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Abstract

A foreseeable relatively high wind power penetration of global electricity demand will

be reached in the near future. This research aims to improve aggregation modeling
techniques for large wind farms considering the effect of local windspeed variations.
A new structurally complete dynamic model of a doubly-fed induction generator (DFIG)
consisting of an induction machine, a back to back converter, and a step-up transformer are
developed in a compact state-space form. A structure-preserving aggregation method to
select the model’s parameters so that the major collective dynamic characteristics of a
group of DFIGs is closely approximated. The proposed aggregation method maintains the
same steady-state results compared with the original unreduced model. It also preserves
the major collective dynamic responses of the clustered DFIGs. A particular three-winding
transformer model with current magnifying functions is developed to realize the DFIGs
aggregation for Electromagnetic Transient (EMT) simulations.

Furthermore, the impact of the wake effect and varying wind speed within a wind farm
on the aggregated model is investigated. Although complex models can estimate and
simulate wind interaction with high accuracy, a simpler model is needed for system level
simulations. First, Jensen’s model is used to estimate the local windspeeds at each
generator location from the ambient windspeed. Next, the aggregation algorithm generates
a single representative windspeed for a cluster of generators for use in the DFIG dynamic
model.

The mechanism responsible for loss of synchronization following ac faults for a DFIG

is identified in the thesis. A dq frame theoretical model for the DFIG and its phase locked
I



loop (PLL) is developed which identifies positive and negative feedback mechanisms
involved in synchronization. This is combined with a large signal plot of the synchronizing

signal (proportional to measured q axis voltage V,,,) and a signal dependent on the PLL’s
output phase angle. The plot shows the largest allowable swing for V;,,, before a point of

no-return is reached. A ‘stability indicator index” is introduced to indicate the likelihood of
the system to experience synchronization failure.

Next, a detailed more realistic model of the DFIG is simulated on an EMT simulator
(PSCAD) to show the impacts of PLL parameters and DFIG rotor speed on the grid
synchronizing stability of DFIG for a remote and 3-phase fault applied to the point of
common coupling (PCC). It is shown that decreasing the rotor side converter PLL
integration gain or increasing/decreasing rotor speed can help increase the stability degree

of wind turbine.
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Chapter 1

Introduction

1.1  Background and Literature Review

The utilization of wind power is rapidly increasing worldwide and is projected to meet
a substantial portion of global electricity demand in the near future [1]. The two most
widely used wind energy conversion systems worldwide have been the doubly-fed
induction generator (DFIG) and the permanent magnet synchronous generator (PMSG) [2].
The DFIG system, which operates at variable speeds, has higher efficiency compared to
fixed-speed systems and has become the most widely utilized in large-scale wind farms
due to its various benefits, such as improved energy conversion efficiency, larger unit
capacity, and reduced mechanical stress from wind gusts [3]-[6]. The main drawback is the
need for a power converter interface to control the rotor speed in order to capture the
maximum power from the wind. The converter adds cost and complexity to the energy
conversion system [7]. Despite this, the power converter decouples the induction machine
from the grid, enabling control of grid-side active and reactive power [8]. The converter

only needs to process approximately 30% of the generator's full rated power, referred to as



1.1  Background and Literature Review

slip power in the rotor circuits [9]. With hundreds of wind turbine generators in a large-
scale wind farm, the system's order can reach thousands, making wind farm simulations
computationally impractical when the host power grid is also very large [10]. Therefore,

efficient and accurate aggregation is crucial to make the simulation tractable.

To study the collective impact of wind farms on the power system, wind farms can be
viewed as an external system and the remainder of the power system as the internal system
[11]. The size of the external system can be reduced through aggregation. One of the most
commonly used reduction methods in traditional ac networks is the coherency aggregation-
based approach [12]-[14], which groups synchronous generators with synchronized rotors
into a single generator. However, the term “coherency” is less meaningful for wind turbine
power conversion system, since the induction machine is an asynchronous machine and
can have different rotational speeds compared to other generators in the network [15]. A
single-machine wind farm aggregation method (also called FAM in other references see
page 56), where it is assumed that the entire wind farm operates at a single wind speed and
all generators have the same power output, has been reported in literature [16]-[18]. This
method, however, fails to account for wind farm wake effects and the differences in
individual wind turbine generators (WTGs), leading to inaccuracies when wind farms are
located over a large area [19]. To overcome these drawbacks, the multi-machine method
has been proposed [20]-[23], where WTGs within a wind farm are grouped into different
clusters based on similarities in operating conditions and represented by an equivalent

model as a coherent group [24]. It is getting more and more attention from industries.
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A clustering algorithm for DFIG-based wind turbines is introduced in [82], and [83]
presents a method for selecting key parameters based on sensitivity indices while
considering crowbar actions. However, these approaches overlook the capacity limits of
DFIG-based wind turbines and the accurate representation of collector networks, leading
to significant errors in loss and reactive power flows. Reference [84] and [85] propose a
wind speed combination model and an analytical expressions-based model, respectively,
to characterize low voltage ride through (LVVRT) behavior, particularly during voltage sags.
Nevertheless, these methods do not account for wind direction and wake effects, critical
aspects for developing an accurate equivalent generic dynamic model of a large wind farm

[81].

Despite their popularity in literature, the current aggregation methods have numerous
disadvantages. As input wind speed of each turbine is continuously changing within a wind
farm, the composition of the coherent group could change [25]. Therefore, the aggregated

results and the original unreduced model do not match very well for the transient process.

This research aims to develop a computationally fast aggregation model of a wind farm
considering wake effect which cause different input wind speed for each turbine and use

that model in large network studies for EMT simulation analysis.

1.2  Research Motivation

Nowadays, the presence of large wind farms and growing dependence on wind energy
raises concerns of reliability and security of power supply in the power system. The

complexity of the generation schemes which also include significant number of power-
3
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electronic converter arrangements in renewable energy-based generation, demands the use
of electromagnetic transients (EMT) simulations. However, performing EMT simulations,
considering the detailed model of wind turbines, is impractical due to the high calculation
burden. In fact, in several instances, the EMT algorithm is used in real-time simulation
makes the problem even more serious. Larger wind farms are anticipated to encompass
numerous wind turbines, which would result in excessively long simulation times if each
turbine were to be individually modeled. One of the measures to solve this problem can be
using aggregation modeling that can reduce the order and complexity of the wind farm
model. By employing this technique, it enables the quick simulation of wind condition
variations within a wind farm and reduces the calculation process for the instantaneous
output power and voltage response. However, within a large wind farm, wind turbines
experiencing varying wind speeds due to wake effects [39], thus yielding disparate power
outputs.

The lack of aggregation model of a wind farm for reducing the order of system for real-
time simulation purposes that can have an accurate transient response when implemented
in an EMT-type simulator is the main motivation behind this research. In addition,
considering the effect of turbines on the speed of other turbines due to the wake effect and

wind speed variation within a wind farm is investigated in this work.

1.3  Desired Outcomes and Objectives

Simplification of wind farms is an area of considerable interest. The wind generation

modeling group of the Western Electricity Coordinating Council (WECC) has published a

4
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guide on wind power plant (WPP) modeling [42]. The National Renewable Energy
Laboratory (NREL) of the USA developed a method to represent a WPP by an equivalent
model with an equivalent collector system [19], [21]. An exhaustive simulation study was
performed to validate the adequacy of the equivalencing method promoted by NREL for
modeling WPP using single- and multiple-machine equivalents. The results suggest that
the aggregation technique is adequate for load flow, stability, and electromagnetic transient
studies with limitations [20]. Some other literature put forward a reduced model of wind
farms, which captures the main dynamics of the original higher order system. The
applicability and effectiveness of different order reduction methods are contrasted [10],
[52]. However, the majority of previous research on aggregation model development has
focused on the dynamics of the wind farm without considering wind speed variation and
wake effects within a wind farm. Wind farms are typically situated across a very wide area,
and considering the same wind speed for all wind turbines is not accurate due to the fact
that wind speed is continuously changing stochastically. Such complexity may imply
excessive computational requirements. The detailed model of a wind farm with hundred
turbines implemented in EMT-based software can take an excessively long simulation time
to execute which may be impractical. The problem is even more severe on a real-time
simulation. Therefore, a new aggregation method is required that allows taking in to
account each turbine’s input wind speed within a wind farm while decreasing the
computational burden for EMT-type simulations. The main objectives and motivation of

this research are listed below:
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Desired Outcomes and Objectives

a)

b)

d)

Development of a dynamic model for a wind turbine which allows applying
different wind speeds and includes the representation of the electrical and
mechanical behavior.

Development of an aggregation method to find the equivalence model of wind farm
while maintaining acceptable accuracy considering different wind speed for each
turbine within a wind farm.

It should be noted that the model is not intended for designing the wind turbine
or generator. Rather it is an aggregated representation that permits the study of how
the windfarm interacts with the external network, which is modelled on an EMT
program. Example applications could involve performance under network faults,
power supply into the network as affected by wake conditions and wind speed
changes, and oscillation between other elements in the network and the windfarm.
Validation of the reduced-order model comparing its results with a detailed EMT
model of the unreduced system.

Investigating the performance of aggregated model for various conditions
including: 1- Under changing input wind speeds, 2- With non-identical wind
turbines, 3- With different loadings of individual wind turbine, 4- With a large wind
farm to compare computational saving.

Investigating the accuracy of existing models for calculating wake effect
considering real case data.

Development of a dq frame theoretical model for the DFIG and its phase locked
loop (PLL) which identifies positive and negative feedback mechanisms involved

in synchronization.
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g) Investigation into the impacts of PLL parameters and DFIG rotor speed on the grid
synchronizing stability of DFIG for a short circuit fault applied to the point of
common coupling (PCC). A ‘stability indicator index’ introduced to show the

likelihood of a system including a DFIG to experience synchronization failure.

1.4 Thesis Organization

This thesis consists of six chapters. After the introduction in Chapter 1, Chapter 2
discusses the findings of the literature survey on wake effect, mathematical formulations,
and modeling approaches for simulation. In Chapter 3, the state-space model of a DFIG is
discussed, and a complete model of a DFIG using a combination of components is
proposed. The new aggregation model for a wind farm is developed in Chapter 4, and the
accuracy of the model is investigated against a time-domain model using EMT simulation
is developed. Chapter 5 describes the loss of synchronization mechanism for a DFIG, and
proposes an improved method for achieving robustness of stability, in DFIG connected to
weak ac networks. Chapter 6 outlines the contributions of the thesis, reaches conclusions,

and provides suggestions for future research.



Chapter 2

Wind Speed Distribution on the Turbine-

generators in a Wind Farm

2.1 Introduction

This chapter discusses variable wind speed, gusts and wake within a wind farm. It will
be followed up with different models to consider the wake effect. Then, an appropriate
model will be introduced, and a comparison will be performed between the result from a

real wind farm and calculated results based on the selected model.

2.2 Wake Phenomenon

The wake effect refers to the phenomenon where the aerodynamic wake generated by
one wind turbine affects the performance of neighboring turbines in a wind farm. When
wind flows through a wind farm, the first turbine in the direction of the wind creates a wake
region behind it, characterized by a decrease in wind speed and increased turbulence. This

wake region can extend for several rotor diameters downstream, which means for



2.2 Wake Phenomenon

subsequent turbines in the same wind farm located in the wake of a leading turbine, they

experience reduced wind speeds compared to a freestream condition.

The principle of energy conservation states that energy cannot be created or destroyed,
only transformed. The wake effect is primarily caused by two factors: the extraction of
kinetic energy by the turbine blades and the physical obstruction of the turbine tower and
blades. As the blades rotate and capture energy from the wind, they slow down the wind
speed in their vicinity, creating an area of lower pressure immediately behind the turbine.
As the wake propagates downstream, the slower-moving air mixes with the surrounding
wind, causing a decrease in wind speed and changes in wind direction. This can have
significant effects on the performance and efficiency of downstream wind turbines in the

same wind farm, which is referred to as the wake.

The wake effect can result in reduced power output and increased fatigue on the
downstream turbines. Turbines positioned in the wake of others experience lower wind
speeds, which leads to decreased energy generation. This wake can be seen in Figure 2-1

[26].
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Free
Stream
Wind

Figure 2-1 Wake Behind a Wind Turbine

The wake affected region of the wind, known as the stream tube, expands behind a
wind turbine as a result of decreased wind speed and static pressure [26]. The wake has
two components: i) near-wake region and ii) far-wake region. The near wake region in a
wind farm refers to the immediate region (i.e., about few meters downstream) behind a
wind turbine, demands a comprehensive model of the rotor [27], [28]. In the near wake
region, the flow is highly turbulent and characterized by intense mixing of air. The vortices
generated by the wind turbine blades are relatively large and irregular. This turbulence can
have a significant impact on the performance of downstream turbines in the same wind
farm. The presence of the near wake can cause reduced wind speeds, increased turbulence,
and uneven wind direction, which can affect the efficiency and output of downstream
turbines. The far-wake region is the area of interest when examining the impact of wind

turbines when they are placed in close proximity, such as in wind farms. The far wake
10



2.2 Wake Phenomenon

region in a wind farm refers to the region that extends further downstream from the wind
turbine, away from the immediate wake disturbance. As the flow moves away from the
turbine, the vortices in the near wake gradually dissipate, and the flow becomes more
organized. In this thesis, the far-wake region is the focus, where the flow tends to become
more uniform and less turbulent compared to the near wake region. If the flow of the wake
IS not obstructed, the stream tube will continue to expand far downstream, and the wake

will eventually revert back to free-stream wind conditions.

As illustrated in Figure 2-2, there are two groups for far wake models: 1) Kinematic

wake models 2) Field and wake edded turbulence models [29], [30].

Far Wake

Models

Kinematic Field and Wake
Wake Edded Turbulence
Models Models
[
Frandsen
Jensen’s . 2-D Field 3-D Field
Model Larsen Model AnMaLy;;al Models Models

Figure 2-2 Far Wake Models

Wind farm operators use existing wake models to understand how the wake affects
power production. However, these models typically provide fixed outputs for a specific
wind condition, ignoring the dynamic nature of wind flow within the wind farm. The
interaction between the wind and turbines leads to changes in wind speed and turbulence

within the wake. While some models account for the reduced wind speed, they often

11
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neglect the turbulent nature of the flow, which can influence the power output of the

turbines.

Other methods of simulation such as Finite Element Modeling, Navier-Stokes
equations, and Computational Fluid Dynamics (CFD) can be used to simulate the wind
flow in a wind farm, but they are often complex and time-consuming to implement, and

the results can vary greatly based on the computing power available [31]-[33].

2.3 Jensen’s Wake Model

Jensen's wake model, also known as the Jensen's Cosine model, is a widely used
analytical model in wind energy that estimates the wake effect caused by a wind turbine in
a wind farm. It is a simplified mathematical representation aimed at reducing input
requirements and computational effort [34], [35]. Jensen's wake model assumes that the
wind flow in the wake of a turbine can be represented by a cosine-shaped profile. The
model considers a turbine as a point source of turbulence, and the wake is assumed to
expand downstream in a conical shape. The key assumptions of the Jensen's wake model

are:

1- Wake Expansion: The wake expands downstream as a conical shape, and the

diameter of the wake increases with the distance from the turbine.

12
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2- Wake Deficit: The wind speed within the wake is reduced compared to the
undisturbed wind speed. The reduction in wind speed is assumed to follow a cosine-

shaped profile, with the maximum deficit occurring at the centerline of the wake.

3- No Lateral Expansion: The model assumes that the wake expands only in the

downstream direction, with negligible lateral spreading.

The wake is depicted as expanding linearly with distance x,, while its dispersion
exhibits a Gaussian distribution, commonly referred to as a top-hat distribution. The rate
of the wake's expansion is determined by the entrainment constant (k), with values of 0.075
found for onshore sites and 0.04 for offshore sites [35]. Jensen's wake model provides a
simple and computationally efficient way to estimate the impact of wake on wind turbine
performance in a wind farm. However, it is important to note that the model's assumptions
may not fully capture the complex wake behavior, especially in more complex wind farm
layouts or under certain atmospheric conditions, where more advanced models are
required. When compared to actual wake measurements, the model appears to provide
accurate results. The Jensen model is widely used in software such as WAsP and WindPro

for simulating wake impacts and calculating wind farm output [34], [36], [37].

2.4 Detailed Wake Effect Modeling

The impact of wake on wind turbine performance is influenced by several factors,
including the incoming wind velocity and direction, as well as the arrangement of turbines

within a wind farm. The spatial arrangement of turbines, including the inter-turbine

13
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distance, is crucial in determining the wake effect. To accurately model the wake effect, a
comprehensive model is employed that considers the single, partially overlapped, and
multiple wakes within a wind farm, taking into account important parameters such as the

rotor radius, thrust coefficient, and the expansion of the stream tube [76].

2.4.1 Single Wake Model

The presence of a single wake is when the rotor of one turbine lies entirely within the
shadow of another turbine, as shown in Figure 2-3. This type of wake is analyzed using
Jensen's kinematic wake model. According to this model, the wake behind a single turbine
expands in accordance with equation (1), which describes the relationship between the
wake radius (r;,), distance (x,), the entrainment constant (k) and the radius of the wind

turbine rotor (r).
w =10 + kxO (1)

Equation (2) represents the mean wind speed in the wake of a single turbine is
dependent on the free-stream wind speed (u) and the thrust coefficient (C;) of the turbine,

at a distance x, [76].

—ufl— (—2 ) (- 1=
vzl - () A-VT=C) @

The expansion of the wake behind a wind turbine is represented in Figure 2-3.
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Wind
Turbine —

Figure 2-3 Single Wake Expansion Behind the Wind Turbine [38]

2.4.2 Partial and Multiple Wake Model

Partial wake conditions typically occur when the spacing between the turbines is
relatively large, allowing for some degree of recovery and mixing of the wake before
reaching the downstream turbines. The wake of the upstream turbine may not fully cover
the rotor of the downstream turbine, resulting in a partial overlap of the wakes, as shown
in Figure 2-4. In this scenario, only a portion of the downwind rotor is under the influence
of the wake, while the rest of the rotor operates in free-stream conditions. The impact of
partial wakes on the power output of the downwind turbine is more complex and less
predictable than that of a single wake, as it depends on the relative position and size of the
upwind turbines. To model partial wakes, more sophisticated models that take into account

the interaction between the wakes of multiple turbines are required.
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Figure 2-4 Partially Shaded Rotor Disk of a Turbine Downwind [38]

The performance of a downstream wind turbine in a wind farm can be impacted by
multiple upstream wind turbines that cast shadows on it. This phenomenon is referred to
as the multiple wake effect and is shown in Figure 2-5. The wind speed at a specific wind
turbine () is influenced not just by the directly upwind turbine (i) but also by other upwind
turbines such as 1, 2 and 3. This is due to the interaction of the wakes created by these

turbines, as shown by the direction of the undisturbed wind speed (u) in Figure 2-5 [30].

16
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Figure 2-5 The Effect of Turbines in a Wind Farm on Each Other

To accurately model the effect of multiple wakes in a wind farm with multiple turbines,
it is necessary to consider the overlap of the wakes cast by each upstream turbine on a
downstream turbine. This overlap, or shadowing, is calculated by comparing the area of
the shadow cone (Agnqaow, i) Of the upstream turbine to the area swept by the rotor disk

(A,) of the downstream turbine. An example of which is depicted in Figure 2-6.

There are four different shadowing scenarios, including full shadowing, nearly full
shadowing, partial shadowing, and no shadowing. If the wind turbines have the same
diameter, the area of the shadowed rotor disk can be determined using basic trigonometric

calculations, as described in equation (3) and (4) [39].
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Figure 2-6 A Detailed Example of Partial Shadowing [39]
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2.5 Case Study: Horns Rev 1 Wind Farm

The production of energy by a downstream wind turbine can be impacted by wakes
generated by multiple upstream wind turbines. This, combined with the fluctuating wind
speed, makes the calculation of wind speed deficit even more complicated. This situation
is depicted in Figure 2-7, which shows the impact of multiple wake interaction and wind
speed variation. This illustration shows that determining the wind speed deficit in the
presence of multiple wakes and varying wind speeds will require the application of both

superposition and decision-making techniques to solve the issue effectively.

(a) (b)

Figure 2-7 Schematic of Multiple Wakes: (a) Wind Direction from West to East. (b) Wind Direction from
Southwest to Northeast

2.5  Case Study: Horns Rev 1 Wind Farm

The Horns Rev 1 is a historic offshore wind farm that was the first of its kind in the
North Sea. With a capacity of 160 MW, the project was built in three stages, Horns Rev 1
being the first to be completed in 2002, followed by Horns Rev 2 in 2009, and finally Horns
Rev 3 in 2019. The Horns Rev 1 segment encompassed the installation of 80 Vestas V80-
2.0 MW Doubly Fed Induction Generator (DFIG) wind turbines, executed by A2SEA, a

Danish provider of offshore wind farm services. The turbines were all put into operation
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on December 11, 2002. They are arranged in an oblique rectangle shape and spaced 560
meters apart in both horizontal and vertical directions, with 8 rows of turbines running

horizontally and 10 rows running vertically [40].

25.1 Real Measurements from Horns Rev 1 Wind Farm

In 2005, a comprehensive dataset capturing a year's worth of data was acquired from
the Horns Rev wind farm under an agreement with DONG Energy A/S. This dataset offers
intricate insights, including the 10-minute average power output, nacelle position, pitch
angle, and yaw misalignment for each individual wind turbine. Additionally, it provides
information on wind speeds and directions, obtained from three nearby meteorological
masts. The dataset covers a complete operational year, during which the park demonstrated

a commendable level of availability [41].

The flow cases in the data set depict three different wind turbine spacings, which are a
crucial factor in assessing the wake deficit. These spacings are determined by the layout of
the wind farm and cannot be altered. As a result, three basic flow cases are established,
each featuring uniform inflow that represents a long velocity fetch distance, as tabulated in

Table 2-1 [41].

Table 2-1 Three Different Cases for Measurements

Case Spacing Wind direction Speed at the hub of the
(m) (Degrees) turbine (Vhu)
(m/s)
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1 7 x D1 270 6, 8, 10
2 94 xD 221 6, 8, 10
3 10.4 x D 312 6,8, 10

2.5.2 Horns Rev 1 Wind Farm Layout

The Horns Rev 1 wind farm is a matrix of 80 wind turbines arranged in 8 rows and 10
columns, forming a parallelogram shown in Figure 2-8. The spacing between each turbine
in both the rows and columns is 560 meters (7 times the diameter of the turbine (D)). The
spacing between the turbines along the southwest to northeast diagonal is 750 meters
(9.4 x D), and along the northwest diagonal is 840 meters (10.4 x D), as indicated in
Figure 2-8. Wind turbine number 7 (wt07) is the reference wind turbine which is shown in

red in Figure 2-8.

1 D is diameter of the turbine.
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Figure 2-8 Horns Rev 1 Wind Farm Layout [41]

2.5.3 Data Screening for the Wind Farm

The Horns Rev 1 wind farm data set includes detailed information on the performance
of each wind turbine, collected over the course of one full year. This comprehensive dataset
offers details, including precise 10-minute average measurements such as power
generation, turbine pitch angle, wind speed and direction at the nacelle, nacelle position,
and the cumulative operating hours of each turbine. This invaluable dataset serves as a rich
source of insights into the performance of each wind turbine, facilitating the identification
and implementation of optimization strategies to enhance their efficiency and overall

performance.
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254 Power and Thrust Coefficient of Turbines

The power and thrust coefficient for all identical Vestas V80-2.0 MW wind turbines

used in Horns Rev 1 are considered based on Table 2-2 information.

Table 2-2 Wind Turbine Power and Thrust Coefficient for Different Wind Speed [41]

Wind
<peed Power (kW) Thrust coefficient (Cy)
4 66.6 0.818
5 154 0.806
6 282 0.804
7 460 0.805
8 696 0.806
9 996 0.807
10 1341 0.793
11 1661 0.739
12 1866 0.709
13 1958 0.409
14 1988 0.314
15 1997 0.249
16 1999 0.202
17 2000 0.167
18 2000 0.140
19 2000 0.119
20 2000 0.102
21 2000 0.088
22 2000 0.077
23 2000 0.067
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Wind o
Power (kW) Thrust coefficient (Cy)
speed
24 2000 0.060

2.5.5 Flow profiles for case 1

According to Table 2-1, wind speed direction assumed for case 1 is 270 degrees. The
wind speed data in the dataset is divided into different categories, or "bins,"” based on wind
speed. For a wind speed bin at 6 m/s, there are 120 measurement periods distributed across
8 rows. This amounts to approximately 2 hours of collected data along each row, spanning
a 2-degree sector. The average wind speed deficit along a row, relative to the distance
between upwind and downwind turbines for each case, is depicted in Figure 2-9 and Figure
2-10. The error bars in these figures indicate the standard deviation of the mean row

deficits, derived from the data collected from the 8 rows [41].

0

90 270

180

Figure 2-9 Wind Direction Angle
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Figure 2-10 Wind Turbine Layout Considering Wind Speed Direction of 270 Degrees

In Figure 2-11, wind speed and power deficit of each turbine in row 7 including wt07,
wtl7, wt27, ..., wt77 are illustrated. There is a significant reduction in wind speed between
the wt07 and wtl7 which are the first and second wind turbine facing free wind.
Accordingly, the output power of the second wind turbine (wt17) will be reduced by about

32% since the output power is proportional to (wind speed)?3.
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Figure 2-11 Wind Speed and Power Deficit of Wind Turbines in Row Number 7 (Wind Direction=270 and Free
Wind Speed = 6 m/s) [41]

2.5.6 Flow profiles for case 2

The flow direction for case 2 is 221 degrees along rows of 5 wind turbines with 9.4 x D
spacing, where 5 turbines in each row are included in the wake deficit determination. The

green arrows in Figure 2-12 show the wind direction [41].
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Figure 2-13 Wind Speed and Power Deficit of Wind Turbines in the Same Diagonal Row (Wind Direction=221

2.5.7

In this case, wind direction is 312 degrees with 10.4 x D spacing between wind

turbines. The mean wind speed deficit along a row is presented in Figure 2-15 as a function

Wind turbine rows - (SW-NE) diagonal (Dir = 2219

and Free Wind Speed = 6 m/s) [41]

Flow profiles for case 3

of the distance between upwind and downwind turbines [41].

29



Case Study: Horns Rev 1 Wind Farm
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Figure 2-14 Wind Turbine Layout Considering Wind Speed Direction of 312 Degrees
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2.6 Comparing Real Measurements with Jensen’s Model
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Figure 2-15 Wind Speed and Power Deficit of Wind Turbines in the Same Row (Wind Direction=312 Degrees

and Free Wind Speed = 6 m/s) [41]

2.6

Model

Comparing Real Measurements with Jensen’s

To compare the results from Jensen's model with those from real-life data, a wind farm

layout with 9 turbines was proposed. This layout is shown in Figure 2-17, with the
31
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2.6 Comparing Real Measurements with Jensen’s Model

of the nine turbines highlighted in the Horns Rev 1 wind farm layout in Figure 2-16. The
nine turbines, named G1A, G1B, G1C, G2A, G2B, G2C, G3A, G3B, and G3C, are located
at the positions of wt06, wt16, wt26, wt07, wt17, wt27, wt08, wtl8, and wt28 in the Horns
Rev 1 wind farm, respectively. To compare the results from Jensen's model with the real
measurements from the Horns Rev 1 wind farm, wind speeds of turbines were calculated

for three different cases, which were based on the three cases from the Horns Rev 1 wind

park.
Horns Rev Wind Farm layout, 10 x 8 wind turbines
I [ [ | | [ | | | [ [
| | | | | | | | | | |
s —lo 'ro— e 's s }r* = ! 're— s !
— — - - = - = - = e - A S = - = e - = - = = = = T T
w01 | w1 | owit | owal | wiédl | wis1 | wisl | wirl | wisl | wel |
| | | | | | | | | | |
47 Iq_ Iq IJ_\ l—('“ l(‘\ I(: [ I_(_L I:) | |
= n e C ol nl— ity Sty B Sl B S B At e el B ol = il S ity [ttty
E | ngl | | | | | | | | thzl
Q | | | | | | | | | | |
= [ (S R R BN I SERER
%35——|—+_. I—L 1 = | [=] i & 1 - I = | R l-f_. 1 G i
z | wiD3, | | | | | | | | wid
.o | | | | | | | | | | |
‘f.’23——:——3—'——e——:——:n——:—{%—:——a—:——e——:—t——:——&—:——e—{—a——'————
=
S | "'144 | | | | | | | | wrg:‘d'
" | | | | | | | | | | |
g21——I——-F_)—L——(_.‘—J——f:}—l——e—L—-GFJ-——G-J——f—‘—l——t)—l———f_)—l——:}—l————
- | | | | | | | | | .‘,'..!95
H [ WPE ! ! [ [ [ [ [ [ [
- | | | | | | | | | | |
5
14__|___ _ _ |___G_I___GJ___:_:,J___U_l___:}I___BJ___"\._I____
= I .\.'{uﬁ.ll _‘| [ I [ [ I t’vhgﬁ
o | ] | I I | I I I | i
| | | | | | | |
: 107 ! : ! ! : W97
| | | | | | | | | | |
| ‘ . | | | | | | |
L) — — S _ o — — — i — — — i — — e B — — — i — — — h— ]
0 [ A e ‘hrt:ae "?‘wtas gl’wtsa %3 "?wa ?me TT‘thB
7 0 7 14 21 28 a5 42 49 56 63 70

W-E direction, unit=Diameter (80m)

Figure 2-16 Location of 9 Turbines Considered as a Case Study to Compare Results in Horns Rev 1 Layout
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2.6 Comparing Real Measurements with Jensen’s Model
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Figure 2-17 Wind Farm Layout for Case 1 with Wind Direction of 270 Degrees

Based on the wind farm layout in Figure 2-17, and considering free wind speed equal
to 6 m/s, the wind speed of each turbine has been calculated by using Jensen’s model.
According to Table 2-3, there is about 13.5 percentage error between the value, which is
calculated based on Jensen’s model and the mean actual wind speed of G1B and G2B.
There is not any error for G1A, G2A, and G3A as they are facing free wind directly. For

G1C, G2C, and G3C, this error is 16.39%.

Table 2-3 Case 1: Wind Direction 270 Degrees (V, = 6 m/s)

Wind Calculated wind speed ~ Mean actual wind speed (m/s) Percentage
Turbine (m/s) based on based on Horns Rev1 wind Error ((yg)
Jensen’s model farm measurements 0
G1A 6 6 0
G1B 4.62 5.35 135
GiC 4.43 5.3 16.4
G2A 6 6 0
G2B 4.62 5.35 135
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2.6 Comparing Real Measurements with Jensen’s Model

G2C 4.43 53 16.4
G3A 6 6 0

G3B 4.62 5.35 13.5
G3C 4.43 5.3 16.4

In Figure 2-18, the wind direction is considered as 221 degrees for case 2. As it is
illustrated in Figure 2-18, wind speed of G1A, G1B, G1C, G2A, and G3A are all equal to
free wind speed from outside, which is 6 m/s. The results of that are collected in Table

2-4.
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Figure 2-18 Wind Farm Layout for Case 2 with Wind Direction of 221 Degrees
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2.6 Comparing Real Measurements with Jensen’s Model

Table 2-4 Case 2: Wind Direction 221 Degrees (V, = 6 m/s)

Calculated wind speed ~ Mean actual wind speed (m/s)

L W e it L )
G1A 6 ® °
G1B 6 ® °
G1C 6 ® °
G2A 6 ® °
G2B 4.91 5.62 12.6
G2C 4.91 562 126
G3A 6 6 °
G3B 4.91 5.62 126
G3C 4.78 5.65 153

In case 3, we are going to calculate the wind speed of each turbine when the wind

direction is 321 degrees. The wind turbine layout is depicted in Figure 8.
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2.6 Comparing Real Measurements with Jensen’s Model
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Figure 2-19 Wind Farm Layout for Case 3 With Wind Direction of 312 Degrees

Table 2-5 Case 2: Wind Direction 312 Degrees (Vo = 6 m/s)

Wind Calculated wind speed ~ Mean actual wind speed (m/s) Percentage
. (m/s) based on based on Horns Rev1 wind g
Turbine , Error (%)
Jensen’s model farm measurements
G1A 6 6 0
G1B 5.00 55 8.5
G1C 4.89 5.4 9.3
G2A 6 6 0
G2B 5.00 55 8.5
G2C 5.00 55 8.5
G3A 6 6 0
G3B 6 6 0
G3C 6 6 0
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2.7 Chapter Summary

The results from Table 2-3, Table 2-4, and Table 2-5 demonstrate that the maximum
error of Jensen's model is around 17%, and in some cases, it is as low as 8.5%. These
findings suggest that this method can be considered a suitable option for taking into account
the wake effect in large wind farms, as it provides an acceptable level of accuracy while

also reducing computational requirements.

2.7  Chapter Summary

This chapter gave a brief overview of reasons for variation in wind speeds, in wind
farms. One reason for the variation is simply gusts in wind speed or varying wind speeds
in different regions of the wind farm. However, even when one considers the wind farm to
be geographically small, so that the ambient wind speed could have been considered
uniform, the wake of existing windmills majorly affects the individual windspeeds seen by
individual turbines. Jensen's model was examined mathematically for various types of
wakes. The results of the model were compared with real-world data from a wind farm to
evaluate its accuracy. In later chapters, aggregation methods will be developed that can
handle variable wind speeds at different windmills and Jensen’s model can be implemented
to find local speed of each wind turbine which will be used in the proposed aggregate

model.
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3.1 Introduction

Chapter 3

DFIG State Space Dynamic Model

3.1 Introduction

The DFIG is a variable-speed wind turbine generation system, which can capture wind
power with higher efficiency compared with fixed-speed systems [3], [4]. With the rapid
development of DFIG technology, it has become one of the most widely used wind turbine

generation system in large scale wind farms.

DFIG wind power conversion system includes an induction machine, a back-to-back
converter, and a three-winding transformer [42]. Figure 3-1 shows a DFIG wind power
conversion system. The state space dynamic model of each component of the electrical
components is presented in this section. A simple mechanical system is also included in
the model but is not described below due to space limitation. Using a generalized
combination method, these models are combined to yield the structurally complete

dynamic model which is explained in section 4.
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3.2 Induction Machine Dynamic Model
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Figure 3-1 Schematic Structure of a DFIG [51]

3.2 Induction Machine Dynamic Model

The induction machine is used in a wide variety of applications as a means of

converting electric power to mechanical work. The winding arrangement for a two-pole,

three-phase, wye-connected, symmetrical induction machine is shown in Figure 3-2. The

stator windings are identical, sinusoidally distributed windings, displaced 120°, with N,

equivalent turns and resistance r,. The rotor windings will also be considered as three

identical sinusoidally distributed windings, displaced 120°, with N,. equivalent turns and

resistance 7;. .
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3.2 Induction Machine Dynamic Model
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Figure 3-2 Two-Pole, Three-Phase, Wye-Connected Symmetrical Induction Machine [44]

The voltage equations in machine variables may be expressed as equations (5) and (6).

Vabes = Tslapes + )la;acs ®)

40



3.2 Induction Machine Dynamic Model

Vaber = Trlaper + Aa;acr (6)
W Aas (—cn ) or
rs - m"’ Lis L + - r'r
aVAVAY
lds I'dr
Vds Lm V'ar
WAds (w—ax )X dr
Is +m - Lis L - + r'r
aYAVAY —\VW\——
lgs I'gr
Vas Lm V'gr

Figure 3-3 Arbitrary Reference-Frame Equivalent Circuits for a Three-Phase, Symmetrical Induction Machine
[44]

The induction machine is the core of the DFIG wind power conversion system. Figure
3-3 shows the equivalent circuit for a three-phase induction machine in an arbitrary
reference frame [44]. Ignoring the zero sequence, the dynamic equations of the 1G in the

synchronous rotating (d-q) reference frame are as in (7)-(10) [51].
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3.2 Induction Machine Dynamic Model

Stator voltage equations:

{Vds = Tslgs — ws/lqs + A;ls )
Vas = Tslgs + wsdas + Ags
Rotor voltage equations:
{Vdr = Nlgr — (w5 — (‘)r)/lqr + /1¢.1r ®)
V;qr = rriqr + (w5 — W) Agr + Aqr

where, w,, w,are the rotor and synchronous rotating angular velocity, respectively.

lgr »igr,las igsare the rotor and stator d and q axis current, respectively.

Aar » Agr » Aas » Aqs are the rotor and stator d and q axis flux, respectively.

Fluxes equations:

Aas = Lisigs + Lin(igs + igr) = Lgigs + Lipiar
Ags = Lisigs + Lin(igs + igr) = Lsigs + Lmigr
Aar = Liplar + Lin(igs + igr) = Linlas + Lyiar
Agr = Lipigr + Lin(igs + igr) = Limigs + Lyigr

€)

where, Lis, Ly, L, are the stator leakage inductance, rotor leakage inductance and mutual

inductance, respectively. And Ly = Ljs + Ly, , L = Ly + Lo,

By using equations (7), (8) and (9), the circuit dynamic equations can be derived as

(10).
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3.2 Induction Machine Dynamic Model

[Vds —Lgwg 0 =L s [lds]
L (‘)s Ts mes 0 I lqs I
Vd‘r| m(ws ;) T —Ly(ws — wr) |ldr|
m(ws wr) L (@5 — @) rs igr)
(10)
Ly 0
dt|Lm 0
0
Rotor mechanical dynamic equations:
dw
T]dr+Dwr=T —-T, (11)
T, = Adsiqs - Aqsids = Lm(iqsidr - idsiqr) (12)

where, T; is the inertia moment of the rotor, T,, , T, are the prime and electromagnetic

torque, respectively.

In the proposed model, the induction machine dynamic model is established according

to equations (10), (11), and (12).
Based on the dynamic equations of the induction machine, the electromagnetic torque

can be derived as (13)2.

Lm m
T, =3P— .Im{A;.I;} = 3P
e LS m{ S T'} O-L.r-LS

Am{ AL A (13)

L%,

where, P is the magnet pairs of induction machine, and 0 = 1 ——=. From the torque

SHT

expression, the machine can operate in bi-direction as a motor or a generator according to

2 Im{} is defined as imaginary part of {}.
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3.2 Induction Machine Dynamic Model

the phase relations between stator and rotor fluxes. Furthermore, the stator and rotor active

power expression yield to (14) and (15)3, respectively.
P, = 3.Re{V,I:} = R¢|L|? + 3.Re{jws L1, 12} (14)
P. = 3.Re{V.I;} = R/|I,|? + 3.Re{jwsL,Is. I} (15)

By neglecting the copper power losses in the stator and rotor resistances, the relation

between the stator and rotor power is achieved by Eq. (16).

B =Te(w, — wy)
P =Tew, (16)
Prech = Tewr

Therefore, rotor active power can be written as (17) in terms of induction machine slip
(). The equation for rotor active power indicates that DFIG’s rotor side can inject or absorb

power from the back-to-back converter depending on the slip s.

P =—s.F 17)

where s = 2%
w]

An induction machine with typical parameters operates at generation mode with s < 0.

Its power flow schematic is shown in Figure 3-4.

3 Re{} is defined as real part of {}.
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3.3 Back-to-back converter dynamic model

Stator
Pm Ps, QS
ws, Is, Vs
Rotor
P r, Ql”
Wr, Ir, Vr

Figure 3-4 Schematics of Power Balance for an Induction Machine at Generation Mode

3.2.1 Interfacing the wake/wind mechanical model of chapter 2

In Chapter 2, each turbine’s wind speed is calculated considering wake effect, and in
the model for induction machine, it is considered as w,.. Similarly, the electrical torque (T,)
calculated in (13) is fed back to the mechanical model. The only input variable is the prime
torque (T;,,) from the drivetrain system, which supposed to be different because of the

different incident wind speeds.

3.3  Back-to-back converter dynamic model

The proposed aggregation method is designated to obtain the aggregated parameters of
the wind turbine generator and the main circuit parameters of the whole wind farm.
Therefore, the average model of VSC is employed in developing the dynamic model of
back-to-back converter, in which the IGBT is taken as ideal switching with neglecting

switching losses [45]. Figure 3-5 shows a schematic diagram of the grid side VSC (GSC)
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3.3

Back-to-back converter dynamic model

and the rotor side VSC (RSC) that interface the step-up transformer tertiary winding with

the induction machine rotor terminal [51].

Grid Side Converter

laide  ldode

Rotor Side Converter

(GSC) SYSTR/AL / / (RSC)
Vas g Q AR s g Lo g Vai Vo Lsr . Rsr Q Vas r
U/ A vy \_/
R L Vi C L Rs_r V,
V s g s_g b -] \/ s r bs_r
=0 MA—r—1¢ | /= [ F—ui—w Q
R L i Rs r
Vs g /-\ A 59 S_9 Vi Veo I—s_r — f\vcs_r
QW N

Figure 3-5 Schematic representation of a back-to-back converter [51]

It should be noted that in Figure 3-5 the frequency of voltages and currents on the grid

side is the grid frequency ws (nominally 50 Hz or 60 Hz in the steady state), and on the

rotor side is ws — w,-.

In this thesis, the converter dynamic model is derived in the abc frame using switching

functions and then transformed from that to an appropriate dq0 frame [48].

The ac terminal voltages of the VSCs can be expressed as functions of dc voltage V.

and modulation signals. Taking S;, S,, S3as the switching functions of the GSC module, the

GSC generated ac side fundamental frequency voltages Vabe, = [Vap Vb Vcl-]T are:

The corresponding switching functions of the converter module are as in (19).

( 1

Vai = Evdc -5
1

Ubi = 5 Vac - S,
1

U]ci = Evdc - 83
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3.3 Back-to-back converter dynamic model

( 1
S:1(t) = EAmi Sin(0m;(t))

{520) = 3 A Sin(B,0(5) ~ ) (19)

1 ] 21
kSS(t) = EAmi sin( Hmi(t) + ?)

where, 6,,;(t) = w;t + a,,;. Similar expressions as in (7) apply to the RSC voltages
Vabe, = [vao,vbo,vco]T-

Assuming V,,s; and «; are amplitude and phase-angle of the voltage source phase-a,
gives the GSC and RSC equations in abc frames as below.

Uabcsg = ng iabci + Lsg % (iabci) + vabcg (20)

Vabes, = Rsriabco + Lsr E (iabco) + Vape,
Equation (20) is transformed to dgO coordinates giving (21). Choosing the initial angle
of the dqO transformation as «;, results in the g component of voltage being 0. This gives

the dynamic model of back-to-back converter as in (21) and (25).

'Lsg 0 0 O iqi
0 Lsg 0 0 i fai |
0 0 L 0 |[dt Lq0
[ 0 0 0 Ly Lao (21)
—ng Lsgwi 0 0 iqi
Lsga)l- —ng 0 0 Lgi
0 0 —R;.  —Ls w,||lq0
0 0 Ly w, —Rq ldo
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3.3 Back-to-back converter dynamic model

0.54,,; sin(a; — ;)
—0.54,,; cos(a; — ay;)
—0.54,,, sin(a, — Ay | %
0.54,,, cos(a, — amo) |

0
Vmsi

_Vmso
The capacitor voltage dynamic equation is as below.

d

C e [Vac] = taiac — taodc (22)

The capacitor charging currents iz;4. and izoqc are:

laiac = ZAmi[iqi Sin(@m; — ;) + ia; €05 (@m; — )] (23)

lgode = ZAmo [iqo SIN(Ame — @p) + igo €0S (Ao — ao)]

The GSC is used to maintain the dc capacitor voltage and control the reactive power of
the DFIG. The RSC is tasked with controlling the rotor terminal voltage and the induction
machine’s active power [45]. For any wind speed, the maximum power point tracking
(MPPT) characteristic determines the optimal power and rotor speed settings which are
implemented by the drive train system. The controller schematics are as in Figure 3-6 and
Figure 3-7. Other controls including crowbar and fault ride through controls are present

but not shown [51].
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3.4  Transformer model
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Figure 3-6 GSC Controller Schematic [51]
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Figure 3-7 RSC Controller Schematic [51]

3.4 Transformer model

The three-winding transformer in Figure 3-8 is used to match the different voltage
levels on the rotor and stator sides of the 1G and then to step up the stator voltage to a

medium voltage level for connecting to the grid. Neglecting the magnetizing branch, it is
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3.4  Transformer model

modelled as in Figure 3-8, (with per-unit leakage impedances X,, X, and X3), in which, the
high voltage (H) terminal is connected to the wind farm collector system, (L) terminal is

connected to induction machine stator, and terminal (T) is connected to the grid side VSC.

V1 X1 X2 V2

H g L
1:VL/VH
X3
1:V1/VH
V3
[ T

Figure 3-8 Three-Winding Transformer Equivalent Circuit [51]

The current-voltage relationship is as in (24) [47], [48].

d I 1 L, + Ls —aq,L3 —ay3L, 4}
—_ 12 = — _a12L3 ayo (Ll + L3) _a23L1 VZ (24)
dt LL

I3 —aq3L, —az3l, ass(Ly + Ly)| V3

where,

L4, L,, L5 are the inductors, taking L;as an example,

VEX% -
L, = wlTwi (inp.u.)

LL:L]_'L2+L2'L3+L3’L1

Vi Vir\” Vi Vi Vi
Qi = V_;azz = (V_) y A3 = V_T'a23 = _VLVT'a33 = (V_T)
L L

2
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3.5 Complete dynamic model of DFIG

3.5  Complete dynamic model of DFIG

In the previous section, the dynamic models for individual components were
established separately. The individual components are connected at their terminals, which
creates additional boundary constraints. The boundary voltages cannot be taken as separate
inputs any longer when combining the two components as one complete system. A
component combination method is put forward here to assemble all individual components

into the full dynamic model [51].

V1 V> Vo

I]_ I12 |21 |2
-|—> Subsystem 1 > < Subsystem 2 <—|-

Figure 3-9 Schematic Representation of Two Series-Connected Components [51]

As an example, consider a system as in Figure 3-5, where Subsystem 1 connects to
Subsystem 2 at the common boundary bus with voltage V,. The subsystems equations are
as in (25) and (26) which share the same voltage V, as the rotor terminal voltage. The
current I, (= —I,,) is also common to the two.

Subsystem 1:
11 Ac1z Bcll] [Bc21]
Vv, + V. 25
dt 112] [Ac21 czz] [112] [Bc12 1 Biyz] 2 (29)
Subsystem 2:

B

mil1l mi2 mil m21

V. +[ ]V 26
dt 112] [AmZI mZZ] 112] [Bm12] 0 Bzl 2 (26)

The common voltage V, is eliminated to give:
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3.5 Complete dynamic model of DFIG

d 11 Acombll Acomblz Acomb13 11 Bcombll comb12
d_t 112 = Acomel Acombzz Acomb23 112 + Bcomel comb22 [V] (27)
comb31 Acomb32 Acomb33 12 Bcomb31 comb32

The elements A ymp11--- Beompi1 €IC., are linear algebraic combinations of the original
parametersA.;1, Aq1 ... €tC. in (25) and (26). The derivations of the elements in equation
(27) are not described here in detail since they are just linear algebraic calculation
procedures which is done by using MATLAB software. After the two subsystems are
combined, the remaining constituent subsystems can be recursively added to the structure
one by one in a similar manner culminating in the state space model of the entire DFIG.
Finally, the dynamic model of the DFIG is obtained in the form x = Ax + Bu, with a
matrix A of dimension (19x19) having a structure (excluding the mechanical drivetrain) as
in Figure 3-10. The drivetrain system model outputs the prime mover torque to the

induction generation with wind speed as its input.

F

m n

Figure 3-10 Distribution Values of State Matrix A of the DFIG Model [51]

(Note: The Black Blocks are Non-Zero Elements — For Values See Table 3-1)
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3.5 Complete dynamic model of DFIG

The 19" order state vector is x = [®@r, Ve, X1 recvse, X2_recuse, X3_recvsc, X4 recvse, X1_inwsc,
X2_inwsc, X3_inwsc, X4 inwsc, X5 inwsc, Ldi iqir lds, iqs' Lar iqra X1_acon, X2_a)con]T- State variables
X1_inwsc, X2_inwsc, X3_inwse, X4 inwse, X5_inwsc are states associated with the voltage control and
active power control of RSC. State variables X1 recvsc, X2 recvsc, X3 recvsc, X4 recvsc are states
associated with the capacitance voltage control and reactive power control of GSC and are
as marked on the controller diagrams in Figure 3-6 and Figure 3-7. Similarly, X1_acon, X2_acon

are the states of the machines speed controller. The state variables @,, vg.,

Lai» Lgir Las Igs» Lars Lgr Are as in (5) to (22) [51].

Table 3-1 Non-Zero Entries of Matrix A [51]

Element|value

Element|value

Element|value

At
Az 1o
Az
As 13
A4
Ag 16
A1o,15
A11,15
Ar23
A13
A1312
Asg
Aus16
Ais,10
Ats 15
A7
Ass,15
A179
A1714
A17,17

-0.16668
0.0075
-10

-15

1.5

-50

0.06

0.03
1.23839
2

-2
-1.24477
3.369591
-3.11192
-4.78233
3.153909
-2.22079
15.76954
2.220793
-3.41505

As s
A6
As
Ass
Ag7
Ag 15
Ao
A11,17
A124
Azs
A1313
A14,14
ANVRY,
Ats 11
Ats 16
Asss
Ass,16
A17,10

Ai715
Asg1

0.166667
-0.00061
-250

100

50

0.15

0.1

-0.02
1.031992
2.063983
-5.61404
-0.2078
3.099414
-1.24477
-3.09941
1.261563
-3.41505
3.153909
4.811773
-1

Aq19
Az 17
A1z
As 13
Ag 14
Aog
A1110
A1z
A12,12
AVEY
As7
Au415
Aisg
Ats14
Ats 17
Ais14
Ase,17
A7.11
A17.16
A1g,19

-16.6667
0.09375
-50

-250

1.5

0.2

0.02
-6.19195
-1.69247
1.031992
-3.11192
3.19123
-15.5596
-3.19123
3.369591
0.175527
-2.14123
1.261563
2.14123
-100
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3.6  Chapter Summary

In this chapter, the state space equations for a Type-3 WTG (DFIG) consisting of an
induction machine, a back-to-back converter, and a three-winding transformer in dgq0 frame
were developed. To achieve this, a series combination method was used in order to
combine the three main components of each DFIG into a single DFIG. Finally, the
structurally complete dynamic model of DFIG is modeled in MATLAB software, and the
state-space model and matrices are extracted. This model will be extended in chapter 4,
which discusses the aggregation of multiple WTGs was accomplished by iteratively

combining two WTG models at a time.
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4.1 Introduction

Chapter 4

Model Structure Preserving Aggregation

Method

4.1 Introduction

The modeling approach for wind farms depends on the purpose of investigations to be
performed. For investigations of the internal behavior of WTGs within a wind farm, it is
required that the wind farm is modeled with all WTGs modelled individually in detail. The
detailed model can also be used to represent the collective impacts of a wind farm on large
scale power systems for transient stability studies. However, for a wind farm with a large
number of WTGs, the whole simulation model will be a very high order system, and
therefore, the simulation requires large computation time. To reduce the complexity of the
wind farm model during simulation of a large power system, an aggregated or equivalent

model with acceptable performances is required.

In this work, two aggregation methods for the electromagnetic simulation model of a
wind farm are investigated to speed up the exhaustive computation performances compared
with the detailed model. In the first method, wind speed for all wind turbines within a wind

farm is considered to be similar. However, in the second method, a new aggregation
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modeling is proposed based on the state-space model of wind turbines with different wind

speeds.

4.2  Wind Farm Aggregation Methods

In the aggregation approach, the wind turbines (WTs) within the farm, each equipped
with its internal electrical network, are unified into a single equivalent WT or a multi-
machine equivalent. This unified model is designed to deliver the overall response of the
entire wind farm at the point of common coupling (PCC). This unification reduces the
system's complexity and computational time. However, it should be noted that the
performance of WTs in the farm is strongly influenced by varying wind speeds. Given the
variability of wind conditions within the farm, the choice of aggregation methods becomes
crucial, and this leads to a discussion of various aggregation approaches including full
aggregated model (FAM), semi aggregated model (SAM), and multi machine model
(MMM). In [77], a comparison was made between all three methods and a detailed model
(DM), leading to the conclusion that the MMM demonstrates a superior capability in
capturing the impact of various wind speeds and delivering a more comprehensive
collective response compared to the SAM. Therefore, in Section 4.6, the results of the

MMM are contrasted with those of the proposed model.

The wind generation modeling group of the Western Electricity Coordinating Council
(WECC) has published a guidance on wind power plant (WPP) modeling [42]. National
Renewable Energy Laboratory (NREL) developed a method to represent a WPP by an

equivalent model with an equivalent collector system [19], [21]. An exhaustive simulation
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study was performed to validate the adequacy of the equivalencing method promoted by
NREL for modeling WPP using single- and multiple-machine equivalents. The results
suggest that the aggregation technique is adequate for load flow, stability, and
electromagnetic transient studies with limitations [20]. Some other literature put forward a
reduced model of wind farms, which is developed to capture the main dynamics of high
order system. The applicability and effectiveness of different order reduction methods are

contrasted [10], [52].

4.3 Wind Farm Dynamic Aggregation Method

Considering Uniform Wind Speed

In this section, a wind farm dynamic aggregation method for electromagnetic

simulation is interpreted in detail including aggregation theoretical basis.

4.3.1 Dynamic system aggregation theoretical basis

The aggregation process is first described considering a system of two wind turbines.
For the entire windfarm, additional wind turbines can be sequentially added, using the same
process. Two wind turbines which are connected to the same medium voltage bus as two
separate dynamic systems are defined as (28) and (29). By using (27) in Chapter 3, A matrix

for each wind turbine is achieved.

5(1 == A1x1 + Blul (28)
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.7.C2 = Azxz + Bzuz (29)

Model aggregation is shown in equation (30) as a process of combining separate

dynamic systems.
X12 = A12X12 + B1alUygs (30)

B, 0]

A 0
where, x1, =[x X%,]7, wip =[uy up]", Ay = [01 Az] , Bz = 0 B,

Aggregating is a process of reducing multiple separate subsystems into one equivalent
(i.e., aggregated model). The process is performed using the following transformation

matrices [49].
Xx12 - xe (31)
Uu12 - ue (32)

where, the matrices X and U are for aggregation process. The aggregated equivalent model

is expressed below.
Xe = ApXp + Bou, (33)
For the aggregated model, A, = XA,,X"! ,B, = XB;,U™ L.

If the two subsystems are exactly the same, the aggregated equivalent model in (33)

become the same by aggregating the two subsystems with aggregation matrix as X =

%(1 DU = %(1 Dyand X"'=20 DT, ut=20 DT

where I is an identity matrix. In this case, the two subsystems can be aggregated as equation

(33), and the aggregated matrix as below.

58
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1
Xe = E(xl + xz)

A, =4, + A4,
Be:B1+B2

(34)

Equation (34) indicates that if the subsystems are the same, the aggregated model state
values are the average of x; and x,, and the model’s gains multiply the same number of

subsystems [50].

Within a wind farm, if the WTGs are of identical types with equal parameters, and the
wind speeds are assumed to be the same, then they can be aggregated together as illustrated
in Figure 4-1 and Figure 4-2. Based on the aggregation method if the WTGs type and wind
speeds are the same, they can be aggregated together accurately by amplifying the number

of WTGs (considered as n).

Input
> Al
+ T Output
——» A2
_|_

[ ]

[ ]

[ ]

Figure 4-1 Equivalent System Diagram [52]
Input Output

> Al —»{n——m»

Figure 4-2 Aggregated System [52]
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4.3.2 Wind farm electromagnetic simulation aggregation method

In an accurate aggregation, the power flow must be the same between the original and
aggregated models. At the same time, the electromagnetic responses must be relatively

close. The proposed aggregated model is depicted in Figure 4-3.

e T : PCC
2 ' Grid

I Eguivalent impedance |
| of collector system |
|

Aggregated

|
I
I
- (WTG
I
I

Wind farm
substation bus

Figure 4-3 Wind Farm Aggregation Model Structure [52]
The aggregated model includes two parts: (i) Aggregated WTG having the same output
power, (ii) The equivalent impedance of the collector system to capture the same power

loss.

To guarantee the power flow of the original detailed model and the aggregated one are
the same, the aggregated WTG must generate the same amount of power with the same
wind speed. According to the aggregation method proposed above, within a wind farm, the
same type WTGs connected to the same feeder with the same wind speed will be divided
as one group and be aggregated as one equivalent WTG. The aggregation can be realized
using a current amplifier to amplify an individual WTG’s power. The current amplifier is

derived as Figure 4-4.
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(@) (b)

Figure 4-4 Current Amplifier Model: (a) Current Source Model (b) Current Amplifier Model [52]

Based on the current source model for WTGs, the k node in Figure 4-4 (a) is taken as
a constant voltage bus, which is reasonable for connecting to the grid. The voltage of node

m can be derived as (35).
Uy = U +Z(nI) = u, + nZ() (35)

So, the current amplifier can be modeled as Figure 4-4(b) to guarantee the power
monitored at node k, and the same voltage monitored at bus m as the original detailed

model.

The equivalent impedance is added to capture the power loss and voltage drop caused
by the collector system. Based on the assumption that the aggregated WTGs with short
distances connected to the same feeder have the same wind speed and terminal voltage, the

terminal currents are almost the same. So, the equivalent impedance (Z,4,,) can be derived

as (36).

— ?zl(izzi) (36)

Zequ nz
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where, n is the number of WTGs to be aggregated, Z; is the i;; impedance connected to

the i, WTG.

44  Wind Farm Dynamic Aggregation Method with

Different Local Wind Speeds

As previously discussed, it is very important to consider variations of wind speed at
different turbine locations within a wind farm with a large number of wind turbines.
Therefore, a novel aggregation method is proposed in this work based on the wind turbine
state-space models. This method is applicable for a cluster of WTGs of identical structures,
but with various parameters and input wind speed. The developed approach and its
validation were conducted using MATLAB/Simulink ® and PSCAD software.

As mentioned in the previous section, the aggregated model is constructed recursively
by combining two DFIG state space representations at a time and equivalencing it to the
state space representation of a single DFIG, ensuring that they both have identical steady
state responses. It may not be possible to equivalence the entire wind farm to a single
equivalent WTG. However, large numbers of WTGs could be so aggregated to create a
model with only a few representative WTGs, thereby greatly reducing the overall model

size.
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44.1 Equivalencing the Collector System Impedance

The impedances of cables connecting the DFIGs to the wind farm collector system
cause voltage reduction and power losses. This thesis puts forth a more general method
based on power flow for finding a single equivalent impedance which is different from that
reported in previous work [19], [21]. This equivalent impedance is designed so that the
total generated power, the power received at the PCC bus and the PCC bus voltage are the
same as in the detailed model.

Consider the case of two DFIGs in parallel with connecting impedances Z; and Z, as
in Figure 4-5(a), the DFIG terminal bus is taken as a PQ node with generating powers as

ordered by the converter control system corresponding to the turbine’s incident wind speed.

B Ps1 Pa1
9_51 Z1 Ail Qa
e | ~— DFIG
...... Pg2 Pa2
QB2 7> A2 Qa2
- -

(@) Two DFIGs in Parallel

B
| Zeﬂ
...... | —
Pg=Pg1+Psg;
Qe=Qg:1 10k Qa=Qa1+Qaz

(b) Aggregate Model with Equivalent Impedance Z,,
Figure 4-5 Equivalencing the Individual DFIG Connecting Impedances in Parallel
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4.4  Wind Farm Dynamic Aggregation Method with Different Local Wind Speeds

The wind generator power flows (P41, Qa1,Pg1,Qp1, Paz,...,€1C.) and voltages
(V414641, V424604, and V5 £65) can be calculated using commercial software or, as is the
case in this thesis, by a user developed program. From these, the equivalent impedance

Zeq = R + jX of the collector system is calculated numerically by solving the following

algebraic equations using the Newton-Raphson method in unknowns R, X, V, and 6.

( XV,Vg sin(8, — 6g) + RVZ — RV, Vg cos(8, — 0p)
Fa= R? + X2
_ XV} — XV,Vg cos(6,4 — 0g) — RV,Vp sin(6, — 05)
I R + X* (37)
XV, Vg sin(6, — 8g) — RVZ + RV, Vg cos(6, — 0g)
B R? + X2
—XV2 + XV,Vg cos(8, — 0g) — RV,Vg sin(6, — 65)
0z = R? + X2

where, Py = Pyy + Pyp, Q4 = Qa1 + Qaz, Pg = Ppy + Ppy,Qp = Qpq + Qp, are for this

two DFIGs in parallel.

This approach is applicable to machines directly connected to the PCC through
impedances Z,,Z,,...,Z,. However, windfarms may have different connection
arrangements. For example, a typical configuration of WTGs in a wind farm is shown in
Figure 4-6 with the DFIGs connected in a string configuration. The DFIGs in the same
string are connected to the wind farm substation bus (PCC bus) via a feeder. In this case a
recursive procedure can be used. We start with DFIG, with impedance Z; = Z;, and
DFIG, with Z, = 0. Using the above procedure, they can be combined to form an

equivalent impedance Z,4, and equivalent generator DFIG,,. In the next step, this can be

combined with DFIGj, again taking the first impedance as Z.,; + Z,3, and the second as
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Z3 = 0. This process is continued till a single equivalent impedance Z,,, is obtained. The

equivalent impedance produces the same power losses and PCC voltage as the detailed

model and ensures the same power flow seen from PCC bus.

The resulting equivalent system is shown in Figure 4-7, and consists of a single
equivalent generator connected to the PCC with an equivalent impedance as calculated
above. The next section will show how the aggregate generator model is developed. The
other strings can be made into similar equivalents. All these equivalents may be combined

into a single DFIG with equivalent connecting impedance.

Wind farm _
- PCCBUS
| Feeder Grid
String 1 Collector syéfgm _%
***************************** Feeder

Wind farm
substation bus

Figure 4-6 Typical Configuration of WTGs in a Wind Farm

wind farm + PCCBUS .
Feeder G rl d
..... . __D_
String 2 Zis
Equivalent J
Aggregate im;:e\éance Feeder
DFIG 1

: String 1
Wind farm

FUy N ? substation bus

Figure 4-7 DFIGs in Parallel with the Equivalent Impedance of String 1
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4.4.2 Combining the State Space Representations of Two DFIGs

Many EMT programs model the machine as a current source which injects the
calculated current from them [53]. Thus, an aggregation method is proposed, which
combines the current generation from all the DFIGs with a similar block structure in the
aggregate into a single equivalent DFIG of the same structure.

The output current of the equivalent generator is the sum of the currents of all the DFIGs
in the string.

The aggregation of the DFIGs can be performed recursively with two units at a time,
so that n-1 aggregation procedures are performed for n DFIGs in the string, as in [54], [55].

The state equations for DFIG 1 and 2 are considered as in (38) and (39) respectively.

{551 = A1x1 + Biuy = A1Xq1 + Biyag [Va, Vq]T + Birm[Tm1] (38)
V1 = lgq1 = C1xy
{552 = Ayxy + Bouy = ApXy + BoyaqlVa, Vgl + Barm[Timz] (39)
Vo = lgq2 = (X
The outputs in s domain can be expressed as in (40).
. _ -1 T
{ldq1 = C1(sE — Ay) (Blvdq [Va, v + Ble[Tml]) (40)
lggz = C2 (SE — AZ)_l(BZqu [Vd’vq]T + BZTm[TmZ])

The outputs y, and y, are the injected currents i; and i, (in d-q coordinate) from these

DFIGs which are states in the dynamic model, and hence the absence of the ‘D’ matrix in
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(38) and (39). The C matrix only picks out the d and g components of stator current, so

the remaining entries are zero. Thus:

€1 =0C
_ [0 0O 0 0o0OO0O O OO0OOTODOTI1TO0OUO0OTG0OT®OSTO 0] (41)
O 0 000 O0OOOOOOOOOT11IUO0UO0OUO0OT®GO0OTDO

With identical parameters for transformer and converter and with data as in Table 4-3

and Table 4-4, matrices B, and B, are:

By =B,
0O 0000 -1 -1 0 0 0 0 0 0.062 0 —0.063 0 0 o o017
=0 0O 0O 0O O O 0O 0 0 0 0 0 1761 0 —1.245 0 0 0 O
0 0 0 00O O 0O 0 0 0 0 O 0 1.761 0 —1.245 0 0 O

Converting to the Laplace (s) domain, the aggregate model is obtained by summing y,
and y, as in (43).
tage = lag, T lag,

= C1(SE — A1) BiaqVaq1 + Bir, Tm1] + C2(SE — A2) ™ [B2aqVaqz + Bar, Tmz]

= C[(sE — Ay)"'Bu; + (sE — A,)"'Bu,]
where, E is identity matrix, s is Laplace operator. The inputs u; and u, typically include
the components of the grid terminal voltage vy, v4; and vg,, v42, and prime mover torques
Tym1 and T,,,. The input matrix B can be further simplified if the grid side voltages are
assumed the same for all DFIGs in the string, which is reasonable since the impedances

Z12,Z,5 etc., are small. However, the prime mover torque inputs can be different because

of different incident wind speeds. Taking k as the ratio between the torques k = :’”—2 (43)
mil

becomes (44). Note that in (44), A; and A, have the same order, and hence the orders of
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matrices (sE — A;)"tand (sE — A,) are the same which makes it feasible to construct

an equivalent of the same state space structure as of the individual DFIGs.

lqu = ldql + ldqz

=C[(sE — A;)"'Buy + (sE — A,) " 1Bku,] (44)
=1 +k)C (SE—A)) 1+ k (sE — A,)" | Bu
1+k ! 1+k 2 !

At this stage, the order of the state equations will be typically twice that of an individual
DFIG as two DFIGs are being combined. For the final implementation, this must be

reduced to the order of a single DFIG. This is described below.

4.4.3 Recursive Aggregation Procedure

Comparing (38) with (44), the matrices A,, B; and C, are replaced by the terms A,’(s),

B,, and C, as in (45).

Ay(s) =sE 1EA‘1kEA‘1_1

o(8) = F = |1 6F = A7+ 5E = )|

B,=B (45)
C,=(1+k)C

For a representation that preserves the structure of a single DFIG, we need A4,’(s) to
be a constant matrix (not a function of s). To get a single DFIG to represent the two DFIGs,

it is observed that the steady state outputs must match, so setting t = +o i.e.,s=0, in (45)
. . 1 1, k 1\t . .
gives matrix A, = (m (A) 7 +—(4y) ) . Once A, is known, and using B, and C,

1+k

from (45), the equivalent system is formed in state variable form as in (46).
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{x =A,x +B,u (46)

y = Cax

Once these matrices are known, the parameters of the equivalent DFIG are determined
and included in any EMT simulator as a single DFIG. Additional DFIGs can be added one
at a time to this aggregate until all machines are included. The procedure automatically
guarantees identical steady state response to the detailed model. Model validation will

show that it also gives an accurate transient response.

4.4.4 Modified Transformer Representation to Magnify Current

The step-up transformer can be used to scale the single DFIG’s current to that of the
two DFIGs in accordance with the output matrix C, by multiplying the currents from the
‘H’ terminal in Figure 3-1 by a scale factor (1+k). This is achieved by multiplying the first
row of the inductance matrix in (24) by (1+k) to give (47).

1+k)(Ly+L3) —(A+k)a,L; —(1+k)aszl,

d [hc 1 £ (47)
d_ L |=— —aq,L;3 ay(Ly + L3) —ay3l, v,
t I LL v
3 —ag3L, —ay3l, azsz(Ly +Ly) 3

The resulting DFIG can be treated as a single unit and combined with other DFIGs in
the string in a recursive manner to eventually generate the entire aggregate equivalent. It
should be noted that the aggregated model can be implemented as a single DFIG in any
EMT simulation software, as it does not require modification of existing models in the

software, merely an appropriate selection of the parameters.
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4.5  Model Validation for Proposed Aggregated

Model

The proposed DFIG aggregation method is validated by comparing EMT simulation
results for the case of all DFIGs modelled separately, with the aggregated DFIG.
PSCAD/EMTDC is used as the EMT simulation tool. Initially two simple examples are
used to demonstrate that the aggregation procedure works with changing wind speeds or
different parameters for each DFIG. Next, a demo wind farm case with 10 identical DFIGs
represented in Figure 4-8 is investigated considering different input wind speed for wind

turbines due to wake effect discussed in Chapter 2.

Wind farm PCC BUS Grid

Z: Zsys

Z: Zo |
- - ...... |
; I Wind farm
substation bus

Figure 4-8 Wind Farm Consisting of 10 DFIGs

Data for the DFIG and feeder impedances are given in Table 4-1 to Table 4-6. The
turbine model is as in [56] with parameters as in Table 4-1. The mechanical power of the
wind turbine obtained from the wind energy can be calculated using several different forms

for C,, that are available in literature. The thesis examples use the form in [78] based on the

following formula.
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PzngrxVﬁ’,xCp(/l,B)

(48)
C, _Cs
Cp = Cp(gil) = Cl (7_639_64)3 Al‘ +C6A

l

where:

L 1 0.035
17140089 63+1

¢, = 0.5176,C, = 116,C; = 0.4,C, = 5,Cs = 21,C¢ = 0.0068
p is the air density

A, is the area swept by the rotor blades

Vy is the wind speed

C, is the power coefficient, a function of A and 6

A is the tip speed ratio

6 is the pitch angle

Table 4-1 Wind Turbine Parameters

Parameter Value
Rated active power 5MW
Turbine radius 68.5m

Air density 1.225 kg/m3
Base wind speed 11 m/s

Table 4-2 Induction Generator Parameters

Parameter value
Rated power 5.6 MVA
Rated voltage (L-L) 0.9 kV
Base angular frequency 60 Hz
Stator/rotor turns ratio 0.391
Angular moment of inertia 6s
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Parameter value
Mechanical damping 0.0001 p.u.
Stator resistance 0.0054 p.u.
Wound rotor resistance 0.00607 p.u.
First squirrel cage resistance 0.298 p.u.
Second squirrel cage resistance 0.018 p.u.
Magnetizing inductance 4.5 p.u.
Stator leakage inductance 0.10 p.u.
Wound rotor leakage inductance 0.11 p.u.

Table 4-3 Step-Up Transformer Parameters

Parameter value

3 Phase MVA 5.833 MVA
Base operation frequency 60 Hz
Winding 1 Line-to-Line voltage (H in Figure 3-1) | 33 kV
Winding 2 Line-to-Line voltage (T in Figure 3-1) | 0.69 kV
Winding 3 Line-to-Line voltage (L in Figure 3-1) | 0.9 kV
Winding 1/2/3 type YIYIY
Positive sequence leakage reactance (#1-#2) 0.025 p.u.
Positive sequence leakage reactance (#1-#3) 0.013 p.u.
Positive sequence leakage reactance (#2-#3) 0.013 p.u.
No load losses 0.002 p.u.
Copper losses 0.005 p.u.
Magnetizing current 2.0%

Table 4-4 VSC Parameters and Control Schemes

Parameter value
3-Phase MVA 2.15 MVA
Dc Capacitor 75000 puF
Capacitor nominal voltage 1.45 kV
Grid-side Line-to-Line voltage 0.69 kV

Table 4-5 Wind Farm Impedance Parameters

Parameter Value

Z1, 23, Zs, Z7, 29 0.046 Q+0.000097609 H
Z2, 24, Zs, Z3, Z10 0.092 Q+0.00019522 H
Zsys (SCR =5) 0.560 Q+0.01039865 H
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The MPPT characteristic in per-unit is shown in Figure 4-9 and is used to determine

the mechanical power and hence torque, from the wind at any rotor speed. The power base

P,, for per-unitizing is the induction machine’s rated power and the base wind speed is 11

m/s.

45.1

[
Lh
1

Pmfp.a.
[
N
T

Figure 4-9 MPPT Curve of a Typical Wind Turbine

Performance of Aggregate Model under Changing Wind Speeds

A model consisting of 3 identical DFIGs in a string is used to investigate the method’s

applicability to simulate conditions with varying wind speeds. The parameters are

considered to be as in Section 4.5. Figure 4-10 shows the PSCAD simulation results when

individual wind velocities range from 10.93 m/s to 13.86 m/s, which is typical for a wind

farm. In order to demonstrate the ability of the model to handle wind gusts, the wind
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velocities are ramped from 12.61 m/sto 13.86 m/satt=1s for DFIG 1, and then decreased
to 11.34 m/s starting at t = 5 s. The ramp rate is + 2.5 m/s?. Note that as all the windmills
are in the same windfarm, the range of variation is relatively small. Similarly, the wind
speed for DFIG 2 goes from 12.15 m/s to 13.37 m/s att =2 s, and then t0 10.93 m/s att =
6 s. The individual wind speeds are used to calculate the equivalent wind speed for the
aggregated model (blue curve). The real and reactive power plots in Figure 4-10 confirm

that the aggregate model can still retain the same steady state total power as the detailed

model.
a)P
16 T L L L L L L
- detailed ——— aggregate
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Figure 4-10 Simulation Results for Varying Wind Velocities
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452 Performance of Aggregate Model with Non-identical DFIGs

A two machines case with one machine having 20% larger leakage impedances as in

Table 4-6 and consequently different state matrices A for each DFIG is considered below.

Table 4-6 Two DFIG System: Parameters and Operating Points for V,, = 1.18 pu (Wind Speed Base = 11
m/s) Ppgse = 5.6 MW

DFIG Rotor angular speed at ~ Prime Rotor leakage inductance  Stator leakage Impedance Z (Ohm)

# max. power power La(p.u.) inductance Ly
or (p.u.) Pm (pu) at (p.u.)
Or
DFIG1 1.1 0.76 0.11 0.1 0.1+j0.376
DFIG2 1.1 0.76 0.132 0.12 0.3+j1.131

Figure 4-11 shows a comparison of the transient responses for the 2-machine case from
the detailed model, proposed aggregate model and the model in references [16], [17]
(referred to as ‘one-equivalent’). The disturbance is a 10 ms short circuit which causes the
terminal voltage to temporarily drop to zero. The active power (P) and relative errors
between models are shown in Figure 4-11 (a) and (b) respectively, and the reactive power

and errors in Figure 4-11 (c) and (d).
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Figure 4-11 Comparison Simulation Results Between Detailed and Aggregated Model of 2 DFIGs of Different

Parameters

Table 4-7 gives the root mean square relative error (RMSE) from Figure 4-11 for the

proposed aggregate model and one- equivalent model when compare with the detailed
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model. The RMSE is calculated below as in (49). Here, t, is the start instant of the transient,

and t, is the end time of the transient. In this case, t; = 1.6sand t, = 2.0s,and S =

2 2
\/Psteady—state + Qsteady—state'

1
_ftz Paggregate - Pdet ailed 2 dt_z
ty S
RMSEp = —
2 1
(49)
5 1
t, Qaggregate — Qdet ailed d 2
ft1 S t
RMSE, = s

Table 4-7 Comparison of Simulation Errors

Active power P_RMSE Reactive power Q_ RMSE
Aggregate model 1.5% 1.7%
One-equivalent model 1.8% 1.92%

The comparison results suggest that the detailed model and the aggregate model have
close transient responses with similar oscillation frequency and damping and reach the
same steady state after the transients. There are minor differences giving an RMSE of 1.5%
and 1.7% for P and Q, due to the aggregation approximation. Here the one-equivalent
model from previous literature also gives fairly accurate results, with the error being only

marginally larger.
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453 Performance of Aggregate Model with Different Loadings of

Individual DFIGs

Now consider the case in Table 4-8 where the two identical DFIGs have different
incident wind speeds (1.07 pu and 0.88 pu), and consequently different rotor speeds @, and

different power levels B, according to the MPPT curve from Figure 4-9.

Table 4-8 The Operating Points of the DFIGs (V,, base = 11m/s, Py, = 5.6 MW)

DFIG # Wind speed Vw Rotor angular ~ Prime mover power Pp,

(pu) speed o (p.u.) (pu)
DFIG1 1.07 1.1 0.76
DFIG2 -0.88 0.96 0.41

Figure 4-12 shows the comparison results of the transient responses for the detailed and

aggregated model models (proposed and ‘equivalent’) for a 10 ms fault applied at 1.6 s.
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Table 4-9 Errors due to Aggregation

Active power P_RMSE Reactive power Q_RMSE
Aggregate model 5.93% 2.7%
One equivalent model 13% 14.7%

Table 4-9 shows the corresponding root mean square errors (RMSE) between the
detailed and aggregate models. Based on that, that the RMSE for P and Q of the proposed
aggregate model are less than 6% and 2.7 % respectively for rotor speed variations of about
20%. The corresponding errors for the one-equivalent used in previous literature are
significantly larger, at 13% and 14.7%. The close comparisons show that the aggregation

method is capable of handling DFIGs with different individual loadings.

454 Performance of Aggregate Model with a Larger System

Further validation simulations for a wind farm consisting of 10 DFIGs are performed.
The DFIGs have identical structures while having different incident wind speeds as shown
in Table 4-10 due to effect of upwind turbines on downwind turbines’ input wind speed
which is called wake effect (explained in Chapter 2), again resulting in different state space

matrices for each DFIG.

Table 4-10 Incident Wind Speed on Each Turbine

DFIG No. 1 2 3 4 5 6 7 8 9 10

Vi, (m/s) 122 12 115 112 107 104 103 103 10.2 10.2
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DFIG parameters and wind farm collector system impedances are given in Section 4.5.
The parameters of the aggregate DFIG wind farm are obtained using the recursive
procedure of Section 4.4.3 and yield the parameters for the single aggregate wind farm.
Figure 4-13 shows the real and reactive powers and ac voltage and windfarm current
following a temporary three-phase to ground fault at PCC bus with duration of 100 ms.

The results in Figure 4-13 indicate that the aggregated model maintains the same power
flow into the PCC bus as the detailed model and has an essentially identical transient
response. During the fault, a certain amount of reactive power is injected into the grid side
from the wind farm with peak value of 19.6 Mvar and average value of 10.2 Mvar. It takes
around 240 ms after fault clearance for the model to reach its new steady state. The
computation time is also significantly reduced as will be shown in the next section. These
examples validate that the aggregated model retains the major collective oscillation modes
of the original detailed system in the transient process and has the same steady response.
The comparison was limited to a 10-machine case due to the large simulation time for the
EMT model of the detailed system required for the validation. However, any number of
machines can be included in the aggregate. Note that in an actual windfarm the local
conditions at each DFIG may be quite different, with the possibility that one or more DFIGs
may even have disconnected due to violation of its operating limit, which is not represented
in the aggregate. Hence the aggregate model is not intended for protection design of
individual DFIGs, as the identity of individual DFIGs is not maintained. However, if
required, it is also possible to preserve a limited amount of granularity in the model. For

example, a windfarm with 100 DFIGs could be represented with say, 5 aggregate models
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of 20 machines each. This would still result in significant computational savings as

compared with a full detailed model.
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Figure 4-13 Comparison Simulation Results from PSCAD (Red Curves are from Detailed Model, Blue Ones are
from Aggregate Model)
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455 Computational Savings

As the multiple DFIGs are reduced to a single DFIG, there is a significant reduction in
simulation times. Table 4-11 shows the simulation times for a windfarm with 2, 3 and 10
DFIGs on a PC with an Intel Core i5-6200U CPU running at 2.30 GHz. Note that although
the simulation time increases significantly from 45 s for a single machine to 7235 s for a
10-machine windfarm. Of course, the simulation time for the single machine aggregate
representation remains essentially constant in the range 45-48, which is to be expected due
to the fact that the aggregate only contains one machine. The speedup factor for 2 machines
is 7.8 and increases to over 150 with 10 machines. With hundreds of machines, the time

savings will be significantly larger.

Table 4-11 Simulation Time Comparison

Model Detailed model simulation ~ Aggregate model simulation Speedup factor
time (s) time (s)
1 DFIG system 45 45 1
2 DFIG system 351 45 7.8
3 DFIG system 879 48 18.3
10 DFIG system 7235 48 150.7
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4.6  Comparison of Simulation Responses for a Case

Study with 9 Wind Turbines

As previously discussed in Section 4.1, previous authors have introduced different
methods for aggregating wind farms [10], [52], all with the aim of identifying an
appropriate aggregated model. In this section, we compare the responses at the point of
common coupling (PCC) for two commonly used aggregated models from [77] with the
proposed aggregated model, as well as a detailed model for a 9 DFIG wind farm. The
specifics for each DFIG, turbine model, and wind turbine mechanical power were
explained in Section 4.5. The wind farm under study contains three groups, each with three
WTs, all interconnected with the grid at the PCC, as illustrated in Figure 4-14. The turbines
within a group are daisy-chained with underground cables spanning 800 ft, and finally
connected to the PCC through an overhead line of varying length, as indicated in Figure
4-14. The standard data employed for calculating the resistance (R) and reactance (X) of
the underground cables and overhead lines are sourced from [21] and detailed in Table

4-12.
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Figure 4-14 Detailed Model Wind Farm Layout with 9 DFIGs

Table 4-12 Data Used for Collector System Within Wind Farm

R (pu/ft) X (pu/ft)
Underground Cables 9.662 x 107 7.729 x 107°
Overhead lines 1.865 x 107° 9.920 x 107

To account for wind variations across different locations and the impact of wake effects

on downwind turbines, distinct input wind speeds are attributed to each turbine. The

corresponding output powers for each turbine are documented in Table 4-13.

Table 4-13 Turbine Output Power Within Wind Farm (P,.qteq = 5 MW)

Turbine No. Active Power P (MW) Active Power P (pu)
WT 1 5 1
WT 2 4.2 0.84
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WT 3 4 0.8
WT 4 4 0.8
WT 5 35 0.7
WT 6 35 0.7
WT 7 5 1

WT 8 4.2 0.84
WT 9 4 0.8

To conduct this comparison, two distinct aggregation methods described in [77] were
chosen: i) Multi-machine model (MMM) representation and ii) Full aggregated model
(FAM) representation. In the FAM representation, all wind turbines (WTs) within the wind
farm, along with their internal electrical networks, are aggregated into a single equivalent
WT with a corresponding internal electrical network. In contrast, the MMM approach
allows the entire wind farm to be represented by multiple equivalent machines. Reference
[21] proposed the MMM as a solution for taking into account the large diversity in WT
types, wind speeds, impedances of the lines that connect a group of WTs to the PCC, step
up transformer sizes and short circuit capacity levels for the WTs within the farm. WTs
positioned in the same row within the farm experience similar incoming wind conditions,
making MMM representation a practical means of aggregating each row together [77]. For
this case study, the MMM and one equivalent WT (i.e., FAM) of the wind farm of Figure
4-14 are shown in Figure 4-16(a) and (b). The equivalent step-up transformer (ereq) and

collector system equivalent (Zg.,) for the models also calculated using an analytical
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approach proposed by the national renewable energy laboratory (NREL) to aggregate the
collector system given in [21]. The NREL method can be explained with help of the wind
farm example in Figure 4-15 consisting of different types of turbines of different sizes or
types; e.g., WTs 1 and 2 are identical and also WTs 3 and 4 are identical. The voltage

drop across the impedance Z,,, of the m" line segment in Figure 4-15 is AV,,, = L, Z,, =

(57’”) L = (P7m) Z, based on the assumption that most wind turbines are compensated to

have a very close unity power factor and the apparent power S,,can be substituted by the
rated power P,, of the m" wind turbine. By calculating the power loss in each line segment

2
(i.e., SLossz, = AVy Ly, = PZ";ZZ’”) and equating the total loss with losses calculated for

equivalent circuit representation (i.e., Figure 4-15(b), the equivalent collector impedance

Zseq Tor the group becomes:

Ym=1PZ, Zm
P2

ZSeq = (50)

where P, _is the total power flow in the line segment represented by Z,,,.

With this process the wind farm representation becomes as in Figure 4-16(a), where
there are 3 groups of 3 WTGs each. The three parallel groups can be converted into a single
“FAM” equivalent as in Figure 4-16(b). The equivalent transformer impedance Z1s,, of
the single WTG model (i.e., FAM) can be obtained as a weighted sum of the individual

transformer impedances ZT54q, based on the individual group powers [21]. The voltage
]

drop across each transformer can be written as AV, =InmZr, = (57’”) Zr, = (PT’”) Zr, .
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S . PaZ .
So, losses in individual transformer will be Sz, = AV, Iy, =mV—2T’". Similarly, by

equating the total transformer loss with transformer losses calculated for wind farm

equivalent representation (i.e., Figure 4-15(b)), the equivalent impedance Zrs,, for the

group becomes:

n 2
m=1bnZr,,

_— 51
(X1 Bo)’ D

LrSeq =

(@)

Zy

(b)

Figure 4-15 Equivalencing Four Turbines: (a) Daisy-chain Representation, (b) Equivalent Circuit
Representation [21]
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In the wind farm considered for this comparison described in Section 4.6, the equivalent
impedance results were calculated and are shown in Figure 4-16. For the ac grid network,

as system with SCR of 10 and X/R ratio of 7 was considered.
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glogp_l _____________
| Poutt = 13.2 MW :
| |
| . Zrseq1= |
| 9 j0.3365 (pu) ZLseq |
I : L T
| Equivalent WT 1 0.018476 + j0.04136 (pu)I
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| | PCC BUS .
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I R 1 i L ) |
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Figure 4-16 Aggregated Models Representation: a) Multi Machine Model (MMM), b) Single WTG Equivalent
(FAM)
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The active and reactive powers, and RMS voltage at PCC following a temporary single-
phase to ground fault at 2 s at PCC bus with duration of 100 ms are shown in Figure 4-17
to Figure 4-20. Each figure shows the results for detailed model (DM), full aggregated
model (FAM), multi machine model (MMM) representation. In addition, results for the
proposed aggregated model (previously explained in Section 4.4) representing the whole
wind farm with one equivalent machine or three equivalent machines are depicted to show
a comparison between different models’ response. The main differences between the
proposed method and MMM are: i) in the proposed method, the model takes in the
parameters of machines that are going to be aggregated and provides an aggregated model
with equivalent parameters and input wind speed. However, in MMM only total output
power of WTs are considered for getting same steady state results. ii) The method for
equivalencing the collector system is also different. For the MMM, an analytical approach
is described and in the equivalent derivation procedure, the equivalent collector circuit is
calculated based on having the same apparent power losses (real power losses and reactive
power losses) between detailed model and equivalent circuit representation as was
explained in Section 4.6. Detailed methodology for the MMM can be found in [21]. For
the proposed method explained in Section 4.4.1, it is based on the equivalent WTG having
the same output power as the sum of the individual WTG powers, the same received power
at the PCC bus and the same PCC bus voltage in the detailed and equivalent model.

The results depicted in Figure 4-17 showing the active power output reveals that the
proposed aggregated model employing a representation of 3 machines closely mirrors the

transient response of the detailed model, with a maximum relative error of 0.0763 pu. The
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proposed aggregated model with a single machine model exhibits a similarly shaped
response, but has a larger relative error (0.3912 pu peak). Figure 4-18 compares the real
powers for the detailed model and the equivalents obtained by the previously published
approaches FAM and MMM [21], [77]. The MMM has a slightly smaller maximum error
(0.3871 pu) as compared with the FAM (0.6273 pu), and they are comparable in magnitude
with the maximum error for the proposed single machine aggregate (0.3912 pu), but much
larger than that with the proposed method for getting a 3-machine representation (0.0763
pu). Figure 4-19 shows a comparison figure of detailed modelling and the two models with
the proposed equivalencing technique (3-machine and 1-machine) as well as the FAM and
MMM models on a single plot for visual comparison. Figure 4-20 shows the PCC rms
voltages for the same 5 models. All models closely match the detailed model, though the
FAM has a marginally lower voltage during the voltage dip.

Overall, the proposed aggregated model employing 3 machines demonstrates
significantly precise transient response, outperforming all other models. However, the
proposed model representing the WF with 1 equivalent machine still provides a reasonable
level of accuracy which can reduce the computational time compared to using 3-machine

equivalent model.
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Figure 4-17 PSCAD Simulation Results Comparing Detailed Model and Proposed Aggregate Models for Active
Power Output at PCC in Wind Farm Layout with 9 DFIGs (represented in Figure 4-14)
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Figure 4-18 PSCAD Simulation Results Comparing Detailed Model, MMM and FAM for Active Power Output
at PCC in Wind Farm Layout with 9 DFIGs (represented in Figure 4-14)
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Figure 4-19 PSCAD Simulation Results for Comparing Results of All Models Investigated Overlaid Together for
Active Power Output at PCC in Wind Farm Layout with 9 DFIGs (represented in Figure 4-14)
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Figure 4-20 Comparison Simulation Results from PSCAD for RMS Voltage at PCC

4.7  Sensitivity Analysis for Proposed Aggregated

Model

In order to investigate the accuracy of the proposed aggregation model against machine
parameter differences, two DFIGs connected directly to PCC through Z; = 0.1 +
j0.376 Qand Z, = 0.3 4+j1.131 Q were considered as depicted in Figure 4-21. The

equivalent impedance (Z.,) and parameters for the aggregated DFIG are calculated using
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the proposed method explained in Section 4.4. For the ac network, it is assumed that short

circuit ratio (SCR) is 5 and Zs,,; = 0.56 + j3.920 Q.
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(b) Aggregate Model with Equivalent Impedance Z,,
Figure 4-21 Two DFIG Model and Aggregated Model

The machines’ parameters in this sensitivity analysis are considered as in Table 4-14.
As reported, in the aggregation calculations, each DFIG has identical parameters. In
conducting the sensitivity analysis one or more specific parameters of DFIG2 are scaled
with a parameter k, selected in the interval [0.5, 1.5]. For instance, having k = 0.5 when
investigating sensitivity to stator resistance (r3), means considering r; for DFIG1 to be 50

% of that of DFIG2, and having k = 1, means r; for both DFIGs are the same.
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Table 4-14 DFIGs Parameters and Operating Points (Base case, Identical DFIGSs)

Base Case Parameters DFIG 1 and DFIG 2
Rating/MVA 55
1, (Stator resistance)/p.u. 0.0054
7, (rotor resistance)/ p.u. 0.00607
L,,, (mutual inductance)/ p.u. 4.5
Ly, (stator leakage inductance)/ p.u. 0.1
L, (rotor leakage inductance)/ p.u. 0.11

Operating Points DFIG1 DFIG2

w, (rotor rotating velocity)/ p.u. 1.1 0.95
Ppric (Active Power_Operating Point)/ MW 4.2 3.6
Qpric (Reactive Power_Operating Point)/Mvar 0 0

There are three different errors that are used to compare the proposed aggregate model
against simple model representation from references [16], [17] (referred to as “simple”).
The definition of these errors for active (P) and reactive (Q) output powers are as follows.

1- Relative Error:

pP— PDetailed Model
RelativeErrorp = | S
. Q - QDetailed Model
RelativeErrory = S

2- Root Mean Square Relative Error (RMSE):

[

ty P — PDetailed Model) 2
S

RMSE, = |2

th—t
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1
t2 Q — QDetailed Model) 2
ty S

thr—ty

RMSE, =

3- Average Relative Error (AE):

dt

AEP:t

S

t2
1 f |P - PDetailed Model
2— 04
t1

t2
1 f Q - QDetailed Model

tz - tl S
21

dt

4- Maximum Error

where, t; is the beginning moment of transient, and t, is the end moment of transient to
calculate error. In all cases, t; =160sec and t, =2.00sec and S =

2 2
\/PSteady—State + QSteady—State'

4.7.1 Stator Resistance Sensitivity

In order to investigate accuracy of the proposed aggregation model due to differences
in stator resistance (r;) parameter for two DFIGs shown in Figure 4-21, the stator resistance
of DFIG 1 is maintained at r;, whereas that of DFIG 2 issettory, = K r,. This factor K
is varied in the range [0.5,1.5], in steps of 0.1.

The simulations results comparing output active power (P) and reactive power (Q) of
the proposed aggregate model and simple model are displayed in Figure 4-22. The results
for eleven different K values were recorded, and the Average Relative Error (AE) and Root
Mean Square Relative Error (RMSE) were shown in Figure 4-22. Maximum error

comparison for P and Q is shown in Figure 4-23.
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Figure 4-22 RMSE and AE Sensitivity Analysis Considering Different Stator Resistance for DFIG 2 (r4,) by

Changing K
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Figure 4-23 Maximum Error Comparison Considering Different Stator Resistance for DFIG 2 (rg;) by

Changing K

It could be seen that from results:

Within the investigated range (i.e., changing r, by multiplying factor K), the
aggregate model is more accurate than the simple model as the RMSE and AE
values for P and Q of proposed aggregate model were lower compared to simple
model.

The maximum error of the proposed aggregate model for P and Q is getting larger

with increasing K, and for k greater than 1.3, it is larger than the simple model. It
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means using proposed aggregated model for aggregating 2 DFIGs with stator
resistance parameter’s difference more than 30 % will result in a large error and it

is not recommended.

4.7.2 Stator Leakage Inductance Sensitivity

In order to investigate how accuracy of the proposed aggregation model change due to
a difference in stator leakage inductances between the two DFIGs, the stator leakage
inductance of DFIG 2 is set Ly, = K * Lg; with the scaling factor K € {0.5,0.6 ... 1.5}.
The corresponding outputs of active power (P) and reactive power (Q) as a function of K
of the proposed aggregate and simple model representations are illustrated in Figure 4-24.
The AE and RMSE are shown in Figure 4-24; and the Maximum error comparisons are

shown in Figure 4-25.
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Figure 4-25 Maximum Error Comparison Considering Stator Leakage Inductances for DFIG 2 (Lg;;) by
Changing K

It is evident from results that:
e Within the investigated range the aggregate model is more accurate than the
simple model as the RMSE and AE values for P and Q of proposed aggregate
model were lower compared to simple model.

By looking at RMSE for P, it is observed that there is not a significant difference
between the aggregate and simple model except for K = 0.5. However, the

RMSE of Q gets larger in the simple model by deviating k from 1 (either

increasing or decreasing K). That means for the simulation cases considering the
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difference of stator leakage inductance (Lg;) parameter for two DIFGs to be
larger, the Q error for the aggregated model is lower compared to simple model.
e The maximum error of the proposed aggregate model for P and Q is smaller than

simple model through the whole range of K.

4.7.3 Rotor Leakage and Stator Leakage Inductances Sensitivity

In this section, two parameters are simultaneously changed in order to investigate how
accuracy of the proposed aggregation model changes. Therefore, rotor leakage inductance
(L,;) and stator leakage inductance (Lg,;) are selected, and it is assumed to vary both rotor
and stator leakage inductances L,,,, Lg;, for DFIG 2. Thus L, = K * L,; and Ly, =K *
Lgq,with K € {1,1.1,1.2 ... 1.5}. The simulations absolute and root mean square errors for
active power (P) and reactive power (Q) of the proposed aggregate model and simple model
representation are depicted in Figure 4-26. The Maximum errors are compared in Figure

4-27.
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Figure 4-26 RMSE and AE Sensitivity Analysis Considering Different Rotor and Stator leakage Inductance for
DFIG 2 (L2, Lgi2) by Changing K
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It is observed from results that:

Within the investigated range, the aggregate model is more accurate than the
simple model as it results in lower RMSE and AE for both P and Q. Also,
increasing K, the AE and RMSE errors increase, while in the aggregate model,
they do not change significantly.

The maximum error of the proposed aggregate model for P and Q is smaller than
simple model through the whole range of K.
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4.7.4 Rotational Speed Sensitivity

In this comparison, the rotational speed of DFIG 2 is set to w,, € {0.8,0.9,1,1.1}
while the rotational speed of DFIG 1 is assumed to be fixed at w,; = 1.1 pu. It should be
noted that for this WTG, nominal output power is achieved at w,- equal to 1.1 pu.

The AE and RMSE errors in the output active power (P) and reactive power (Q) of the
proposed aggregate model are illustrated in Figure 4-28; and the Maximum errors are

shown in Figure 4-29.
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Figure 4-28 RMSE and AE Sensitivity Analysis Considering Different Rotational Speed (w,.) for DFIG 2 (w,-)
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Figure 4-29 Maximum Error Comparison Considering Different Rotor Rotating Velocity (w,) for DFIG 2 (w,7)

It can be seen from results that in the aggregate model:

e With w, is fixed at 1.1 pu, the error in P as well as in Q is largest when w,.; — @,»
is largest, which happens for w,., = 0.8 pu. Lowering this difference between w,.,
and w,,, decreases the error, as expected, and the minimum error occurs when
wy; = wyp = 1.1 pu, where AEp is zero and AE is under 1%. Similarly, the RMS
error in both P and Q falls to less than 2%. Similar behaviour is observed for the
maximum error as shown in Figure 4-29, although the magnitude is somewhat

larger at around 14%. This is because the maximum error looks for the largest
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difference which may occur exactly at one point, whereas the average and RMS

errors look at the whole waveform.

4.8  Chapter Summary

In this chapter, a new aggregation method for multiple DFIGs is proposed. The
aggregation is achieved by recursively combining two structurally complete DFIG state
space representations at a time and equivalencing this to the state space representation of a
single DFIG ensuring that both have identical steady state responses. The parameters and
incident wind speeds can be different for each DFIG in the aggregate. The features of the
aggregated model are:

(1) It preserves the same block structure, i.e., the same outputs (injecting currents) and
inputs (prime mover torque) and exactly matches the combined steady state outputs,
while still giving a sufficiently accurate transient response.

(2) The aggregated model can be implemented as a single DFIG in any EMT simulation
software. It is interfaced to the external system using a modified transformer
representation that reflects the current scaling to multiple machines. It does not
require modification of existing models in the software, merely an appropriate
selection of the parameters.

(3) The aggregated model retains the same major collective oscillation modes of the
original cluster of DFIGs with the external network. However, the representation

of inter-machine transients within the windfarm is sacrificed due to the aggregation.
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(4) The simplification of the detailed model is important for off-line as well as real-time
simulation. For off-line simulation, it provides a significant speedup.

(5) For real-time simulation, it could also result in savings in hardware, because more
DFIGs in the model would require harnessing more computing cores. Note that
windfarm representation with 3 or 4 separate DFIGs are practical when simulating
windfarms on real-time simulators [86]. The proposed approach is able to distill a
multi-DFIG windfarm into an accurate representation with 3 DFIGs. This should
make the proposed approach viable for real-time simulators.

(6) It should be noted that the model is not intended for designing the wind turbine or
generator. Rather it is an aggregated representation that permits the study of how
the windfarm interacts with the external network, which is modelled on an EMT
program. Example applications could involve performance under network faults,
power supply into the network as affected by wake conditions and wind speed
changes as was shown in this chapter. It could also be used for studying interplant
oscillations when multi-machine cluster representation is used.

In Chapter 5, the grid synchronization of a DFIG, which can be considered as an

aggregated model of DFIG representing several turbines within a wind farm, is investigated

for achieving robustness of stability in DFIGs connected to weak ac networks.
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Chapter 5

Understanding the Loss of Synchronization
Mechanism

5.1 Introduction

Loss of synchronization, also known as a loss of rotor synchronization, can occur
between a wind farm and ac network. During a severe grid fault, the rotor speed deviates
significantly from the synchronous speed of the power grid that would cause loss of
synchronization and wind farm tripping.

In Chapter 4, an aggregation method is proposed which can be used to represent several
DFIGs within a wind farm with only one aggregated model. In this section, a theoretical
model of the grid synchronization of the DFIG is developed in the dq frame, which takes
into account the system strength (i.e., reciprocal of ac network impedance) and phase
locked loop (PLL) tracking. Of course, a small signal (SS) model could be developed to
analyze the behaviour, but this is only true for small variations around an operating point.
However, loss of synchronism is inherently a large signal behaviour, as it occurs following
long duration faults. Hence, this is an attempt to discuss the mechanism using techniques
similar to analyzing large signal instability in synchronous machines, using a procedure

similar in concept to the equal area criterion. Using the theoretical model in a simple
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example, the mechanism of synchronization loss is identified, and stability characteristics
analyzed. Subsequently, a detailed more realistic model of the DFIG is simulated on an
EMT simulator (PSCAD) to show the impacts of PLL parameters and DFIG rotor speed
on the grid synchronizing stability of DFIG for a short circuit fault applied to the point of
common coupling (PCC).

According to reference [57] the rotor side voltage sourced converter (VSC) results in
the DFIG being adversely affected by grid side undervoltage and short circuit faults. A
phase-locked loop (PLL) is used for synchronizing with the grid voltage from which the
firing signals for the VSC’s switches are generated [58], and when the VSC is connected
to a weak ac network (i.e., one with a low Short Circuit Ratio - SCR), the PCC voltage can
change rapidly with disturbances, making the operation challenging [59], [60]. It has been
found that the PLL plays a critical role in the stability of type 3 (DFIG) and type 4 wind
turbines (permanent magnet synchronous generator -PMSG type), connected to a weak grid
[61], [62]. The PLL parameters and structure have been shown to greatly influence the
wind turbine’s electromechanical response [63], and an improper choice can lead to
excessive oscillations in the DFIG’s terminal voltage and output power, which could
precipitate a loss of synchronization and deteriorate the security of the bulk power system
[64], [65]. With the rapid growth of wind energy penetration, it is getting more and more
important to study the mechanism of loss of synchronizing of DFIG, and to find out the
critical requirement of system strength to assure the stability of the power system.

With low SCR ac systems, loss of synchronization of the DFIG can be triggered during

the fault ride through [66]-[68] interval, which is the period during which the DFIG
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remains connected from the grid during the fault, permitting it to resume normal operation
on fault clearance. In [69], modal analysis is conducted using a small signal model of grid-
connected DFIG based wind farm is used to investigate the impacts of power grid strength
and PLL parameters on the system stability for a linearized system at its equilibrium point.
However, small signal analysis has limited value because the system moves away from the
operating point during the fault ride through. It also identifies instability by detecting
positive plane eigenvalues but does not offer a physical explanation for the mechanism of
stability loss. Therefore, in this research, rather than using the model at a specific operating
point, it is assumed that the model is also applicable in a quasi-steady state manner when
the DFIG undergoes terminal voltage changes during a fault.

Reference [70] discusses a frequency-adaptive synchronization method for grid-
connected power converters that allows capturing sequence components at fundamental
frequency and also other frequencies to improve the WTG’s grid synchronizing
performance during faults. However, the previous work has not investigated the impacts of
PLL parameters and machine operating points on loss of synchronism and also the
mechanism of the loss.

To fill this gap, in this chapter, a small-signal model is first developed in dq coordinates
depicting the grid synchronization of DFIG consisting of grid impedance, PLL and
induction generator model. Rather than using the model at a specific operating point, it is
assumed that the model is also applicable in a quasi-steady state manner when the DFIG
undergoes terminal voltage changes during a fault. Using this assumption, loci of system’s

eigenvalues are plotted as a function of terminal voltage to analyze the stability
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characteristics. Although the model cannot be entirely accurate, it does provide a means to
understand the mechanism of DFIG’s loss of grid synchronization in a qualitative manner.
A semi-quantitative indicator index to evaluate degree of stability is introduced to
investigate the influence of SCR and induction generator rotor speed. Based on the above,
two measures to increase the degree of stability for DFIG are proposed. A detailed DFIG
wind turbine is modelled in PSCAD, and simulations are conducted to validate the

proposed measures.

5.2 DFIG Phase Synchronization Model

Aside from the turbine mechanical system, a DFIG wind energy conversion system
consists of an induction generator, a back-to-back VSC arrangement of a grid side
converter (GSC) and rotor side converter (RSC), and a step-up three-winding transformer
(as shown in Figure 5-1). The RSC is tasked to produce the rotor terminal voltage in order
to control the stator terminal voltage and active power of DFIG. A phase locked loop (PLL)
IS used to extract the phase of stator terminal voltage for synchronizing and control. The
model of phase synchronizing schematic model of DFIG is developed in this section. The
loss of synchronizing of DFIG is due to the failure of PLL to lock onto and track the

induction generator’s stator terminal voltage.

114



5.2  DFIG Phase Synchronization Model

Wind
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g> Box
:> Converter
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Controller Rotor Side Grid Side
Controller Controller

Figure 5-1 Schematic Structure of DFIG [51]

52.1 Induction Generator Impedance Model of DFIG

The voltage generated by RSC is directly applied to the rotor terminal of the induction
generator. Firstly, the voltage source-impedance model of induction generator based on the
widely used dqO coordinates is used to derive the stator and rotor equations. The dg-axis

circuits of induction generator are shown in Figure 5-2 [71].

C()/lqs (a)—a)r)ﬂ'qr
I's - + Lis Lr + - r'r
Y'Y m
Ids I'dr
Vds Lm V'dr

(a) g-axis circuit

@Ads (00— )X dr
rs + - Lis Lr - + r'r
W 2288 7
lgs Igr
Vas Lm V'qr

(b) d-axis circuit
Figure 5-2 Dg-axis Circuits of Induction Generator
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The stator voltage equations of induction generator in dg coordinates can be expressed

as follows.

{Vds = Tslgs — ws/lqs + A;ls (52)

Vqs = n‘iqs + wsdgs + /1(.15

And the rotor voltage equations are as follows.

{Vér = Tyligr — (w5 — /u]r + /1c.1r (53)

V;q,r = rr,iqr + (ws — /uir + /1;17”

The flux linkages are expressed as below.

(Ads = Lisigs + Lin(ias + igr)
Ags = Lisigs + Lin(igs + i)
Aar = Lipigr + Lin(ias + igr)
/1211" = Lllritlzr + Lm(iqS + iélr)

(54)

where, w is the nominal angular speed, and w, is the rotor angular speed. Variables with

apostrophe e.g., i, indicate rotor side variables transferred to the stator side.

5.2.1.1. Development of a (quasi-steady state) Small Signal Model

A small signal model is now developed from the above differential equations of the
DFIG. The reason it is called a “quasi-steady-state” model is due to the way in which it is
used. It is assumed that when the fault occurs, the terminal voltage is depressed, and a locus
can be derived to see how the eigenvalues move with the changing voltage magnitude.
Although this is not mathematically strict, as will be shown, it can provide an

understanding of the loss of synchronization mechanism.
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Substituting the corresponding flux linkages from (54), into (52) and (53), gives (55) and

(56) yielding the rotor and stator terminal voltage vectors vy, vg in the Laplace (s) domain.
2,(5) = Vg (5) + jUgr (5)
=[n"+ (s +j(w— @)Ly + Ly )]ir(s) + Ly (s (55)
+j(w — wp))ig(s)
Vs(8) = 15i(s) + (s + jw) [(Lis + Ly)is(s) + Lyiy(s)] (56)

Eliminating rotor current i,.(s) in (56) using (55) gives (57).

L3 (W — w,

vg(s) = {rs + (s +jw) lLss y _I_M(gs_:_j](ic)u_ a(:)))L) ) }is(s)
(57)

(s+jw)ly

rrl + (S +j((1) - wr)er)

v (s)

where L. =L), + Ly and Ly = Lis + Ly.
For three-phase systems, abc voltages and currents can be expressed as space vectors.
Since the space vector v is rotating with the nominal angular speed w, the relationship

between v and a static dq vector of machine’s voltages (v44) is as follows [71].

V= vgael®t (58)

.2TC AT
where vy, = vq + jv,, v = v, + e’ v, + e/5 v, Transforming this relationship from
(58) into Laplace domain leads to

v(s) = vgq(s — jw) (59)

Hence, substituting s by (s — jw) in (57) to transform the voltage equation of induction

generator into space vector in Laplace domain gives (60).
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Ly (s — jor) )l ' (s) SLy (60)

= L - T . ! j ’
vs(s) lrs " S( 5 n + (S _]a)r)er * -+ (S _]wT)LTT o

To convert to a per-unit representation with base frequency w, =2 X m X f;, s i
replaced by s/w,, in (60). Note that (60) has the form of a Thevenin impedance Z,,, and
Thevenin Source E, which represents the internal voltage of the RSC. The values of E and

internal impedance Z,,, are as in (61).

( 12 (s — f
!Zm=rs+s<LSS— u(s —jor) )

rT’ + (S _ij')LTT (61)
SLy , ,
W (s) = axv (s)

E = (= -
L (rr + (S _]wr)er

5.2.2 Theoretical Model for Synchronization of DFIG

The purpose of the RSC side PLL is to provide an angle reference for the RSC’s control
system to generate firing pulses to produce the rotor terminal voltage. Based on the voltage
source-impedance model of induction generator mentioned above, the schematic
configuration of phase locking model of a simplified DFIG integrated to a power system
can be constructed as in Figure 5-3. The Thevenin impedance Z; of the ac network

comprises the step-up transformer impedance (Z) and the network impedance (Z,,.;).

— PLL
STt T 1 T -
) I Vns(@o) | EL(GrLL+9) l
: @ L=ZnettZt | | | Zm :
| @—- < ' -—@ |
| I I |
| I I |
I_______________l [Valvb’vc] |_ ____________ |
AC Network Simplified DFIG Model
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Figure 5-3 Schematic Model of Phase Locking of a simplified DFIG

Numerous PLL topologies have been developed recently for three-phase grid-
connected power converters. These include the decoupled double synchronous reference
frame PLL (DDSRF-PLL), multiple reference frame-based PLL (MRF-PLL), and dual
second-order generalized integrator-based PLL (DSOGI-PLL). Among these, the
synchronous reference frame PLL (SRF-PLL) stands out as the most popular choice due to
its advantageous features, such as ease of implementation and robust performance [80],
particularly in three phase systems. Hence, this thesis uses the widely used synchronous
reference frame PLL, as in Figure 5-4 [72], [79], [80] and uses this model in the EMT

software for simulation purposes.

v T
VP i Opi

v (@bc-to- P 1y v —s] P 4>@jf> 1Us |
V| do) o
q

(@)

LV, + V) K 1 9)pu

’Vd + qu‘

(b)
Figure 5-4 PLL Schematic: (a) Model in Stationary (a,b,c) Coordinates, (b) Model in Phasor Representation

The instantaneous phase voltages [Va Vi Vc] in Figure 5-3 are extracted from the stator

terminal for phase locking. Let V,, be the phasor of phase ”a” voltage at the point of
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common coupling, and V is the ac network’s Thevenin voltage and E the internal voltage

of the simplified DFIG model. Then, we can write (62) as follows.

voevez LtV Im % L 62
m SZo+ 2, Zs+Z, Zo+ 7, (62)

The PLL tracks the phase angle of 1},,. For small signal, the angle can directly be
represented by V. Using this as reference, the RSC controller issues firing pulses at the
appropriate angles to generate the internal voltage E at an angle (8, + #) where 6, is
the angle output of the PLL and ¢ is the offset angle generated by the RSC control system
to achieve the desired output power. The control system generating offset angle ¢ is
represented in Figure 5-5, where F;, Q4, and V;; are wind turbine active power, reactive

power, and voltage at the point of interconnection to grid, respectively.

- + +
P PI PI ()
+ —_ —_
Pg_ret ar Vs V ar

N

tan(V'qe/ V'ar)

- +
Q PI Pl

Figure 5-5 Schematic Control System to Generate Offset Angle ¢

Hence, in polar form, i.e., writing E = |E|e/(%u*® and V = |V]|e/() | the voltage

V, isasin (63).

120



5.2  DFIG Phase Synchronization Model

o= 4 e D 4
sTim sT4m sT4m sT4m (63)

The abc-to-dq block in the PLL transforms the voltage 1}, to dg variables as in (64).

Zs

Zm |V|ej(91+pz—9pu)
Ze+Z,

E|e/(Gputétpi—6pu) 1
IE] 7.+ 7, (64)

mdq

where,

Zs _ Zim
P1= Z(ZS+Zm),p2 - Z(zs+zm)
From (64), V,,, and V;,, are given out as in (65) and (66). To reach steady state, PLL

changes 6, to make Vin, 2€10 which is discussed in section 5.3.

Z Z

me = |73 Zm| |E[sin (¢+p1) + 2 +mzm| |V|sin (6, + p; — Gu1) (65)
Zs Zp
- E — 66

In order to find small signal expression for PLL in Figure 5-3, the input of PLL is
considered to be 1:an(6?O —Hp”) to be the same as PLL model available in PSCAD
simulation software for comparison. Moreover, 6, is considered to be zero for the sake of
simplicity. Therefore, (67) is the small signal expression of PLL used in schematic model

of a DFIG and AC network in Figure 5-3.
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5.2  DFIG Phase Synchronization Model

A6y — 6,y) = Atan(8y — Oyy;)

ax cos(p+py)
a X cos(¢+p;) +b X cos (p; — Gyyy)

a X sin(¢+ p;) +b X sin (p; — Gyy)
(a X cos(¢+p1) +b x cos (p; — Gpu))

> X aXsin(g+p) |Ad

mxaXcos(¢p+p;)+nXbXcos(p, — i)
a x cos(¢+p;) +b X cos (p; — Opy)

a X sin(¢+ p;) +b X sin (p; — Gyy1)

> XmXaXsin(¢+p;)
(a x cos($+p1) +b X cos (p2 — Opi1)) (67)
a X sin(¢+ p;) + b x sin (p, — G,y)

sXnXb
(a x cos(¢+p1) + b x cos (p; — Gpi1))

x sin(p, — Opy1) |Aw

b x cos(pa — Op1)
a X cos(¢+p;) +b X cos (py — Eyy)

N a X sin(¢+ p;) + b x sin (p, — G,y)

> X b X Sin(p2 — Hp”) Aﬁp”
(a.cos(¢+ p1) + b.cos (p2 — G1))

where,
1 (Ls> 1 (LS + Lm)
m=———-s|—|— ,
1+ (st)2 R4 (w(Ls + Lm)>2 Rs + R,
R Rs+ R,

- 1 (L_m)_ 1 (LS+Lm>’

() e ()
a= |Zsiszm| El, b= |z:$m| Vi

Also, R, and L are the resistance and inductance of grid side impedance Z,, while R,,
and L,,, are the resistance and inductance of induction generator internal impedance Z,,.

Equation (67) is in the form of (68):
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5.2  DFIG Phase Synchronization Model

A(GO — Hp”) = Atan(@o — Qp”) = K1 X A¢+ KZ X Aw — K3 X AQPU
where

in(¢+p1)+bxsin (p2—Opi1) ,
K, = axcos(¢+ps) § P X axsin(g+ ,
1 (axcos(¢+171)+b><cos ®P2=6p1)  (axcos(¢+p1)+bxcos (pz—ep”))z (4+p1)

mxaxcos(¢+p1)+nxbxcos (p2—0p11) axsin(g+p1)+bxsin (p2—0y11)
K2=< 1 2~ pll 1 2 pllzx,rnXa><

axcos(¢+p1)+bxcos (p2—0p11) (axcos(g+p1)+bxcos (pz—Hp”))

axsin(¢+p1)+bxsin (p2—p11)
(axcos(p+p1)+bxcos (P2—0p1))

sin(¢+py) + > XN X b X sin(p2 — lel)>,

b % cos(p2 - Hp”)
a X cos(¢+p;) +b X cos (p, — bpy)

K3=

4 a X sin(¢+p;) +b Xsin (p; — Gpy)

(a. cos(¢+ py) + b.cos (p, — Hpu))z
This gives an equivalent control representation as shown in Figure 5-6.

X b X sin(p2 - qu)

A
Inﬁ’ Kl Outgut
A A
Kp:Kils j’ o 1/s 2>
K>
K3 <

Figure 5-6 Small Signal Model of Schematic Controlled Voltage Source with PLL Represented in Figure 5-3

(68)

A step change in the DFIG’s angle ¢ (see Figure 5-3) was applied to the EMT model

(simulated using PSCAD) and the response 6,,;; was observed as seen in Figure 5-7. This

was compared with the small signal model differential equations and the two results

overlap almost perfectly and confirm the validity of the small signal model.
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Step Resopnse Comparison

Small Signal Model Simulation Results
EMT Simulation Results

le\

u.4 u.a v.o
Time (seconds)

Figure 5-7 Step Response Comparison Between EMT Simulation and Small Signal Model Results (It should be
noted that PLL gains, K; = 2000, K, = 200, and SCR for the AC Network is equal to 4)

The gains of paths in Figure 5-6 are dependent on the circuit parameters and operating
point. The model suggests that besides the negative feedback for the angle A8,,;, there is
also a positive feedback path for angular frequency Aw which creates a destabilizing effect
on the phase locking system [73]. The stability is related to many factors including the grid
side impedance Z,, grid Thevenin voltage magnitude (|V]) and the internal voltage source
(E), etc. For a typical fault scenario such as an ac fault, e.g., a voltage reduction in |V|, the
positive feedback in Figure 5-6 may dominate over the negative feedback, resulting in an
increase in the phase A6 and frequency Aw in the PLL. Over-frequency of the internal
voltage source is the common scenario of the loss of synchronizing for DFIG. The Laplace

transfer function (TF) of the linearized PLL model in Figure 5-6 is shown as (69).
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K,K,s + K, K;
(1 - K,K,)s? + (K3K, — KoK;)s + KsK;

TF(s) = (69)

So far, the theoretical model for analyzing the stability of DFIG synchronization has

been developed. The next section investigates the stability features of the proposed model.

5.3  Stable Operation Constraints and PLL Impacts

The arrangement of the DFIG as in Figure 5-3 can experience synchronous instability
at certain operating points, as will be shown in this section. Using the model of Figure 5-3,
the mechanism of loss of synchronization is explained and an indicator F; is proposed to

investigate the stability margin of synchronizing for a DFIG.

53.1 Stable Operation Constraints of Inverter Based VSC

In Figure 5-3, the angle reference for measurement can be set as the initial angle 6, for
the grid side Thevenin voltage source, so that 8, = 0. The angle difference between the
two voltage sources (|V| and |E]) i.e., (6, + #) must be smaller than 90 degrees to for a
stable power flow to exist. For small angles, Ving in (65) is essentially proportional to the
phase angle difference between the angle 6, of the PCC voltage (V,,) and the PLL output

angle &y, . As a result, for the locked PLL in the steady state, Ving becomes zero. With

Vin, =0, and ac network source angle taken as reference, i.e., 6, = 0, (65) gives (70) below:

Zs

Zm

|4

Sin(¢ + pl) = Sil’l(epll - pZ) (70)
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5.3  Stable Operation Constraints and PLL Impacts

As the right side of (70) is a sine function with magnitude less than unity, for (70) to
be satisfied requires the stable operating range of angle ¢ to satisfy (71). So, the maximum

angle ¢ (¢, ,,) can be calculated from (72).

Z.11E|
= V| sin(g+py)| < 1 (71)
m
Z V
¢max = sin™" < Z_m E|> — D1 (72)
S

Expression (71) is more easily satisfied if |Z,| is sufficiently small, i.e., the connected
grid is strong.

In Figure 5-3, the active power (P) from the DFIG into the ac network is given by (73):

4
Sin(epu + ¢) (73)
where X = X, + X, and considering the steady state condition (i.e., 8,;, = &), the active

E X
P =

power generated by the DFIG’s voltage source E can be controlled using its angle ¢ since

the other parameters are fixed. Hence, ¢ in (71) sets the angle limit of the internal
voltage source E in Figure 5-3. To maintain stability, asmaller ¢ means asmaller range

for the angle ¢ and consequently the amount of power that can be controlled.
Equation (71) shows that a smaller [V| will lead to a smaller ¢ and bring the system
closer to instability. Similarly, (70) also indicates that as the voltage magnitude of the ac
system equivalent becomes small, the inequality equation (70) also comes closer to being
violated.

In order to validate (70), a schematic system represented in Figure 5-3 is modeled in
PSCAD with the parameters in Table 5-1. Resistance and inductance of the equivalent

network impedance (Z,) and magnitude of AC system’s Thevenin voltage (|V|) are shown

126



5.3  Stable Operation Constraints and PLL Impacts

in Table 5-1 for a SCR of 4 and X/R ratio of 7. The internal impedance of the induction
machine (Z,,,) is calculated as in (61) using the induction machine parameters in Table 4-1
to Table 4-5 and rotor angular speed (w,) of 1.2 pu. The rated voltage for the DFIG is
assumed to be 0.9 kV since the three-winding step-up transformer (33/0.9/0.69 kV)

impedance (Z;) is considered as part of the network impedance (Z,.;) shown in Figure

5-3.
Table 5-1 Parameters of PSCAD model
Source
Component Voltage/kV Frequency/Hz
Thevenin Voltage (|V|) 0.9 60
Controlled Voltage Source (E) 0.9 60
Impedance

Component Resistance (£2) Inductance (H)
System Impedance (Z; = R, + jX) R,=0.006 Ls=1.06e-4
Internal Impedance (Z,,, = Ry, + jXm) R,, =0.0008 L,, =5.01e-5

The PLL gains were selected by trial as K, = 200, and K; = 2000 for EMT simulations.
This gave a sufficiently fast response for the PLL. For the example system with data as in
Table 5-1, (71) gives the maximum angle (¢, . ) as 28.2 degrees. The PSCAD simulation
results for power and ac terminal voltage comparing changes in ¢ at 3 seconds to ¢ = 27°
and ¢ = 30°, are shown in Figure 5-8. It can be seen that system is stable for ¢ = 27° and

unstable for ¢ = 30° validating the ¢ = 28.2° limit obtained theoretically from (71).
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Figure 5-8 EMT Simulation Results of DFIG Active Power Output and Terminal Voltage V,,, to Validate the
Maximum Initial Angle ¢

Consider a DFIG connected to a network with parameters given in Table 5-1. At the
operating point the DFIG’s internal voltage (see Figure 5-3) is 0.9 kV (or 1 pu) and the ac
system’s Thevenin voltage is also |V| = 0.9 kV. The initial angle ¢ of the internal voltage
source is 6.8 degrees which gives the rated 5 MW active power with a rated terminal

voltage V,, = 0.9 kV. Using equation (71), the minimum voltage |V | required for stability

comes out as |V|min =

|E|sin(¢+ p;)| = 0.19 kV. Figure 5-9 shows plots of active

Zs
Zm

power and terminal voltage V;,, for a Thevenin voltage reduction to i) |V| =0.18 kV and ii)

|[V|= 0.2 pu respectively. Note that for |V| = 0.2 kV, the system remains stable, but
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instability sets in for |V| = 0.18 kV which confirms the critical voltage limit of 0.19 pu

obtained theoretically.
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Figure 5-9 EMT Simulation Results of DFIG Active Power Output and Terminal Voltage V,,, to Validate the
Minimum Thevenin Voltage Magnitude |V|

5.3.2 Small Signal Analysis using Root Locus

Using equations (63) to (72), the root locus plot of the dominant roots as a function of
grid Thevenin voltage (|V|) is plotted in Figure 5-10. The system parameters are as in Table
5-1 and PLL parameters are K, = 200 and K;= 2000. There is no instability when the
converter operates close to its normal operating voltage of 0.9 kV as the system eigenvalues

are all in the left-hand plane for any |V| > 0.44 kV.
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Figure 5-10 Loci of Phase Locking Small Signal Model for Changing Grid Voltage (|V|) from 0.9 kV to 0.44 kV

5.3.3 Impacts of PLL Parameters

This subsection is devoted to investigating how PLL gains impact the output response
of PLL. Equation (71) only defines the maximum limit on ¢ which is a necessary condition
for stability. PLL parameters K, and K; also affect the oscillatory response. To show this
impact, the step response of PLL considering a schematic system in Figure 5-3 with
parameters as in Table 5-1 using (62) to (69) is shown in Figure 5-11. With the system
operating at nominal ac voltage of 0.9 kV, a step change is applied to the phase ¢ of the
DFIG equivalent, and the output angle 8, is observed. In Figure 5-11(a), response with
different K; values is shown while K, is fixed to 200 and grid voltage magnitude is at its
rated value of 0.9 kV. The system with smaller value of K; has larger damping coefficient

which results in smaller overshoot compared to the one with larger value of K;. In addition,
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in Figure 5-11(b), the PLL response with different K, values is shown while K; is fixed to
2000 and grid Thevenin voltage magnitude is normal (i.e., 0.9 kV). The system with larger
value of K, has larger damping coefficient which results in smaller overshoot compared to
the one with smaller value of K,,. Finally, Figure 5-12 shows the PLL step response for a
fixed PLL gains (K, = 200 and K; = 2000) while changing Thevenin voltage magnitude
[V].

From the above analysis, parameters should be selected according to system parameters
to give fast settling time and not too large an overshoot. For this case study, gains were

selected heuristically and K,, = 200 and K; = 2000 were found to provide overall good

response for steady state as well as transient operation.

Step Resopnse with fix V=09 kV & P{Li=2IZI'IZIIIZII

Kp=10
Kp=50
Kp=100
Kp=200
Kp=2000] |

ANTAN
VAR

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
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a) Step Response with Fix |V [=0.9 kV & K; = 2000
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b) Step Response with Fix |[V|=0.9 kV & K,, = 200

Figure 5-11 PLL Step Response Comparison with Different PLL Parameters
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Figure 5-12 PLL Step Response Comparison with Different Thevenin Voltage Magnitude |V| (PLL gains are
K; = 2000, K, = 200)

5.4  Stability Analysis of Synchronizing DFIG

The DFIG may operate over a wide range of wind speeds. However, the range of system
strengths (SCR) over which it may operate depends on the ability of the PLL’s to
synchronize (i.e., to achieve a phase lock) to the grid voltage. This section presents
investigation on the required system strength when connecting a DFIG considering

different operating points of DFIG.

54.1 Internal Voltage and Impedance of DFIG

From (61), the DFIG’s internal voltage E and impedance Z,, are operating point
dependent and according to (71) and (72) can affect the stability of the phase locking. The

parameters of a typical DFIG as listed in Chapter 4 are used in this discussion. The
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magnitude and angle of internal impedance of induction generator (Z,,) and DFIG’s
internal voltage E as a function of rotor speed (w,) at rated power loading at the

fundamental frequency (60 Hz) are plotted in Figure 5-13 as a function of rotor speed.
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Figure 5-13 Induction Generator Impedance (Z,,,) and Internal Voltage |E| at Fundamental Frequency (60 Hz)

The plots show that the impedance is significantly dependent on the rotor speed. The
resistance of the generator is negative when rotating at super-synchronous speed, and the
magnitude reaches its maximum at synchronous speed [74], [75]. Also, Figure 5-13
illustrates that the magnitude and angle of internal voltage E, changes drastically at a rotor

speed of 1.0 pu.
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54.2 Stability Analysis

As previously discussed in Section 5.3, (70) to (72) indicate that the stability margin
will be larger for: a) smaller values of internal voltage offset angle ¢, b) smaller values of
internal voltage magnitude |E|, c) larger values of internal impedance magnitude Z,,,, and
d) larger values of grid side Thevenin voltage magnitude |V|. From (65) define a function
VMQ(6,; —p2) @s given in (74). This equation can be used to characterize the PLL

behavior during a voltage dip.

(Zs + Zm)l
s Iy

VMQ(epll_pZ) = |V|Z
m

= (2[[7
_[Zm %

- Sin(epll - Pz) =F - Si"(epll - pz)

sin(¢ + py)] (74)

where = |£| |E| sin(¢+ p1) (75)
Z, |V

Figure 5-14 shows a plot of VMQ(@,,” — pz) for the system considered previously in
Section 5.3 with the parameters in Table 5-1 for the nominal operating condition (i.e., [V| =
0.9 kV blue curve) and during voltage dip conditions (i.e., red and yellow curves). A fault
in the system will result in a voltage dip, which can be considered as drop in the Thevenin
voltage (|V|) of the system equivalent. Let us say it drops to a smaller value, say |V | = 0.6
kV. As a result, the value of F; will increase as |V| occurs in the denominator in (72). In
Figure 5-14, this change can be shown as an abrupt change in the operating point from
point A to B. At point B, the input quof the PLL (which is a measure of phase error) is

transiently positive, so the output angle 6,;; increases attempting to make the error Ving =
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0; making the operating point move in the direction of point C. As explained in Figure
5-11, the step response of PLL shows an overshoot depending on PLL parameters and grid
Thevenin voltage magnitude (|V1), before settling down with a damping constant. Due to
this, the operating point can overshoot point C toward D, before moving back towards C.
The operating point would oscillate around and finally settle at C depending on the
damping constant of the oscillation. If it goes beyond point D, the system will lose
synchronization with the grid. Figure 5-14 shows F, for three operating condition, i,e, |V|
= 0.9 kV, 0.6 kV and 0.4 kV, respectively. F,;, F,,, and Fg; are the y-intercepts for the
three VMQ curves, which occur when (epu — pz) = 0. There is no zero crossing for VMQ
when [V] is less than 0.4 kV which means no equilibrium point exists and the PLL cannot
lock phase at all. Therefore, the index F; is proposed in (75) as an indicator of stability for
DFIG’s phase synchronizing and having lower F; value for a DFIG means a greater stability
margin. Based on the VMQ curve in Figure 5-14, it is not possible to determine with
certainty that a particular F; value will precipitate instability, as the swing of VMQ also
depends on the overshoot of (ep” — pz). However, it can be concluded that F; serves as a
relative index, where a higher value indicates an increased likelihood of instability in the
DFIG due to post-fault synchronization failure.

Combining (75) and (61) results in (76) which is showing index F, expressed as a
function of rotor speed (w,-), and is plotted in Figure 5-15 for an ac network with SCR of

4 and X/R=7.
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sLy

z, GTF G —jonl,)
F, = in(¢ +
) T + (L LG —jw) ) v sin(§+p1) - (76)
s s 58 rrl + (S _jwr)er

The indicator index F; shows that the stability margin reduces (i.e., F; increases), and is

worst when w, = 1.11 pu since index F; value is largest for this wind speed.

Figure 5-14 VMQ vs (6, — p2) to Represent the Behavior of PLL During a Sudden Voltage Dip of 33 % and 50
%.
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Figure 5-15 Stability Indicator F vs Rotor Speed (w,.) for the Case Study DFIG Connected to an AC System
with SCR=4 and X/R=7.

54.3 Validation using EMT Simulation

The synchronizing stability is validated by EMT simulation using the PSCAD software.
As shown in Figure 5-16, a detailed generic DFIG wind turbine generator rated at 5 MW
including induction machine, converter, step-up transformer connected to an ac network
was modelled. The WTG parameters of the WTG are given in Chapter 4, Table 4-1 to Table
4-4. Two fault scenarios including: (i) A remote three-phase-to-ground fault, (ii) A 6-cycle
three-phase-to-ground fault considered to be applied at 3 seconds to investigate impact of
network strength, wind turbine rotor speed, and PLL parameters on the synchronization
stability of the DFIG system. The network strength is represented in pu as a short circuit

ratio, i.e., the ratio of short circuit MVA to the WTG power rating.
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5.4.3.1 Results for Considering a Remote Fault

The analysis approach of Section 5.4.2 can be used to qualitatively examine the
mechanism for loss of DFIG synchronizing. The reason that it is qualitative, is that the
voltage depression is caused by faults, that not only change the Thevenin voltage but also
the Thevenin impedance, so the equations of section 5.2.1 are not exactly accurate. Also,
the amount of overshoot in Figure 5-14 is not easy to determine analytically. Nevertheless,
the analysis approach does demonstrate the general trend on how system strength (SCR),
rotor operating speed w,- and PLL gains affect the stability of the DFIG.

As was mentioned in Section 5.3.1, expression (19), which is a necessary condition for
stable synchronization, is more readily satisfied if |Z,| is small, i:e., the connected grid is
strong. As mentioned earlier in the previous section, the system stability margin is higher
when F; is smaller and from (75), the calculated index F; for a DFIG connected to an ac

network with SCR = 4 is lower compared to a network with SCR = 3, since |Z,| occurs in
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the numerator of F; (introduced in (75)) and other parameters of this index are identical for
same DFIGs. To demonstrate this, Figure 5-17 shows the simulated rms voltage at PCC
and output active power for the wind turbine in Figure 5-1 when there is a remote fault
which drops |V to 0.6 pu. Two different networks, with SCRs of 3 and 4 respectively with
X/R = 7 are considered. As seen Figure 5-20, the network with SCR = 3 experiences

instability, whereas that with SCR = 4 does not.
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Figure 5-17 Time Domain Responses of PCC Voltage (rms) and Active Power of DFIG at PCC with Different
Network Short Circuit Ratio-SCR = 3 and SCR =4 with @, = 1.12 pu When There is a Remote Fault Which
Drops |V| to 0.6 pu.

Based on the analysis of PLL parameters in Section 5.3.2, it is evident that the PLL's

angle overshoot following a disturbance is smaller with a smaller integral gain value, K;.
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Consequently, a reduced K; value minimizes the possibility of the operating point in Figure
5-14 surpassing point D, thus lowering the risk of instability. This conclusion is further
supported by the data illustrated in Figure 5-18, which demonstrates that reducing K; from

2000 to 1000 successfully stabilized the system, despite the reduced SCR.
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Figure 5-18 Time Domain Responses of PCC Voltage (rms) and Active Power of DFIG at PCC with Different
PLL Parameter-K; = 2000 and K; = 1000 (K, fixed at 200 for both) with @, = 1.12 pu and network SCR =
4 When There is a Remote Fault Which Drops |V| to 0.5 pu.

As previously discussed in Section 5.4.2, Figure 5-19 indicates that

increasing/decreasing rotor speed of the DFIG from w,-=1.12 pu to w, = 1.2 pu/w, = 1.05

pu in this example can maintain stability of the DFIG connected to a network with SCR of
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3. That means the system stability can also be maintained by avoiding the vulnerable rotor

speed (i.e., w, = 1.11 for this case study) without curtailing the generated wind power.
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Figure 5-19 Time Domain Responses of PCC Voltage (rms) and Active Power of DFIG at PCC with Different
Rotor Speed-w, = 1.12, w, =1.2 and w, = 1.05 with SCR =4 When There is a Remote Fault Which Drops |V| to
0.5 pu.

5432 Results for a Solid 3-Phase Fault
A 6-cycle three-phase-to-ground fault is applied at 3 seconds to investigate impact of
network strength, wind turbine rotor speed, and PLL parameters on the synchronization
stability of the DFIG system. Note that unlike the remote fault, a bolted short circuit is
much severer, and so the theoretical explanation given previously is not strictly rigorous.
The simulation results for same conditions, as previously considered for a remote fault, i.e.,
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different SCRs, reduction of PLL gain (K;) and increasing/decreasing rotor speed (w,.) are
illustrated in Figure 5-20, Figure 5-21, and Figure 5-22, respectively. Nevertheless, as can
be seen DFIG loss of synchronization still follows the general trends as with the remote
fault. Figure 5-20 shows loss of synchronization after 3-phase fault for the DFIG connected
to weaker network (with SCR=3). In Figure 5-21, it was shown that PLL integral gain
reduction from 2000 to 1000 can help DFIG to get back to stability. Finally, Figure 5-22
illustrates that vulnerable rotor speed, i.e., w,, = 1.12 pu in this example, can be avoided

to help DFIG ride through the fault without experiencing loss of synchronization.
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Figure 5-20 Time Domain Responses of PCC Voltage (rms) and Active Power of DFIG at PCC with Different
Network Short Circuit Ratio-SCR = 3 and SCR =4 with @, = 1.12 pu for a 3-Phase Solid Fault.
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5.5  Chapter Summary

The chapter proposes a mathematical model of a phase-locked loop and DFIG for
investigating synchronization to the grid following an ac fault. The model reveals the
mechanism of loss of synchronization caused by ac voltage dips resulting from remote
faults. Small signal analysis identifies a positive feedback path from the transient angular
frequency Aw in the PLL model, in addition to a negative damping path coming from the
phase output. If the positive feedback dominates, synchronizing stability can be lost.

Although the small signal model is not strictly valid for large disturbances such as
faults, it can still provide insight into the mechanism of loss of synchronism, if we assume
it can be applied in a quasi-steady state manner. This can provide a qualitative
understanding of what parameters affect the DFIG stability and is useful for analyzing
trends. With this assumption, a large signal plot of the synchronizing signal (proportional

to measured g axis voltage Vin,) and a signal dependent on the PLL’s output phase angle is
put forward to show how large the swing of Ving CaN be before it reaches beyond a point of

no-return. The zero-crossing points of this curve represent possible operating points in
steady state since the error in PLL input is equal to zero and PLL phase is locked to grid
frequency. There is no operating point for curves without zero-crossing points. A new
stability indicator index F; is introduced to quantify the tendency of the DFIG to lose
synchronism. It is shown that decreasing the rotor side converter PLL integration gain and

changing rotor speed can help increase the stability degree.
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PSCAD simulation results are presented to show the impacts of PLL parameters and
DFIG rotor speed on the grid synchronizing stability of DFIG for a remote fault and three-
phase-to-ground fault happened at PCC. Below conclusions were made according to this
study:

1. During a voltage dip at the PCC, the output frequency of the PLL may reach its upper
limit and can no longer track the phase of the PCC voltage. Synchronization is lost and the
output power oscillates. This loss of synchronization can be prevented by adjusting PLL
parameters to balance overshoot and settling time of the PLL’s response.

2. Simulation results suggest that avoiding vulnerable operating rotor speed or
decreasing the integration gain of PLL in case of grid side short circuit fault will potentially

increase the stability of wind turbine.
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Chapter 6

Conclusions, Contributions, and

Recommendation for Future Work

This thesis has introduced a novel aggregation method based on state-space equations.
The proposed aggregation method benefits from applying different wind speeds as the
system input for each wind turbine that can be very useful for considering wind variation
within a wind farm. Generally, detailed simulations that represent electromagnetic effects
in the power grid are time-consuming, especially when dealing with networks with a large
number of generators. In the future, bigger wind farms are expected to consist of numerous
wind turbines that will lead to very large simulation times if each turbine is to be modeled
separately. This problem can be solved by the use of the proposed aggregation techniques
that can reduce the complexity of a wind farm model while maintaining an acceptable level

of accuracy.

6.1 Main Contributions of the Thesis

This thesis has contributed to the development of a new aggregation method
maintaining collective behavior of DFIG wind turbines in a wind farm. The performance

of the proposed model is examined under different operating conditions, various input wind
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speed, and turbines with different parameters. It is validated against detailed wind turbines

modeled in EMT-based software.

6.1.1 Improved Aggregation Technique

The aggregation is achieved by recursively combining two structurally complete DFIG
state space representations at a time and equivalencing this to the state space representation
of a single DFIG ensuring that both have identical steady state responses. The parameters
and incident wind speeds can be different for each DFIG in the aggregate. The features of
the aggregated model are:

(1) It preserves the same block structure, i.e., the same outputs (injecting currents) and
inputs (prime mover torque) and exactly matches the combined steady state outputs,
while still giving a sufficiently accurate transient response.

(2) The aggregated model can be implemented as a single DFIG in any EMT simulation
software. It is interfaced to the external system using a modified transformer
representation that reflects the current scaling to multiple machines. It does not
require modification of existing models in the software, merely an appropriate
selection of the parameters.

(3) The aggregated model retains the same major collective oscillation modes of the
original cluster of DFIGs with the external network. However, the representation
of inter-machine transients within the windfarm is sacrificed due to the aggregation.

(4) The simplification of the detailed model is important for off-line as well as real-time

simulation. For off-line simulation, it provides a significant speedup. For real-time
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simulation, it could result in savings in hardware, because more DFIGs in the model
would require harnessing more computing cores.

(5) It should be noted that the model is not intended for designing the wind turbine or
generator. Rather it is an aggregated representation that permits the study of how
the windfarm interacts with the external network, which is modelled on an EMT
program. Example applications could involve performance under network faults,
power supply into the network as affected by wake conditions and wind speed
changes as was shown in Chapter 4. It could also be used for studying interplant

oscillations when multi-machine cluster representation is used.

6.1.2 Considering Several Aggregate Models in More Complex Wind
Farm Layouts

It was shown in Section 4.6 that for a wind farm with a more complex layout and
different input wind speed for turbines, the behaviour could be better reproduced if the
aggregate model contained several aggregated WTs as opposed to a single aggregated
WT. The proposed aggregated model employing 3 machines demonstrates a very precise
transient response, outperforming all other models. However, the proposed model
representing the WF with 1 equivalent machine still provides a reasonable level of accuracy

which can reduce the computational time compared to using 3-machine equivalent model.
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6.1.3 Investigation of the Causes of Loss of Phase Locked Loop
Synchronization Stability

The thesis identified that a root cause of loss of stability of the DFIG was the inability
of the Phase Locked Loop (PLL) to stay in synchronism with the grid voltage. The thesis
proposed a mathematical model of the PLL and DFIG for investigating this phenomenon.
A new stability indicator index F; is introduced to quantify the tendency of the DFIG to
lose synchronism. The relative index F; is proposed as an indicator of stability for DFIG’s
phase synchronizing and having lower F; value for a DFIG means a greater stability
margin.

A theoretical model of the grid synchronization mechanism of the DFIG is developed
in the dq frame, which takes into account the system strength and phase locked loop (PLL)
parameters. The approach starts out with a small signal model and assumes that it can be
applied in a qualitive manner for large disturbances if the operating point change is treated
in a quasi-steady state manner. This is an attempt to discuss the mechanism using
techniques similar to analyzing large signal instability in synchronous machines, using a
procedure similar in concept to the equal area criterion. Using the theoretical model in a
simple example, the mechanism of synchronization loss is identified, and stability
characteristics analyzed using a locus of the operating point.

The model reveals the mechanism of loss of synchronization during an ac voltage dip.
It is shown that decreasing the rotor side converter PLL integration gain and changing rotor
speed can help increase the stability degree. Below conclusions were made according to

this study:
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(1) During a voltage dip at the PCC, the output frequency of the PLL may reach its upper
limit and can no longer track the phase of the PCC voltage and loses
synchronization is lost. This loss of synchronization can be prevented by adjusting
PLL gain to balance overshoot and settling time of the PLL’s response.

(2) Calculation of the index F; suggests that avoiding vulnerable operating rotor speed
can results in a decrease in F;, thereby reducing the likelihood of instability.
Similarly decreasing the integration gain of PLL in case of grid side short circuit,
reduces the overshoot of the PLL response VMQ and also helps in stabilization.
EMT simulation confirmed that taking these measures did indeed improve

stability.

6.2 Future Work

This research has laid the foundations for continuing this work in the following areas.

1) Applying the same aggregation procedure for other common wind turbine types
such as the permanent magnet synchronous generator (PMSG) in order to cover
different type of wind turbine in wind farms. To do so, ones need to consider
differential algebraic equation for PMSG and implement the combination process
to find the aggregate model recursively.

2) Implementing the proposed aggregation model for large wind farms having both
DFIG and PMSG type wind generators and comparing results with the detailed

model to evaluate the accuracy of the aggregated model for transient analysis.
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3) Creating a user defined component in EMT software that can be used simply by
any user and provide parameters for proposed aggregate model with having
different wind speed and parameter of each turbine as an input to the component.

4) Considering stochastically changing behaviour of wind speed to find exact wind
speed at each turbine at each moment and then modify the aggregation model in a
way that it could be able to provide equivalent model using these continuously

changing inputs.
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6.3 Thesis Publications

The contributions from this thesis have led to the following publications.

e [. Kaffashan, W. Li, A. M. Gole, “The Loss of Synchronization Mechanism for
Doubly-fed Induction Generator Integration to Weak Networks” (Accepted for
2024 IEEE Power & Energy Society General Meeting)

e W. Li, |. Kaffashan, A. M. Gole and Y. Zhang, "Structure Preserving Aggregation
Method for Doubly-fed Induction Generators in Wind Power Conversion," in IEEE
Transactions on Energy Conversion, doi: 10.1109/TEC.2021.3126571

e W.Li, A. M. Gole, M. K. Das, I. Kaffashan, “Research on Wind Farms Aggregation
Method for Electromagnetic Simulation Based on FDNE”, 2019 IEEE PES

Innovative Smart Grid Technologies Europe (ISGT-Europe), September 2019
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