology additions were mod-
elled with the help of RSCAD software. This model was implemented at the IEEE 14-Bus Benchmark
system in order to identify its impact on the system’s stability. After that, results were provided that
show the participation of the DFIG WTs in ancillary services. Moreover, all the components of DFIG
(Stator, Rotor and the ”Back to Back” converter configuration, combined with the implemented ESS at
the DC Link) were monitored and their contribution to frequency and voltage support was explained
and analyzed.

This chapter will present the conclusions which can be extracted from the simulation results, the
contribution of this thesis is going to be highlighted, and proposals for future research are going to be
referred.

6.1. Summary of operational scenarios and results
In this section, the examined scenarios and observations from Chapter 5 are summarized. Those can
be recapitulated as:

• The performance of the system with wind penetration was examined when any control system
was implemented. It was identified that load changes had a more significant impact on frequency
and voltage variations, comparing to a traditional power system which is operating on SGs.

• An integrated controller for frequency support was designed by combining two different control
strategies :

– Inertial Response
– Primary Frequency Control

This controller provides the proper Duty Cycle to the Bi-Directional DC-DC Converter which inter-
faces ESS with the DC Link of the ”Back to Back” converter configuration, in order to inject the
desired amount of active power, to mitigate frequency disturbance. With that strategy, DFIG WT
is always capable of injecting its maximum active power to the grid.

• System’s frequency performance with Primary Frequency Control, and integrated primary fre-
quency and inertia response control were examined, for the proposed DFIG with ESS topology
compared between the base case and the case with 15% wind penetration. It was validated
that integrated control was capable of providing enhanced frequency performance. Frequency
nadir was significantly improved and settling point after the disturbance was increased compared
to the base case. Furthermore, RoCoF was notably enhanced, which reduces the stress of the
remaining SGs.

• System’s frequency performance under different rates of WT equipped with ESS and the proposed
control is examined, to show the impact of the proposed frequency support approach. Frequency’s
behaviour is demonstrated, and the findings are reviewed.

77
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• The controller tuning for the integrated frequency controller is presented by trying different values
of droop values for :

– Inertial Response (𝐾።፧)
– Primary Frequency Response (𝐾፝፫፨፨፩)

• Controller’s response when delays in measurements occur is shown and discussed.

• System’s frequency performance under different wind penetration scenarios. This study is essen-
tial to identify the proposed system performance, in comparison with the traditional RES approach,
which does not participate in frequency regulation.

• System’s performance during over-frequency disturbances was examined. Frequency and RoCoF
behaviour were presented and analyzed.

• A controller for voltage support was designed and implemented in the existing control scheme of
the DFIG. This novel controller takes into consideration the generator’s speed in order to provide
reactive power to the grid, when needed, in a safe way, by not risking overloading DFIG’s power
electronic converters.

• System’s voltage response during a load change event was examined for both cases (voltage
support provided by GSC or DFIG’s stator with the help of RSC) and assessed.

• System’s frequency and voltage response during a simultaneous active and reactive power load
change are examined in order to verify if the integrated control strategy is capable of mitigating
both disturbances. Also, in this case, both voltage support scenarios (from GSC and stator) are
examined.

6.2. Conclusions
In Chapter 5, different results for different modes of operation were demonstrated. Regarding fre-
quency support, it is clearly shown from the results that the integrated control strategy is remarkably
better than the individual control strategies. In fact, the integrated controller can significantly decrease
RoCoF, which reduces the stress of the remaining SGs during a disturbance, as discussed in Chapter 1.
Moreover, frequency nadir, which is an indicative frequency index, is notably improved and frequency
settling point is increased. Furthermore, the proposed topology allows WT to constantly operate at its
maximum power point, which is beneficial for both WF operator, since active power injection which is
rewarded is optimized and TSO which is able to absorb more power which is produced by ”green” and
sustainable sources. The results also highlight that it is possible only by having a fraction of the in-
stalled WT with the proposed topology and control, to achieve similar or even better performance than
the one when the system is running only on SG, which is able to tackle one of the biggest drawbacks
of RES, the reduced system inertia.

The controller was capable of mitigating the over-frequency by reducing both frequency peak and
RoCoF. Another important feature that has to be noted is that during this kind of disturbances, the
proposed system is capable of saving a part of the difference between demand and generation. This
energy, which is stored at the ESS with the help of Bi-Directional DC-DC converter, is possible to be used
in future under-frequency disturbances, which maximizes the benefit of using the proposed topology.

The proposed control strategy is also helpful regarding the grid’s voltage stability. It is shown that
the traditional integration approach of RES, which means that they are operated under Unity Power
Factor, causes voltage fluctuations that breach the limits, dictated by the grid code. On the other
hand, the proposed control strategy is capable of mitigating those voltage fluctuations and maintain
the voltage between the voltage limits. It also has to be mentioned, that this support happens in a
way, that secures the DFIG equipment by utilizing GSC when it is not loaded (for low slip values) and
providing support from the stator when GSC is already charged with active power transfer (higher slip
values). The results demonstrate that, with proper controller saturation limits, it is possible to maintain
the loading of the converters below their maximum rating and avoid the risk of damaging them.

After conducting all those simulations mentioned above, it is now possible to provide answers to
the Research Questions, which were stated in Chapter 1.
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• How is the performance of the proposed DFIG combined with ESS is assessed regard-
ing its ancillary services capabilities?
From the obtained results for different operational scenarios demonstrated in Chapter 5, it is
clearly shown that the proposed control system is capable of limiting and mitigating frequency
and voltage deviations, which helps towards grid’s stability assurance. Even if those disturbances
occur simultaneously, which is the case when system is highly stressed, proposed system with
the integrated controller is able to alleviate both frequency and voltage fluctuations such as keep
them between the allowed operational limits.
Moreover, the proposed system with the suitable control strategy is also capable of following
TSO’s RfG. Specifically, the proposed DFIG WT was tested for all three frequency support modes
(LFSM-U, LFSM-O, FSM) defined by the German Grid Code and it was able to comply with them.

• What is the performance of the proposed system for different penetration scenarios?
As stated in Chapters 1 and 2, one of the most significant drawbacks which do not allow high
penetration of RES to the existing grid, is their lack of inertia. Thus, when their generation
increases, system becomes more volatile to frequency disturbances. This comes in contrast to
the results were presented in subsection 5.1.3. From those results, it can be concluded that the
proposed topology combined with the integrated controller strategy for frequency support has
the potential to enhance nadir and RoCoF indices while penetration increases. This is caused by
the addition of an extra energy storage at the WT, which for the aforementioned simulations was
rated as 5% of the total DFIG rated power. This fact provides excellent flexibility and enables the
higher penetration of wind energy to the existing grid without causing any risks since frequency
stability is ensured. Moreover, another useful feature of the proposed system can be deduced. It
is observed, from the simulation results at subsection 5.1.2, that it is possible to achieve better
performance than the one when the system is based on Synchronous Generators. This fact can
leverage wind energy integration to the existing grid and reduce the 𝐶𝑂ኼ emissions caused by
electric power generation.
When it comes to Voltage Stability, currently RES have a minimum contribution, since operators
prefer to utilize them under Unity Power Factor, since they are rewarded based on the active
power that WTs inject to the grid. This introduces problems regarding voltage support, if RES
become the dominant electric power generation source. In order to tackle this problem, the
proposed control strategy is capable of dynamically modifying the reactive power output of the
WT, in order to help towards voltage stabilization. Another important feature of the controller is
that it takes into consideration the loading of the ”Back to Back” converter topology and decide
if it is safe to provide reactive power from the GSC or if stator should give this support to the
grid. With that control approach, sensitive equipment, such as power electronic converters are
protected from overloading damage.

• How robust is the proposed control scheme, by means of its ability to handle distur-
bances in power system?
From the obtained simulation results, demonstrated in Chapter 5, it is evident that the proposed
control scheme can be assessed as robust since it is possible to mitigate both frequency and
voltage disturbances. The controller is effectively supporting the grid during disturbances even if
delays are introduced in the measurements, The results shown in subsection 5.1.4, demonstrate
that measurement delays have a minimum impact to the response of the controller. This obser-
vation leads to the conclusion that, regarding measurement delays, the controller is sufficiently
robust.
Moreover, for simultaneous frequency and voltage disturbances, which were the cases that the
developed controller was more stresses, the system remained stable and healthy. Controller
limits help towards this cause since they limit DFIG output to protect it from overloading. It was
demonstrated that, for all disturbances, DFIG equipment was operating within the operational
limits and was able to contribute towards the system’s frequency and voltage stabilization robustly.

6.3. Contribution to IEPG Research Group
During this thesis project, the existing DFIG model contained in RSCAD library was expanded in order
to include the ESS at the DC Link of the ”Back to Back” converter configuration. An appropriate Bi-
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Directional DC-DC Converter was implemented to this model, in order to interface the ESS with the
DC Link and control its power output. After that, the control strategies for all the converter topologies
were developed and implemented in RSCAD, in order to enable DFIG to participate in Frequency and
Voltage Support Ancillary Services. Thus, the main contribution of this thesis to the IEPG Research
Group can be summarized in the following points:

• Proposal, development and implementation in RSCAD of the enhanced DFIG topology (shown
in Figure 4.1) with the integrated ESS with its respective Bi-Directional DC-DC Converter. This
model is developed in Small Time-Step, which makes it capable of being used for HIL simulation
to test and validate actual hardware.

• Proposal, development and implementation of an integrated control strategy in order to enable
Type-3 Wind Turbines to participate in Frequency and Voltage Support. Moreover a control strat-
egy for Primary Frequency Support for Grid compliance was developed and implemented.

6.4. Future research proposals
It was mentioned in Chapter 1, that RES and especially Wind Energy will play an important role in the
future power system. Thus the impact of Type-3 Wind Turbines needs to be further examined. Some
of the future research topics could be the following :

• Examine the behaviour of the system when WTs are distributed in multiple locations. Till now,
large power plants were generating energy which was distributed via a centralized grid. This
assumption is not going to be valid in a future power system with increased RES penetration. In
contrast with the current situation, production is going to be de-centralized which leads to grid
transformation. To investigate the impact of the distributed RES, and especially Type 3 WT which
is the subject of the presented thesis, it is necessary to develop an average model for the DFIG.
The small tiime-step model, which was developed, is suitable for HIL simulations since it models
in detail all the components of the system. If this model is used in a larger power system model,
in more than one locations it will add high computational burden which is not necessary. In order
to investigate the impact of the DFIG in multiple locations, an average model of this system has
to be developed. This model shall not investigate in detail power electronics in order to reduce
its complexity. This developed model will be capable of implementation in larger systems and
multiple locations in order to investigate the effect of the distributed RES in a power system.

• Expand the proposed control system in order to make Type-3 Wind Turbines capable of partic-
ipating in more Ancillary Services. Except frequency and voltage support, there are also other
services, which have to be provided from WT, in order to allow transition to a RES-dominant
power system. Power Smoothing is becoming an issue while RES penetration increases. Nowa-
days, TSOs specify lower and upper limits of active power ramp ups and downs. Thus, it is
necessary to expand the proposed control system in order to mitigate those fluctuations with the
proper utilization of the ESS which is integrated in the DFIG. Moreover, the ESS is also capable
of enhancing Low Voltage Ride-Through capability. Also in this case, it is necessary to study the
DFIG and propose an effective control strategy which can provide this service without conflicting
with the other controllers.

• The proposed controller is not taking into consideration ESS State-of-Charge. For better system
performance, an Energy Management System (EMS) can be developed, and different control
strategies can be examined. It was mentioned in the previous proposal, that ESS is capable of
mitigating multiple grid disturbances. To this end, it is necessary to build an Energy Management
System, which will decide when ESS is able to provide or absorb power from the grid in order to
provide support. It is possible to examine energy management control strategies which exist in
the literature or develop a new one if they are not capable of allowing ESS to provide (or absorb)
the necessary reserve power when needed.

• Analysis of different types of ESS and their impact on Ancillary Services capability. This thesis
examined Li-Ion battery as an ESS which provides the reserve active power to mitigate frequency
disturbances. Therefore, there are multiple ESS technologies that can be utilized. Supercapacitors
for example, which are able to provide rapid charge and discharge cycles, can provide an improved
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behavior when it comes to inertial response. Fuel cells can be more green and sustainable
solutions since chemicals needed for the battery can be avoided. Moreover, there is an intense
ongoing research towards those ESS which can lead to their domination in the market during the
following years, when their technology is going to be mature enough. The research on those
alternative ESS can be divided in two parts.

First of all, is is important to develop and validate models of those ESS (Supercapacitors, Fuel
Cells, Flywheel etc.) in order to use them in simulations. RSCAD only provides the Li-ion Battery
Model in its library, thus all the rest have to be developed

After that, since those models are developed and validated, it is possible to substitute battery in
the proposed DFIG topology with them and assess their performance. This comparison is going
to show, which storage system is the most efficient and capable solution in providing ancillary
services to the grid.
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A
IEEE 14-Bus Benchmark System

A.1. System Topology
The IEEE 14-Βus power system is widely used for voltage as well as frequency stability studies. It
represents a simple approximation of the American Electric Power system as of February 1962. The
single line diagram of the benchmark system is shown in Figure A.1. It has to be mentioned that Bus
7, which is the middle point of the 3-Winding Transformer is not modelled in RSCAD due to software’s
limitations.

Figure A.1: IEEE 14-Bus Benchmark System Topology.
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A.2. System Data
The basic data of the IEEE 14-Bus system are shown in the following table:

Table A.1: IEEE 14-Bus Data.

Bus Type |V| (p.u.) Gen (MW) Shunt (MVAr) Loads
P (MW) Q (MVAr)

1 Slack 1.06 - - - -
2 P-V 1.045 40 - 21.7 12.7
3 P-V 1.01 0 - 94.1 19
4 P-V - - - 47.8 3.9
5 P-Q - - - 7.6 1.6
6 P-V 1.07 0 - 11.2 7.5
7 - - - - - -
8 P-V 1.09 0 - - -
9 P-Q - - 190 29.5 16.6
10 P-Q - - - 9 5.8
11 P-Q - - - 3.5 1.8
12 P-Q - - - 6.1 1.6
13 P-Q - - - 13.5 5.8
14 P-Q - - - 14.9 5

Table A.2: Regulated Bus Data.

Bus |V| (p.u.) 𝑄፦ፚ፱ (MVAr) 𝑄፦።፧ (MVAr)

2 1.045 -40 50
3 1.01 0 40
6 1.07 -6 24
8 1.09 -6 24

The resistance, reactance and susceptance of each line are enlisted in the following table:

Table A.3: IEEE 14-Bus System Branch Data.

From To R (p.u.) X (p.u.) B (p.u.)

1 2 0.01938 0.05917 0.0264
1 5 0.05403 0.22304 0.0246
2 3 0.04699 0.19797 0.0219
2 4 0.05811 0.17632 0.0187
2 5 0.05695 0.17388 0.017
3 4 0.06701 0.17103 0.0173
4 5 0.01335 0.04211 0.0064
6 11 0.09498 0.1989 -
6 12 0.12291 0.25581 -
6 13 0.06615 0.13027 -
9 10 0.03181 0.0845 -
9 14 0.12711 0.27038 -
10 11 0.08205 0.19207 -
12 13 0.22092 0.19988 -
13 14 0.17093 0.34802 -
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Transformer data are shown in Table A.4:

Table A.4: IEEE 14-Bus System Transformer Data.

From To R (p.u.) X (p.u.) Tap Ratio

4 7 0 0.20912 0.978
4 9 0 0.55618 0.969
5 6 0 0.25202 0.932
7 8 0 0.17615 1
7 9 0 0.11001 1

The IEEE 14-Bus benchmark system does not provide dynamic data for the generators. For this
purpose, typical data for EMT modelling is adopted. Table A.5 shows the data used for the dynamic
modeling of the generators.

Table A.5: IEEE 14-Bus Generator Data.

Bus Base (MVA) 𝑋ፚ (p.u.) 𝑋፝ (p.u.) 𝑋ᖤ፝ (p.u.) 𝑋ᖦ፝ (p.u.) 𝑋፪ (p.u.) 𝑋ᖤ፪ (p.u.) 𝑋ᖦ፪ (p.u.)

1 615 0.145 1.7241 0.2586 0.2029 1.6587 0.4524 0.2029
2 60 0.145 1.7241 0.2586 0.2029 1.6587 0.4524 0.2029
3 60 0.145 1.7241 0.2586 0.2029 1.6587 0.4524 0.2029
6 25 0.145 1.7241 0.2586 0.2029 1.6587 0.4524 0.2029
8 25 0.145 1.7241 0.2586 0.2029 1.6587 0.4524 0.2029

Bus Base (MVA) 𝑅ፚ (p.u.) 𝑇ᖤ፝ኺ (s) 𝑇ᖦ፝ኺ (s) 𝑇ᖤ፪ኺ (s) 𝑇ᖦ፪ኺ (p.u.) H (s) D (p.u.)

1 615 0.000125 3.826 0.0225 0.5084 0.0225 3.41 0
2 60 0.000125 3.826 0.0225 0.5084 0.0225 3.41 0
3 60 0.000125 3.826 0.0225 0.5084 0.0225 3.41 0
6 25 0.000125 3.826 0.0225 0.5084 0.0225 3.41 0
8 25 0.000125 3.826 0.0225 0.5084 0.0225 3.41 0

RSCAD provides various build-in exciter and governor models in its library. In this model, ”IEET1”
exciter model and ”TGOV1” governor model were utilized. The parameters for those two controllers
are shown in Tables A.6 and A.7 :

Table A.6: IEEE 14-Bus Generator Exciter Data.

Generator Bus 𝑇፫ 𝐾ፚ 𝑇ፚ 𝑉፦ፚ፱ 𝑉፦።፧ 𝐾፞ 𝑇 𝐾፟ 𝑇
1 0 6.2 0.05 5.2 -4.16 1 0.83 0.057 0.5
2 0 6.2 0.05 5.2 -4.16 1 0.83 0.057 0.5
3 0 6.2 0.05 5.2 -4.16 1 0.83 0.057 0.5
6 0 6.2 0.05 5.2 -4.16 1 0.83 0.057 0.5
8 0 6.2 0.05 5.2 -4.16 1 0.83 0.057 0.5

Table A.7: IEEE 14-Bus Generator Governor Data.

Generator Bus R 𝑇ኻ 𝑉፦ፚ፱ 𝑉፦።፧ 𝑇ኼ 𝑇ኽ 𝐷፭
1 0.05 0.49 15 0 2.1 7 0
2 0.05 0.49 15 0 2.1 7 0





B
System Parameters

In this section of the appendix, the various parameters were used for the simulations which provided the
results demonstrated in Chapter 6 are presented. This helps towards reproducibility of the presented
results from future researchers.

B.1. Asynchronous Machine
The parameters for the Asynchronous Machine, which was implemented in RSCAD can be seen in Table
B.1:

Table B.1: Asynchronous Generator Parameters

Parameter Value Unit

Saturation Curve Linear -
Sets of Rotor Windings 1 -
Rated Stator Voltage 0.69 kV

Turns Ration (Rotor over Stator) 2.6377 p.u.
Rated MVA 2.2 MVA

Rated Frequency 50 Hz
Stator Resistance 0.00462 p.u.

Stator Leakage Reactance 0.102 p.u.
Unsaturated Magnetizing Reactance 4.348 p.u.

First Cage Rotor Resistance 0.0060 p.u.
First Cage Rotor Leakage Inductance 0.08596 p.u.

Inertia Constant 1.5 MWs/MVA

B.2. Bi-directional DC-DC Converter
The parameters for the Bi-directional DC-DC Converter, which was implemented in RSCAD can be
identified in Table B.2:

Table B.2: DC-DC Converter Parameters.

Parameter Value Unit

DC Link Voltage 1.49 kV
ESS Voltage 760 V

𝑃፦ፚ፱ 100 kW
𝐿፝፜ 1.67 mH
C 100 mF

𝑓፬፰።፭፜፡።፧፠ 1 kHz
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B.3. 3-Winding Transformer
The parameters for the 3-Winding Transformer, which was implemented in RSCAD are demonstrated
in Table B.3:

Table B.3: 3-Winding Transformer Parameters

Parameter Value Unit

Winding 1 Type Y -
Winding 2 Type Y -
Winding 3 Type Y -

Rated Transformer MVA 2.5 MVA
Base Frequency 50 Hz

Rated Winding 1 RMS Voltage (L-L) 22 kV
Rated Winding 2 RMS Voltage (L-L) 0.69 kV
Rated Winding 3 RMS Voltage (L-L) 0.69 kV
Leakage Reactance (Winding 1 - 2) 0.1 p.u.
Leakage Reactance (Winding 2 - 3) 0.1 p.u.
Leakage Reactance (Winding 3 - 1) 0.1 p.u.

Winding 1 Resistance 0 p.u.
Winding 2 Resistance 0 p.u.
Winding 3 Resistance 0.001 p.u.



C
User Manual

C.1. Introduction
The developed model, represents a 2MW DFIG WT equipped with ESS, interfaced with the DC Link of
”Back to Back” converters in RSCAD. The model is consisted of two main parts. The first one includes
all the electrical parts, like the induction generator, 3-winding interface transofmer, power electronic
converters and the second one includes the control systems. This guide is provided, in order to help
future users to identify the parts of the model be capable of running different test cases and scenarios.

In order to run this model, RSCAD 5.0 and an IP connection to an RTDS simulator is mandatory.

C.2. Procedure
The following process has to be followed in order to import the model properly and conduct different
studies with RSCAD and RTDS.

C.2.1. Loading the Draft File
For this step, project folder shall be copied into RSCAD’s RTDS_USER/fileman folder, in order to be
accessible from RSCAD’s Draft Module. After this the following steps are needed:

• Launch the RSCAD software

• Launch the RSCAD’s draft module from the file manager window by double-clicking on the relevant
model file with ”.dft” extension. The model will load as shown in Figure C.1.

• Choose the desired rack and compile the model.
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Figure C.1: Benchmark System with WTs in Draft Module.

C.2.2. Running the Simulation
After compiling the model, it is possible to run a real-time simulation and obtain the results. In order
to do so, RunTime module is utilized. RunTime module is a complimentary to the Draft module which
helps in running the simulation. The different sources and loads can be modified utilizing the sliders
and switches in the RunTime module. Moreover, it is also possible to plot different system variables.
The RunTime environment is shown in Figure C.2

Figure C.2: Model in Rutime Module.

In order to run the desired simulation, it is necessary to open the respective ”.sib” file with the
RunTime module.

C.2.3. Graphic User Interface
In order to make the model user-friendly, it is necessary to create an interface, which will inform user
about the state of the system and the user can change different parameters from it. The GUI can be
seen in Figure .
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In order to change system’s settings, Control Panel It is possible to change the Frequency Control
strategy by changing the respective valve. User is immediately informed about the activated control
strategy by the indications next to the valve.

Moreover it is also possible to enable and disable the voltage support with the utilization of the
respective switch. Again, there is an indication which informs the user if control is enabled or not.

Finally it is possible to change various parameters of the WT and its control system with the help
of sliders which are included in the GUI. User is capable of changing the number of the WT, the Wind
Speed, the measurement delays and the gains of the controllers. The control Panel GUI can be seen
in Figure .

User can find some useful plots about different system’s parameters in GUI, as seen in Figure .

Figure C.3: Control Panel in RunTime Module.

Figure C.4: WT plots in RunTime Module.





D
RTDS Circuit

D.1. Topology

Figure D.1: DFIG with the controller hierarchical boxes connected with the grid model.

95



96 D. RTDS Circuit

Figure D.2: ESS typical time-step model.

Figure D.3: DFIG small-timestep model.

D.2. Contol Schemes
This section demonstrates the control schemes, as they were implemented in RSCAD software.

D.2.1. Grid Side Converter Control System

In this subsection, the control block diagrams from RSCAD of the GSC are depicted:
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Figure D.4: GSC vector control block diagram.

Figure D.5: GSC inverse Park transformation.

Figure D.6: GSC voltrage control block diagram.
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Figure D.7: GSC voltage control enabling logic.

D.2.2. Rotor Side Converter Control System

Figure D.8: RSC vector control block diagram.
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Figure D.9: GSC inverse Park transformation.

Figure D.10: RSC PLL block diagram

Figure D.11: RSC MPPT block diagram/
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Figure D.12: RSC voltrage control block diagram.

D.2.3. Bi-Directional DC-DC Converter Control System

Figure D.13: PFR and Inertial Response integrated controller block diagram.

Figure D.14: PI controllers for boost and buck modes of operation.
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Figure D.15: ESS grid code (FSM,LFSM-U and LFSM-O block diagrams.

Figure D.16: Control logic block diagram for switching between the different grid code modes.
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D.2.4. Measurements and input parameters

Figure D.17: Control logic block diagram for variable activation and deactivation RoCoF.

Figure D.18: Control logic block diagram for switching between the different frequency control modes.
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Figure D.19: Frequency and RoCoF measurements in RSCAD.

Figure D.20: Sliders for variable control gains in RSCAD.
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