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ABSTRACT

The connection of wind parks to the power system continues to grow and replace traditional
generation sources. However, despite its many advantages, wind parks can also create adverse
technical impacts to the electrical power quality, such as introduce new resonances to the circuit.
This type of phenomenon can cause malfunctions and damages on both wind park and grid
components, which translates to financial losses for the park operator and the utility. There are
two main types of problematic resonances that can be caused by the interaction of wind park
components with the grid: weakly damped resonances and unstable resonances. In most cases,
these resonances are investigated with multiple highly detailed simulations that require abundant
information from the system and the generators and must be conducted by specialized engineers.

Even though such analysis provides detailed, precise results, it is time consuming and costly.

In response to this scenario, the main goal of this PhD thesis is to develop a series of
methodologies based on charts and simple equations to improve the anticipation, detection, and
mitigation of such resonances in wind parks with Type-III (doubly fed induction generators) or
Type-1V (full-converter) generators. Initially, one chart is proposed to assess the risk of a weakly
damped resonance at the point of common coupling (PCC) between the grid and the wind park
by using only information from the park that is readily available in practice to engineers. Another
chart-based method is developed to help monitor the risk of a resonance causing component
overload inside the park. A third method is proposed to detect the risk of unstable subsynchronous
resonances during wind park planning and to monitor the stability margin of the park in real time
during its operation. These approaches based on charts and simple equations are useful on first-
screening studies, to quickly filter out cases with no risk of resonances without running any
computer simulation. More detailed studies should be conducted only for the few cases where
the screening indicates a potential risk of resonance. Finally, a method is developed to design a
passive harmonic filter to mitigate harmonic distortions in the park. This design method is proved
to reach more cost-effective solutions than other design methods that exist in literature and that

are typically used in practice.

Keywords: Doubly fed induction generator; Harmonics; Permanent magnet synchronous

generator; Power quality; Resonance; Stability; Wind generation.



RESUMO

A conexdo de parques eolicos no sistema de poténcia continua a crescer e substituir fontes
de geragdo tradicionais. Apesar das suas multiplas vantagens, os parques edlicos também podem
criar impactos técnicos adversos na qualidade de energia elétrica, tais como introduzir novas
ressonancias ao circuito. Este fendmeno pode ocasionar funcionamento inadequado e danificar
componentes do parque edlico e da rede, o que se traduz em perdas financeiras para os operadores
do parque e da rede. H4 dois tipos de ressondncias problemdticas que sdo ocasionadas pela
interacdo dos componentes do parque com os componentes da rede: ressonancias fracamente
amortecidas, e ressonancias instaveis. Na maioria dos casos, estas ressonancias sdo investigadas
com multiplas simula¢des altamente detalhadas que requerem informacao abundante do sistema
e dos geradores, e devem ser feitas por engenheiros especializados. Mesmo que este tipo de

andlise entregue resultados detalhados e precisos, requer muito tempo e alto custo econdmico.

Em resposta a este cenario, o objetivo principal desta tese de doutorado ¢ desenvolver uma
série de metodologias baseadas em graficos e equagdes simples para melhorar a antecipagao,
deteccdo, e mitigacdo de tais ressonancias em parques eolicos com geradores Tipo-III (gerador
de indu¢do duplamente alimentado) ou Tipo-IV (conectado via inversor). Primeiramente, ¢
proposto um grafico para analisar o risco de ressonancias fracamente amortecidas no ponto de
conexao entre o parque e a rede, com informagdes do parque que estdo facilmente disponiveis na
pratica. Outra metodologia grafica é desenvolvida para monitorar a sobrecarga de componentes
dentro do parque eolico por ressonancias harménicas. Um terceiro método € proposto para
detectar o risco de ressonancias subsincronas em parques edlicos durante a fase de planejamento,
e para monitorar a margem de estabilidade do parque em tempo real durante sua operagdo. Estes
métodos propostos sdo uteis em estudos iniciais, para descartar rapidamente casos sem risco de
ressonancia, sem efetuar simulagdes computacionais. Assim, estudos mais detalhados sao feitos
apenas nos poucos casos em que os estudos de triagem indicam potencial risco de ressonancia.
Finalmente, ¢ proposta uma metodologia para sintonizar filtros passivos para mitigacdao de
distor¢des harmodnicas no parque. Este método apresentou melhor custo-beneficio que outras

técnicas de sintonizagdo existentes na literatura e utilizadas tipicamente na pratica.

Palavras-chave: Gerador de inducdo duplamente alimentado; Harmdnicos; Gerador sincrono de

ima permanente; Qualidade de Energia; Ressonancia; Estabilidade; Geragao edlica.
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1 INTRODUCTION

Wind is currently one of the main renewable energy resources. Worldwide, wind park
installed capacity has grown considerably in the last decade reaching nearly 744 GW by 2020
[1]. This tendency is also present in Brazil, where wind power became the electrical energy
resource with the second largest installed capacity in 2019, with about 16 GW, representing 9%

of the Brazilian electricity matrix [2].

This increase in wind park connections can also lead to adverse technical impacts on the
power quality of the grid, such as resonances in both sub-synchronous frequencies (below 60 Hz)
and super-synchronous frequencies (above 60 Hz), which lead to lifetime reduction and even
permanent damage of the components of the wind parks and the grid [3]. Overall, the resonance

events can be broadly categorized into weakly damped resonance and unstable resonance.

1.1 Resonance in wind parks

1.1.1 Weakly damped resonances

Also known as “stable resonances” or “harmonic resonances”. From the system’s analysis
perspective, these oscillations can be regarded as “forced oscillations” [4]. Resonances with
positive but low damping can be problematic if they take place at low order harmonic frequencies
(typically at the 5%, 7% 11" or 13™ harmonics) [5] because they can amplify the existing
harmonic distortions of the background grid, potentially reducing the lifetime of grid and wind
park components [6], [7]. Additionally, these resonances in the harmonic range of frequencies
can also lead to violations of regulatory distortion limits on the grid [8], [9]. These resonances
appear mainly due to the interaction between the wind park inductances (main park transformer,
wind park feeders and generators), and nearby capacitances (shunt capacitors connected in the
park (or close to it) for reactive power compensation, or the shunt capacitances of underground
feeders of the park). Unlike unstable resonances, the weakly damped resonances do not cause
major catastrophic events. They tend to be a “silent” phenomenon that can remain on the circuit
for several months and gradually deteriorate equipment lifetime. These resonances are more
common in the field but due to their quiet nature, they are many times unnoticed and there are
fewer reports available in the literature specifically addressing field cases. Some examples are

listed as follows:
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e From 2013 to 2015, super-synchronous events were reported in the Borwinl offshore
project, Northern Sea of Germany in 2013 [10]. Oscillations in the 5th and 7th harmonics
were amplified sufficiently to overload the filters, leading to their outage and subsequently,
the outage of the HVDC line connecting the wind park to the shore.

e Important voltage distortions at harmonic frequencies were measured in several wind parks
in India [11] during a project to recommend guidelines to improve the power quality indices
of the grid and assess the harmonic impact of wind park connections.

e Harmonic resonance issues were also reported in [12] when specific stages of a shunt
capacitor bank for power factor correction in a wind park were connected to the circuit.

e Different topologies of passive harmonic filters were designed and tested to mitigate the
harmonic resonance problems of a wind park in Brazil [13].

e An active harmonic filtering strategy was implemented for an offshore wind park in

Denmark to mitigate excessive harmonic distortions [14].

1.1.2 Unstable resonances

These are fast, large-scale events which arise due to a resonance caused by the interaction
of grid inductances with series or shunt capacitors, combined with negative damping introduced
by the controllers of the wind generators and by the negative slip of the induction machine of
Type-III generators (induction machine effect, which takes place specifically at subsynchronous
frequencies). These events also take place due to interaction between the phase-locked loop
(PLL) of the generators and the terminal voltage when connected to a weak grid [3], [15]. From

the system’s analysis perspective, these oscillations can be regarded as “free oscillations” [4].

The current and voltage values reached during unstable resonance events may lead to
instantaneous damage of components and loss of large blocks of generation. The following is a

list of unstable resonance events reported in the literature:

e The first report of an unstable sub-synchronous resonance event involving a wind park and
no mechanical oscillations from other generators occurred in Minnesota, United States
[16]. As a part of planned grid reinforcements, a 60% series capacitive compensation was
installed in a 54-mile transmission line. A system reconfiguration left this line radially
connected to a wind park and a thermal generator. Unstable subsynchronous oscillations

initiated and damaged some wind generators and busbars near the thermal generators.
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Further analysis determined that the resonance modes of the thermal generator did not
match the sub-synchronous oscillation frequencies. At the time, the phenomenon was not
fully understood as subsynchronous resonance were typically associated with synchronous
machines, but the control systems of the wind park were later found to be the culprit.

The second event was reported in Texas, United States, in 2009 after a short circuit which
produced a line outage, leaving two Type-IIl wind parks, i.e., Doubly-fed induction
generator (DFIGs) based wind parks, radially connected to a 108 km line with 50% series
compensation [17]. Such event reached a voltage of nearly 2 pu in less than 1 second, which
damaged several crowbar circuits of the generators and stages of the series capacitor [18].
From 2012 to 2013, over 58 unstable sub-synchronous resonance events were reported in
Heibei, China. These occurred in a cluster of wind parks fed radially by two transmission
lines with 40% and 45% capacitive compensation, respectively. The generators were a mix
with 82.8% of Type-III, 15.4% of Type-IV and 1.8% of other technologies. Configurations
of high series compensation and low wind created unstable sub-synchronous oscillations,
which led to multiple generator trips. Mitigation was achieved by bypassing the series
capacitor causing the problem [19].

From 2014 to 2015, sub-synchronous resonance events were captured in the Xianjiang
Uygur, China, involving Type-IV wind parks, i.e., permanent magnet synchronous
generators (PMSQG), connected to a weak network without capacitive compensation [20],
[21]. In one occasion, the oscillation of the PMSGs matched a torsional mode of a nearby
thermal generator site which led to the outage of all of its units of this site due operation of
the vibrational relays.

Three events after line trips were reported in Texas, United States, involving Type-III
generators fed radially by transmission lines with series capacitive compensation. As in the
previous event in 2009, sub-synchronous oscillations occurred. The wind generators had
built-in mechanisms for sub-synchronous resonance mitigation, but this mechanism was

not able to eliminate the event and multiple generators were disconnected.
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1.2 Techniques to assess resonance in wind parks
There are three main techniques typically used to investigate these phenomena, and they
are briefly discussed in this section [3], [15]. This thesis was developed using the frequency-

domain approach based on impedance equivalents.

1.1.3 Time domain modeling and simulation

It consists of running numerous electromagnetic transient (EMT) simulations of different
scenarios to map problematic parameter combinations. These simulations consider highly
detailed non-linear models which require abundant information from both the circuit and the
generators. This is the most accurate approach, yet it demands significant computational

capabilities and specialization for modeling and results processing [10], [22].

1.1.4 Eigenvalue analysis

This approach calculates the oscillation modes from the linear state space model of the
system, including the grid and the generators. This approach allows to determine the resonance
frequencies and respective damping coefficients directly from the state transition matrix, as well
as quantifying all states participations in each resonance [6], [23]. Although very powerful, this
approach can become impractical due to the large matrices required for higher order systems. For
example, changes in the system topology can lead to extensive algebraic manipulations,

especially when modeling wind parks with multiple generators and feeders, or large grids.

1.1.5 Frequency domain modeling

This technique consists of using frequency-dependent equivalent impedance profiles of the
generators [24], [25]. The profiles can be obtained numerically from the transfer functions of
terminal voltages to terminal currents using the state space model, or from analytic expressions
derived based on the generator and control characteristics. Complexity of the analytic expression
depends on the level of modeling detail from the state space model. Bode diagrams are commonly

used to identify the resonance frequencies, whereas Nyquist plots are used to study the stability.

The authors in [26] evaluated different techniques to study the stability at resonance of
power electronic-based devices and concluded the impedance-based approach with average
voltage source converter modeling is valid for frequencies lower than the switching frequency

(e.g., 2 kHz). As all control-to-grid interactions concerning this thesis occur below the converter



23

switching frequencies, the impedance model can be used to design methodologies for resonance
management in wind parks. The impedance-based approach provides information of both stable
and unstable resonances without the necessity of complex calculations or simulations. However,
the accuracy of the impedance equivalent depends on its level of modeling detail and on the type
of phenomenon investigated. As will be discussed throughout this thesis, more detailed models
are typically needed for stability studies as the damping of the converters is sensitive to controller
simplifications, whereas more simplified models are possible when studying weakly damped

(stable) resonances.

1.3 Thesis justification

As shown in the literature review and the summary of recent events, resonance problems
in wind parks are an ongoing practical problem faced by system operators and wind park
operators. In response, regulatory agencies have created standards and guidelines to address the
problem of harmonic resonances, both from the agent and the utility perspectives [9], [27], [8].
For example, more specifically for the case of wind parks, in 2016, the National System Operator
(ONS) in Brazil created a technical norm NT 009/2016 [28] with instructions for new wind park
connection studies in order to prevent the problems observed in other countries. In addition, the
IEEE PES Power System Dynamic Performance Committee recently released a technical report
formalizing this new stability phenomena associated with power electronic interfaced

technologies, and providing guidelines on how these phenomena should be investigated [15].

However, as these are relatively new phenomena, there is room for improvement in the
methodologies used for resonance assessment. Time domain techniques should be used only in
the most critical scenarios because they are costly, as they are time and computationally
demanding and require detailed modeling and results processing. Frequency domain techniques,
such as the impedance-based approach, are promising for general initial screening studies due to
their lower computational and modeling cost but suffer from the tradeoff between modeling
complexity vs. accuracy. In this sense, systematic and improved methodologies for resonance
assessment in wind parks are needed to facilitate the decision-making process, on whether to take
preventive / corrective actions to avoid component damages and fines. The present Ph.D.

research aims to address the issue by providing a series of techniques to eliminate the necessity
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of repetitive computer simulations. These techniques can be applied to different grid and wind

park configurations.

1.4 Thesis objectives

The main objective of this project is to promote advancements in the management of
resonances in wind parks with Type-III (doubly fed induction generators) or Type-IV (full-
converter) generators, which are the most common nowadays. The new methodologies developed
in this work are aimed to facilitate the anticipation, detection and mitigation of the different types
of resonance that may occur in wind parks. Such methodologies are mostly simplified procedures
based on consulting charts or simple analytic expressions, without the necessity of complex
computer simulations. This will reduce not only potential damages to wind park and grid
equipment, but will also save many work hours of specialized engineers required to evaluate and

mitigate the risk of resonance in wind parks. More specifically, the objectives of this thesis are:

e Develop a flexible procedure for accurate impedance modeling of Type-III and Type-IV
wind generators to study resonance in wind parks.

e Develop a simple methodology to identify the risk of regulatory limit violations at the PCC
of' a wind park due to stable harmonic resonance.

e Develop a simple methodology to identify the risk of lifetime reduction or damage of wind
park components due to stable harmonic resonance.

e Propose mitigation techniques to prevent and correct harmonic resonances in wind parks.

e Explore the practical likelihood of the necessary conditions for the different types of
unstable resonance due to control interactions of the wind park with the grid.

e Develop a simple methodology to identify the risk of unstable sub-synchronous resonance

due to control interactions of the wind park with the grid.

1.5 Thesis organization

Chapter 2 of this document is devoted to the impedance modeling of the Type-III and Type-
IV wind generators. Chapter 3 presents the methodologies developed for stable harmonic
resonance analysis, while Chapter 4 presents the studies related to unstable resonance analysis.

Finally, Chapter 6 presents the conclusions of this work. The chapters content is:
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e Chapter 2 presents a numerical procedure based on descriptor state space modeling to
simplify the process of calculating accurate impedance models of Type-III and Type-IV
wind generators. The resulting impedance models are validated with EMT simulations.

e Chapter 3 presents the studies of weakly damped resonance. First, it introduces a chart to
assess the risk of regulatory limits violation due to grid distortions and harmonic resonance
at the point of common coupling (PCC) between the wind park and the grid. Then, it
presents a second chart to determine risk of wind park component damage due to the
increased loading produced by grid distortions and harmonic resonance. Finally, it presents
an impedance-based iterative methodology to tune passive filters which minimize the risk
of harmonic resonance at the wind park PCC.

e Chapter 4 presents the studies of unstable resonance. First, it shows the results of a
likelihood assessment for the necessary practical conditions to initiate each type of unstable
control interaction between the wind park and the grid. Later on, it presents a chart to assess
the risk of sub-synchronous resonance in Type-III wind parks connected to transmission
systems with series capacitive compensation, which is the most common type of unstable
control interaction between wind parks and the grid.

e Chapter 5 summarizes the conclusions of the thesis and presents possibilities for future

work in this research topic.

The content and contributions of each chapter are summarized in Figure 1.1.
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Figure 1.1: Content and contributions per chapter of the thesis
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2 MODEL OF TYPE-III AND TYPE-IV WIND GENERATORS
FOR RESONANCE ASSESSMENT IN WIND PARKS

To obtain the impedance profiles of the generators, their models are transformed according
to the sequence in Figure 2.1. The EMT model of the generators is first converted to its linear
state space (LSS) form. Later on, algebraic operations are applied to the LSS model to obtain the
impedance model, where the literature typically aims for closed-form analytic expressions, [23]

[24], [25]. Finally, the impedance model is validated with EMT simulation.

: Time domain . :
: Matrices, : Impedance

Waveforms . :
cigenvalues: profile
EMT | LSS | | Imp. B Output
model [lineariz-| model || Aleebraic” | model B Procedure

O E R A

validation
Figure 2.1: Transition between models for wind generator

As an alternative to facilitate accurate impedance modeling while avoiding repetitive
algebraic manipulations, this chapter proposes a numerical procedure to calculate accurate
frequency dependent impedance profiles from highly detailed models based on descriptor state-
space approach, which uses the linear model equations already available for the frequency-
domain methods in the literature. The main advantage of the proposed numerical procedure over
closed-form analytical expressions is that the analytical expressions are exclusive to each
generator topology, whereas the numerical procedure is generic for any generator topology, and
does not require algebraic manipulation of the equations, which minimizes the risk of human

error, saves time, and facilitates modifications.

Wind generator vendors do not reveal much detail of the internal control circuit [3], [21],
[10], [15], [29]. However, they supply black-box EMT models of the generators and, with these
black-box models, it is possible to conduct frequency scans and EMT simulations to measure the
equivalent impedance profiles of the generators. This chapter describes a procedure to obtain
such impedance profile from the generator black-box model and uses this procedure to validate

the impedance profiles derived numerically.



28

2.1 Description of the wind generator models
A schematic of the Type-III and Type-IV wind generators is presented in Figure 2.2 and
Figure 2.3, respectively.

I F oo
Mech.
control
GSC RSC : : Mech.
i [conol| |conrol DFIG | iPMSG comrel]
Figure 2.2: Schematic of Type-III wind Figure 2.3: Schematic of Type-1V win
generator generator

Type-III generators use doubly-fed induction machines (IM), i.e., DFIGs, with the stator
directly coupled to the grid, and the rotor voltage is set by its power electronics converter bridge.
As for the Type-IV generators, the rotating machine is physically decoupled from the grid by the
action of its power electronics converter bridge, which is most commonly a permanent magnet
synchronous generator (PMSG). The wind turbine (WT) is connected to the rotor of the machines
through the drive train (DT). The pitch angle of the blades is used to regulate the rotor speed
depending on the desired operational mode (generally active power tracking) depending on the

available wind.

Both generators have a voltage source converter (VSC) bridge, connected through a DC
link with a capacitor. The Type-III generator has a grid side converter (GSC) and a rotor side
converter (RSC), sized to 30% of the generator rated capacity as most of the power is injected
through the stator of the machine, whereas the Type-IV generator has a GSC and a machine side
converter (MSC), and the power capacity of both converters is 100% of the generator rated
capacity to transfer the power from the turbine to the grid. Each converter offers two degrees of
freedom for control, being able to regulate active and reactive power, electromagnetic torque,

DC bus voltage, and AC terminal voltage, as needed.

Finally, the GSC of both generators is connected to the grid through a passive front-end
filter to damp the high frequency switching distortions. This filter typically has an RL or LCL
topology. The induction machine of the Type-III generator partially acts as the filter for the RSC.

The EMT models of the Type-III and Type-IV generators used in this thesis are based on

references [30] and [31] respectively. This chapter is focused on the impedance model calculation
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procedure, so the equations of the models and its parameters are provided in Appendix A.

The following subsections summarize the most relevant aspects of the models for this thesis,
relative to the control reference frame and the model of the converters, which are used in the

process of calculating the impedance vs. frequency profiles.

2.1.1 Reference frame and synchronization

The positive and negative (pn) sequence impedance model of the generators is obtained by
analyzing the equations in direct-quadrature (dq) domain using the reference frame in Figure 2.4.
The corresponding transformations between abc frame and dq frame are given by expressions
(2.1) and (2.2). The 0 axis is discarded as resonance in wind parks due to control interactions

with the grid can be studied as a balanced phenomenon [21].

Xp X,

) . 21 _ 21
Xq'.. (xd ~ E sin(8) sin (9 — ?> sin (9 + ?) ia o
Xq) 21 2m b :
cos(6) cos (6 — —) cos (9 + —) Xc
3 3
’ sin(6) cos(0)
X, Xq / ] (9 2n> (6 Zn)\ X4
_isinl0——]| cos(6——
Figure 2.4: “abc” and (zb ) =1 3 23 | (xq) (2.2)
c T

“dq” reference frames \sin (9 + 2;) cos (9 + ?) /

The controllers of both the Type-III and Type-IV generators are synchronized to the grid
by a phase-locked loop (PLL). A basic PLL topology is shown in Figure 2.5, where Plp;; is a PI
controller that tracks the q axis terminal voltage, F, is a low pass filter to eliminate the noise
from voltage measurement, and w, is a constant denoting the fundamental frequency in rad/s.
The terminal voltage v, is first filtered and then input to the “abc to dq” transformation block, so
the PLL tracks the q axis voltage vy, to calculate the grid frequency in pu wpy;, which is
integrated to calculate the grid phase angle p;;. The rotor speed is also integrated to calculate
the rotor angle 6,.. The typical bandwidth of a PLL ranges from 2 Hz to 10 Hz [32], so it is
important mostly to study resonances near the fundamental frequency (60 Hz in this paper) and
can be assumed ideal when studying subsynchronous (below 40 Hz) and high-frequency (above

120 Hz) resonances.
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Figure 2.5: Phase-locked loop topology

The transformation of reference frames in the Type-III generator is shown in Figure 2.6,
where F; is a filter to eliminate the noise from the current measurements. The current of the stator
labc,s» the current of the GSC iy 4, and the current of the rotor iy, are filtered and then
transformed to dq frame by the "abc to dq” blocks with the Park transform. The abc frame voltage

reference of the GSC v'</  and the abc frame voltage reference of the RSC v”

abc,g’ are calculated

abc r’
using the “dq to abc” blocks with the inverse Park transform. Notice the frame of the rotor

variables is shifted due to the asynchronous characteristic of the induction machine.

> | — al > .
J—— abe 775 o abc e . be [,
Labe,s=> Fr to . gbf g F] to . Labe,r :: Fr to .
e dq > Lgs dq | lgg dq > lqr
OpLL OpLL 0pLL OprL — 6r Oprr — 0
ref ref
v dg g dq | » " Var ~ dq | > .,
e rej
to | Vabeg to > Vaber
> >
v ,;gf _»| abc v gff _»| abc

Figure 2.6: Reference frame conversion for Type-III wind generator
The transformations for the Type-IV generator are shown in Figure 2.7, where iyp 4 18

current of the GSC in abc frame, i, , 1s the current of the MSC, U;Z]; g 1s the reference voltage

. . . re . ‘ .
for GSC switching in abc frame, and Uab]; . 1s the reference voltage for MSC switching.
> abc _’l’dg ) > abc _’l-dm
alu g to . Labe,m : F[ to .
dq | > lgg dq | > Lym
OprL OprrL i,. 0,
vid = dq | vir—=laq |
ref ref
. to > Vabeg to > Vaven
v(}'g ]abe [ yq’;{ ] abc [T

Figure 2.7: Reference frame conversion for Type-IV wind generator
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2.1.2 Average converter model

The topology for the voltage source converters (VSC) of the wind generators in this thesis
ref

is shown in Figure 2.8. The sinusoidal three-phase reference voltage v,

output by the
controllers is used to create the switching signal S after a pulse width modulation (PWM)
algorithm and trigger the transistors. The resulting AC voltage v,. at converter terminals is

described in terms of the switching signal § and the DC bus voltage v, using expression (2.3).

Sabc

Ve~ PWM

abe 5 _,I

* — —
Ve L L
v j v

Vabe
Figure 2.8: Voltage source converter topology for wind generators

Vac(t) = vgc(t) - S() 2.3)

S is built from a modulation signal from the control circuit (abc frame reference voltages)
and a carrier signal (commonly a triangular wave) [33]. It can be described by expression (2.4),
where w. = 2xf. is the angular frequency of the carrier signal; 6. is the phase angle of the carrier
signal; wo = 2xfy is the angular frequency of the modulation signal (which corresponds to the
fundamental frequency); 0y is the phase angle of the modulation signal; M is the modulation
index (ratio between the amplitudes of the modulation signal and the carrier signal, and
commonly normalized by the DC bus voltage to compensate for its dynamics at the output); m is
the harmonic order of the carrier signal frequency; » is the harmonic order of the modulation
signal frequency; 6, is the phase angle of the harmonic order n of the modulation signal; J,(mzM)

is the first kind Bessel function with order » and argument mzM, as in (2.5).

— - % - Jp(mmtM) - sin (ﬂ) .

+00
S=ZMsin(nw1t+9n)+z Z 2
n=1

m=1n=—o sin(m(wct +6,.) +n(wt+ 91))

2.4)
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Yo (_1)k(mn.M/2)n+2k
k!'(n+k)!

J,(mnM) = 2.5)

k=0
This thesis assumes the front-end filter of the VSC eliminates the high frequency

distortions due to the converter switching [34], [35] (no special control loops were included in
the converter for compensation of harmonics). As a result, (2.4) becomes:

+ 0o

S = Z M sin(nw4t + 6,,) (2.6)

n=1

No losses are considered so the converters act as ideal active power couplings, and their
modulation indices are compensated for the DC bus voltage v value. With these considerations,
the converter bridge + DC bus link can be represented by control delay blocks (one for each
converter) and a capacitor as shown in Figure 2.9. The average converter model of each wind
generator is enclosed by the dotted lines in Figure 2.9. This model has an important meaning,
that is, these converters do not produce distortions in the studied range of frequency [36], so they
can be modeled as linear elements (impedances) for all frequencies other than the fundamental

and below their switching frequency.

.................................................

ref > [ D Gsc : rf o e N ] i :
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_J'_ i . Vdc—l— : _‘“_ i : VacT
de | trde . : de | Ymdc :
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—>| l— . — — T —> — . .
a) Type-11I generator b) Type-1V generator

Figure 2.9: Switched converter bridge model to average converter bridge model

2.2 From EMT model to impedance vs. frequency profile

This section details the steps shown in Figure 2.1 to obtain the impedance vs. frequency

profiles of the generator from their EMT models, using a series of algebraic expressions.

2.2.1 Linearization of the EMT model
The first step is to approximate all algebraic and differential equations of the EMT model
with their first-order derivative. For example, consider the function f'with three variables x, y and

z. Changes in this function can be approximated by small disturbances A of each of its variables
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around the operating point [xo, Vo, zo] as shown in expression (2.7). Neglecting saturations and
using the average converter model are also part of the linearization process.
df (x, Vo, 2 df (xo, Y0, 2 df (xo, yo, 2
f (X0, Yo O)Ax+ f (x0, Y0 O)Ay+ f (x0, Yo O)AZ @.7)
dx dy dz
2.2.2 From descriptor state space model to state space model

f(x,y,z) ~ f(xo;y();zo) +

After the linearization, the system can be described in state space form. Traditional state
space models are composed of four matrixes 4, B, C and D, a state vector of differential variables
X, an input vector u, and an output vector y as in expression (2.8).

& — Ax + Bu y = Cx + Du 2.8)

dt
However, it is easier to describe systems with many states using an auxiliary set of
algebraic variables instead of incorporating them into the differential equations. This can be done
with a matrix E which leads to a “descriptor state space” model as in expression (2.9) [37], [38].
This E matrix greatly facilitates the modeling process because it considers algebraic equations
without incorporating them directly into the differential equations by algebraic manipulation. All

algebraic variables have a 0 in the diagonal of E, and add a -1 to the diagonal of 4. All differential

variables have a 1 in the diagonal of E, and all off-diagonals of E are 0.

dx
EE=Ax+Bu y = Cx + Du 2.9

The matrices and vectors can be split into algebraic-algebraic (alal), algebraic-differential
(aldi), differential-algebraic (dial), and differential-differential (didi) subsets, as in expression
(2.10), where I is the identity matrix.

<0alal Oaldi)i(xal) _ (Aalal Aaldi) (xal) 4 (Bal>u
04iar Laiai/ dt \Xai Agiar Agiai) \Xai Bg;
Yar\ _ (Caar Caldi) Xal (Dal)
(Ydi) B (Cdial Caiai (xdi) * Dyi)"

The next step is to reduce the descriptor state space to a state space by including the effect

(2.10)

of all algebraic variables into the differential variables. This allows to calculate an impedance
profile numerically for any system while preserving modeling detail, instead of calculating closed
form analytic expressions, which can be difficult or even impossible depending on the model

complexity.
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From the alal and aldi subsets in the upper row of (2.10), it is possible to describe the

algebraic variables x4 in terms of the differential variables xu;:
Xar = ~AgiwAaaiXai — Agia Bart (2.11)
Using the previous result and the dial and didi subsets in the lower row of (2.10), the

algebraic variables can be removed from the model:

dxg; _
d_tl = AgiaAzia(—AqaiXai — Baw) + AgiqiXai + Bait (2.12)

Finally, the reduced state space is defined by expression (2.13):

dxdi

- = A'xq + B'u Yar = Ca'xai + Dy'u Yai = Cai'xaqi + Dgi'u (2.13)

where the prime matrices are calculated as follows:

A' = Agigi — Agia Azl Agiai B' = By — AgiiAgiuBa
Co' = Carai — CariAz i Agiai Cai' = Caiai — Caicr Azl Aaiai (2.14)
Dy’ =Dy — CoaqAgiuBa Dy’ =Dy — CyiqiAgiuBa

Two examples on how the descriptor state-space modeling approach can facilitate the

inclusion and removal of circuit components from the model are given in Appendix B.

2.2.3 From state space model to matrix of transfer functions
The admittance of the generators can be obtained from the transfer function of the dq
components of the terminal current i; in terms of the dq components of the terminal voltages v,

which are highlighted in red font in Figure 2.10.

v,

i, .
—»  wind
| generator

_________________________

Figure 2.10: Terminal voltage and current for generator impedance calculation

To calculate the transfer functions, expression (2.13) is moved to the frequency domain of

s by applying the Laplace transform:
xqi = (s —A")"B'u VYar = Cai'xqi + Dgi'u = (Co)'(sI — A B"+ Dy )u (2.15)

Isolating the current outputs y in terms of the voltage inputs u leads to expression (2.16):
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/H1,1(3) Hiz(s) -+ Hyp(s)
H(s) = Hz,i(s) HZ,ZS(S) HZ,?;(S) — % — Cal,(SI _A/)—lBI + Dal’ (2.16)
Hn,l(s) Hn,z (s) - Hn,n(s)

In this work, Aig and Aiy were set at the first two outputs in y,;, and Avy and Avy, were set

as the first two inputs in u, so the following transfer functions define the admittance matrix Yuq:

Ai Aig,
Hia(8) = Yaa(s) = 7= H12(8) = Yaq(8) = 7~
t q
2.17
H = Hya(5) = gq(s) = ot .
= = S) = S) =
21(8) yqd(s) Avg; 2,2 YVaq Avge

Finally, the dq impedance matrix Zy, of the generator can be calculated from the inverse of
its admittance matrix ¥y, using expression (2.18):
-1
7= (o) ) =0 = (0 )
2.2.4 From dq domain into positive-negative sequence domain
The next step of the process is to transform the impedance matrices from dq frame into
positive-negative (pn) sequence domain. Consider a set of three-phase voltages with positive and

negative sequence disturbances [39]:
v, (t) = Vy sin(wst + 1) + V, sin(wpt + @y ) + V sin(wnt + ¢uy)

. 2w . 2m . 2w
v, (t) =V, sin (wlt + Q1 — ?) +V, sin (wpt + Qpp — ?) + V1, sin (wnt + Qun + ?) (2.19)

2
3
Using the transformation from abc to dq frame in expression (2.1) with 8 = wt:

21

2
v.(t) =V, sin (wlt + @1+ ) + 1, sin (a)pt + @yp + 3 ) + V, sin (a)nt + Qun —?)

. . 2m . 2m
Va o [ sin(wt) sin <wt - ?) sin <wt + ?)
(Uq> -3 2 2w
cos(wt) cos (a)t - ?) cos (a)t + ?)

va
: () =Cae G ()
0 c

Considering only the positive sequence and negative sequence disturbances:

vy =V, cos ((w —wp)t— <p,,p) —V, cos((w + )t + @) 221)

vg =V, cos ((a) - a)p)t = Qyp — /2 ) + 1, cos((w + w )t + @y, — /2 )

Moving to phasor domain (denoted by V) and expressing in matrix form:
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vg =V, cos(wt) e~ (wpt+opp) _ V,, cos(wt) eJ(@nt+Pun)

vy = —j¥, cos(wt) e @rtew) — I cos(wt) el @nt+em)

(7) = costn (2 7)) @) ~ cosa0) (1, ) (?:)

Given a small angle deviation A8 = wt - 6y — cos(Af) = 1 (Laplace operator s dependency

(2.22)

was omitted from the right hand side of the expressions):
v 1 -1\(V ] 1 -1\(I,
(v,) = (—j _,-) <7p> (:) = (—j _,-) <,—p>

(=2 () =G 20 () =zm(f)=C () @.23)

ln in

(Z,) 1 -1\? 1 -1\(1,
= (_. _.) Zyq (_. _.) _
A ] ] ] VAVE

Which means the dq impedance matrix can be transformed into positive-negative sequence
domain with expression (2.24). This demonstrates that a grid disturbance with a given sequence
applied at generator terminals will also make the generator react in the opposite sequence due to

its internal coupling. With this multi-input multi-output model, it is possible to use generalized

Nyquist criterion to analyze the stability of inverter-based systems [40], explained in Chapter 4.

=l ) 2l ) @24
The positive-negative impedance profile of the fully detailed EMT model of the Type-III
and the Type-IV wind generators (available in Appendix A), is shown in Figure 2.11. For
presentation purposes, the internal control loop parameters of the Type-IIl and Type-IV
generators, their PLL, their DC bus voltage control, and the GSC switching frequency were set
to the same values. The capacitor from the LCL filter was removed to evidence the negative
resistance region provided by the converter controls in the range of harmonic frequencies. The

impedance profile with the complete filter is shown in Figure 2.12.

For most of the frequency spectrum (except near the fundamental frequency and the
resonance frequency of the front-end filter), the terms z,,, and z,,, tend to zero, and have smaller
magnitude than the diagonal terms z,,, and zy,,. This result can be used to decouple the positive

from the negative sequence so the impedances can be described as scalars instead of a matrix.
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Figure 2.12: Positive-negative sequence impedance matrix vs. frequency profiles of wind
generators, with LCL filter capacitor (690 V,2 MVA)
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2.2.5 Decoupling of positive and negative sequence components

Under some circumstances, the impedance profiles can be reduced from matrix to scalar
values. One scenario is when off diagonal components of the matrix (z,» and z,) are negligible
with respect to the diagonal components (z,, and z,,). This typically happens for stability studies
at frequencies far from the synchronous frequency, more specifically for resonances in the high
frequency range (up to 1.5 kHz) or subsynchronous resonances originating in the grid due to
transmission lines with series compensation. For these two phenomena, there is always a
capacitance in the grid which defines the resonance frequency [41]. In this case, the positive
sequence impedance of the generator is z,(s) = z,,(s) and the negative sequence is zu(s) = zun(s).
Another scenario is when the background grid is passive (contains no sequence coupling) and its
equivalent impedance is much smaller than the equivalent impedance of the generator, which is
typically valid for strong grids. Under these conditions, there will be one dominant sequence in

the phenomenon. For dominant positive sequence, i.e., V,,(s) = 0, expression (2.23) becomes:
Zp (s) = vp(s)/ip (s) = Zpp (s) — an(S)an(S)err% (s) (2.25)

And for negative sequence, i.e., V,(s) ~ 0, expression (2.23) becomes:

Zn(s) = VUn(8)/in(S) = Zpn(s) — Znp (S)an(S)Zz?r} (s) (2.26)
with s = j2z(f - fo) for the decoupled positive sequence impedance z,(s), and s = j2x(f + fo ) for

the negative.

This matrix (multi-input multi-output) to scalar (single-input single-output) reduction is
not valid for phenomena with important frequency couplings, such as near-synchronous
resonance. Alternatively, [42] shows that it is still possible to convert a multi-input multi-output
(MIMO) model into a single-input single-output (SISO) model for near-synchronous stability

analysis, but the resulting impedance model incorporates the impedance of the grid.

2.3 Impedance validation with EMT simulation

The impedance of a generator at any frequency f can be calculated with two sets of voltage
and current phasors taken at different distortion conditions, namely, [V, (#), I, (/] and [V, (), L ()]
[43]. These phasors can be obtained from EMT simulation or field measurements after applying
Fast Fourier Transform (FFT) to the waveforms and selecting the desired frequency. To validate

the sequence impedances, such measurements are split into their positive and negative sequence
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components to later use expression (2.27) (in case of noisy measurements, minimum squares fit

can be used to calculate the impedances [44]).

Vip () — Vap(f) 2y = ) = Van (D)
Lip () = Iy (f) " Lin(f) = Ln(f)

If the generator does not inject distortions at the measured frequency, then it is possible to

Zp(f) =

(2.27)

simplify expression (2.27) by using only one measurement set as in expression (2.28).

Vi () 7
Iy (f) wD =5

This procedure is the “measurement-based impedance” calculation method. It can also be

zp(f) = (2.28)

used to calculate the impedance at any point of the wind park, (e.g., beginning of a feeder with
multiple generators, at the PCC). The analytic decoupled sequence impedance from expressions
(2.25) and (2.26) was validated with EMT simulations where all converters are modeled with
their detailed switched model. Grid voltage distortion components of 1% of the fundamental were
applied at machine terminals and the resulting currents were measured to calculate the
impedances with expression (2.28). The results are in Figure 2.13 for the generators with front-
end filter without the capacitor (again, to highlight the negative resistance characteristic), and in
Figure 2.14 for the generators with the complete filter. The decoupled positive sequence

impedance is presented in blue, and the negative sequence impedance is presented in red.

As a first result, notice the proposed numerical approach is accurate for the entire spectrum
as it is able to incorporate the detail of the original EMT model into the impedance vs. frequency

profiles. Both the positive and negative sequence impedances are accurate.

Notice how the Type-III impedance model captures the negative resistance characteristic,
both at sub-synchronous (due to induction machine effect) and super-synchronous frequencies
(due to converter control and filter delays). The Type-IV impedance model does not have a
negative resistance region at sub-synchronous frequencies, and it behaves similarly to the Type-

IIT at high frequencies.
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Notice that the Type-IV generator impedance magnitude is higher than the Type-III. This
occurs as the Type-III has two converter branches in parallel (GSC + filter, and RSC + induction

machine), whereas the Type-IV only has one branch (GSC + filter) connected to the grid.

The resonance frequency of the LCL filer of the Type-IV generator occurs at lower

frequencies because the capacitance is larger.

2.4 Summary of the procedure to calculate the impedance profiles

This chapter presented a numerical procedure to calculate the sequence impedance profiles
of Type-III and Type-IV wind generators with high modeling detail, without the need of algebraic
manipulation. The only required inputs for the calculation are the descriptor state space matrixes
(derived from the EMT model) and the desired frequencies of study. Such procedure is

summarized as follows:

1) Linearize the EMT model with the first order derivatives, neglect all saturations and use
the average converter model;

2) Build the descriptor state space as in expression (2.10);

3) Transform the descriptor state space to state space model using expression (2.13);

4) Calculate the admittance transfer functions in dq frame using expressions (2.16);

5) Build the dq impedance matrix with expression (2.18);

6) Transform the dq impedance matrix to positive-negative sequence domain with (2.24);

7) (Optional) Isolate the positive sequence impedance term with expression (2.25) evaluated
at s =j2xn(f- fo), and the negative sequence impedance term with expression (2.26)

evaluated at s = j27(f + fy) respectively.

The impedance models obtained with the procedure summarized above were validated with
the equivalent impedance measured from detailed EMT simulations, which demonstrated the
accuracy of the proposed method in both the resistance and reactance values. The model is able
to describe the frequency bands of inverter-based generators with negative resistance, i.e.,
negative damping. The negative damping regions are relevant to study stability of resonances.
They occur due to the induction machine effect produced by the rotor slip in sub-synchronous
frequencies, and due to delays in the controller introduced by the PWM algorithm and the

filtering in super-synchronous frequencies.
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2.5 Sensitivity of the impedance profiles to generator parameters
The resulting frequency-dependent impedance profile was analyzed through sensitivity
studies to identify the most relevant generator parameters at different frequency ranges (the

frequency ranges were set by the author to improve result visualization but can be changed):

e Subsynchronous range (SSR) from 0-40 Hz, observed at wind parks connected to long lines
with series capacitive compensation.

e Near synchronous range (NSR) from 40-80 Hz, observed at wind parks connected to weak
grids and poor synchronization control tunings.

e Harmonic frequency range (HFR) from 80-1500 Hz, observed during harmonic resonance

events in wind parks with shunt capacitors for reactive power compensation and filtering.

The analysis is based on comparing the impedance profile of the generator for different
values of each parameter. For example, in Figure 2.15 a), the measurement filter parameters only
affect the HFR, whereas the proportional gains of the GSC affect all ranges in Figure 2.15 b).

The capacitor from the LCL filter was removed to observe the HFR without its resonance.
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a) Measurement filter frequency b) Proportional gain of GSC control

Figure 2.15: Type-I1I generator sensitivity of the real part of the equivalent impedance to
parameter variations for each frequency range

However, as many parameters must be analyzed, it is difficult to pinpoint which are the
most important ones for each range based only on visual inspection of the profiles. In response,
the Mean Absolute Sensitivity (MAS) index in expression (2.29) was designed to quantify the
frequency-domain impedance profile sensitivity to each parameter and objectively identify the
most influential at each frequency range. The higher the MAS value, the more relevant the

parameter for impedance profile calculation.
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1 N fffz [Zorig (f) - Znewocr kn)] df
_1 L (2.29)
A =5, IECERAA

In (2.29), N is the number of values tested for each parameter; k, is the multiplication
constant in each test (e.g., for the control delay, 7/ = T,”" x k, and k, € [0.5, 1.0, 2.0]). Zorig is
the original impedance profile without changes; and Z,.. is the new profile after the modification;
which are integrated numerically in frequency f from f; to f> to calculate the area between the
curves. The MAS index is calculated separately for resistance R and reactance X of the generator.
A more detailed description of each control parameter is available in Appendix A. The MAS

index results for the Type-III and Type-1V generators are shown in Figure 2.16 and Figure 2.17.
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Figure 2.16: MAS results for Type-III generator
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Figure 2.17: MAS results for Type-IV generator
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The most important takeaways from the MAS index results are listed as follows:

2.5.1 Measurement filter and control delays

The control delay and the measurement filter are mostly relevant to the HFR. The delay
has higher influence as the measurement filter cutoff frequency is typically higher than half the
switching frequency. The Type-IV impedance is more sensitive to the control delay as it is
defined only by the converter parameters, whereas the Type-III has an additional branch with the

effect of an induction machine.

2.5.2 Control gains and DC bus coupling
The NSR is the most sensitive frequency range to control parameters due to the
synchronization of the dq controllers and the fundamental frequency. The Type-III generator is

more affected due to the direct coupling of the rotating machine with the grid.

The impedance profile is very sensitive to the GSC control gains for all frequency ranges.
This also applies for the RSC in the Type-III generator, but not for the MSC in the Type-1V
generator due to the decoupling effect of the DC bus.

All frequency ranges are slightly sensitive to the DC bus control, therefore, neglecting it
can lead to inaccurate models [45]. This is further confirmed by the high sensitivity to the DC
bus capacitor, particularly for the Type-IV generator.

The turbine speed controllers had no effect on the impedance profile for either generator at
any range of frequency. This indicates all mechanical subsystems (turbine + generator masses,

the turbine blades and its controllers) can be neglected for the studies of this thesis.

The outer control loops associated with power control are more relevant in the NSR. The

reactive power control loop in the Type-IV generator is an exception as it affects all ranges.

The impedance profile of both generators is sensitive to the PLL subsystem in the NSR.
And depending on the PLL gains, large PLL bandwidths can also affect the SSR [46]. This is
shown in the studies of the Appendix D.

2.5.3 Power setpoints and terminal voltage
The setpoint of the active and reactive power changes the operational point of currents and
voltages of the converters, which are necessary to calculate the impedance when including the

outer control loops and the DC bus coupling [47]. The impedance model is more sensitive to the
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active power setpoint than the reactive power setpoint due to the larger magnitude of the related

currents. These variables are more relevant in the NSR and the SSR.

Terminal voltage is important for the NSR in both generators. This importance is also
visible in the SSR of the Type-IV generator as its grid-side converter dominates the overall
impedance. And as expected, the power setpoints have a higher influence on the terminal voltage

at weak grids [48].

The results of this study are a valuable input to narrow down the causes of problematic
resonances in wind parks. Appendix C presents a series of recommendations to simplify the

generator models at each frequency range, based on the MAS index results.

2.6 Chapter summary
This chapter presented the model of the Type-III and Type-IV wind generators, which is

used in the following chapters of the thesis.

A descriptor-state space modeling procedure was proposed to derive the frequency-
dependent equivalent impedance model of the generators from their detailed nonlinear
electromagnetic transient model. Such procedure greatly simplifies the algebraic requirements to
derive the models, while it also preserves high modeling detail. The impedance profiles resulting

from this procedure were validated with detailed time-domain simulations.

With the proposed procedure, an investigation was conducted to verify the impedance-
profile sensitivity to the different control parameters of the generators. The results of this study
determined which control loops are more relevant to study each of three frequency ranges: 1)
Sub-synchronous (0 Hz to 40 Hz); Near synchronous (40 Hz to 80 Hz); and Harmonic (80 Hz to

1.5 kHz). Such result was useful to narrow down the studies in the remaining chapters.
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3 WEAKLY DAMPED RESONANCE

Weakly damped resonance (i.e., harmonic resonance) in power systems can manifest as
over-voltages and over-currents due to the amplification of harmonic distortions present in the
circuit at points of the grid with either very high or very low impedance values. These lead to
excessive heating, vibrations, insulation damage, accelerated aging, malfunction, and outages of

grid components [49], [50].

A problematic harmonic resonance occurs when a natural oscillation mode of the grid is
excited by a harmonic source at a frequency nearby the frequency of the oscillation mode. Such
harmonic components that excite a resonance may originate from within the wind park as current
emissions, or from other equipment in the grid, observed as a voltage distortion at the wind park

point of common connection (PCC) [51].

Wind parks are susceptible to harmonic resonance-related problems due the presence of:
large shunt capacitor banks for power factor correction installed inside the park; capacitors for
filtering of converter switching harmonics installed at the generators; as well as important
capacitive effect of long underground and submarine cables [52], [53]. These capacitances can
create resonances in the range from 120 Hz to 1.5 kHz (2™ to 25" harmonics), where transmission

system harmonics (especially 5%, 7", 11" and 13™ harmonics) are expected [54], [55].

Most of the studies in the literature of harmonic resonance are focused on the analysis of
emissions from the wind generators [6]. However, modern wind generators (Type-III and Type-
IV) are expected to have low emission levels at frequencies below the converter switching
frequency as observed in the measurements from [56] and [57]. For instance, authors in [57]
highlight that the effect of harmonics from the grid on the PCC voltage is predominant over the

effect of the distortions emitted by the generators.

Due to the aforementioned reasons, this chapter proposes two charts to monitor, and one
filter design method to mitigate the risk of problematic harmonic resonances in wind parks, which
can be excited by background distortions from the grid. The first chart is aimed to assess the
harmonic distortion levels at the PCC between the wind park and the grid in order to verify
compliance with power quality compatibility standard levels. The second chart is aimed to

determine the risk of wind park component overload due to harmonic resonance. Finally, a
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passive filter was designed to minimize the total harmonic distortion at PCC of the wind park
and, as a result, solve both the previous compatibility and the overloading issues in a cost-

effective fashion.

3.1 Resonance assessment at PCC between the wind park and the grid
In this section, a graphical method is developed to help monitor the risk of harmonic
resonances in the wind park based only on information from the park that is readily available in

practice to engineers, without the need to run any computer simulation.

3.1.1 Real wind park topology and power quality compatibility assessment
Consider the wind park in Figure 3.1, connected to a transmission grid with harmonic
distortions. This circuit corresponds to a real 64 MVA wind park from the Northeastern region
of Brazil. A complete description of the system parameters is given in the Appendix E. The point
of common coupling (PCC) between the wind park and the grid is at the high voltage (HV) side
of the main wind park main transformer. The step-up transformers of each generator link the
generator at low voltage (LV) with the wind park feeders at medium voltage (MV). The shunt

capacitor bank on the MV side of the main transformer is used for power factor correction.
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Figure 3.1: One-line diagram of real wind park in Brazil
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The interaction between the circuit capacitances (the wind park capacitor bank being the
most relevant) and the rest of the circuit can amplify harmonic distortions from the grid.
Particularly, the PCC between the wind park and the grid is a key point for power quality
compatibility assessment. The system operator requires harmonic assessment studies to estimate
the PCC distortion level before wind park commissioning. After wind park commissioning, the
system operator requests the wind park to comply with power quality regulations such as [8], so
that harmonic distortions at PCC do not exceed a regulatory limit. However, among the many
possible system operating scenarios, some may lead to a problematic harmonic resonance in the

circuit, which increases the risk of excessive harmonic distortions at the PCC.

Existing approaches to pinpoint harmonic resonance conditions consist mainly in
conducting numerous computer simulations with all possible operating points of the park and of
the surrounding power system. This can be done either in time domain, through hundreds of
electromagnetic transient (EMT) simulations with a detailed model of the wind park; or in
frequency domain, where an equivalent model of the wind park is used. The former approach is
the most accurate, but it is time consuming and requires a highly detailed model of the wind park
circuit, which implies the need for engineers with high specialization to prepare and run these
simulations. The latter approach requires less modeling detail, but still relies on exhaustive
simulations. In addition, neither approach includes a systematic guideline to interpret the
numerous simulation results and translate them into actionable information to be directly used
by engineers. In fact, many times, the industry is interested in simple procedures that can provide
a quick screening of potentially problematic conditions even before running any simulation. It is
a desirable characteristic that such simplified procedure be able to identify, with limited

information, the critical resonance scenarios which must be investigated in more detail.

3.1.2 Simplified graphical methodology to identify circuit configurations leading to
problematic harmonic resonance at PCC

It is possible to describe key parameters of the circuit in physical quantities that are readily

available to engineers in practice such as: Ssc as the short-circuit capacity of the grid at the PCC;

Swe as the rated wind park capacity; and QOc as the rated reactive power of the capacitor bank. By

using these factors, this section proposes the “Harmonic Resonance Chart” in Figure 3.2, defined
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in the Ssc/Swp vs. Qc/Swp plane, which maps which circuit configurations lead to problematic
resonances, that is, which circuit configurations that cause amplification of harmonics at the PCC
above a fixed value A;;;,. The harmonic amplification at PCC of the harmonic distortions from
the grid is defined as A( /) at every frequency f in expression (3.1), in terms of the harmonic
voltage at PCC Vpcc( f) after wind park connection, and the grid harmonic voltage prior to the

wind park connection Vsc( /) (the open circuit voltage).
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Figure 3.2: Harmonic Resonance Chart
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Only the 5%, 7%, 11" and 13" harmonics are considered to draw Figure 3.2 as these are the
main grid distortions in high voltage levels [5]. However, if necessary, other harmonics can be
included. The charts in Figure 3.2 were built for 4;;,,, = 1.2, and the boundary of each problematic

region represents the circuit configurations where A(f) = Ajim.-

The Harmonic Resonance Chart is a practical, easy-to-use method for a first-cut assessment
of the risk of harmonic resonance at wind parks as it shows that not all wind parks need such a
detailed analysis (through time-domain simulation or harmonic power flows). If any point
(Ssc/Swp, Qc/Swp) representing a circuit configuration is in the safe region, it does not face

problems due to harmonic resonance and no further investigation is required. However, if it is
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located inside any of the problematic regions, problems may arise due to excessive harmonic

amplification and more detailed harmonic studies must be performed in the latter case.

The markers and arrows in Figure 3.2 a) are two examples to illustrate the use of the chart.
For the first example, marker 1 represents a wind park without resonance problems. However, if
the rated capacity Swp is increased by a wind park expansion, while the reactive compensation
QOc remains constant, both Qc/Swp and Ssc/Swp are reduced, so the wind park is now located at
marker 2. The chart shows that this transition creates a risk of problematic resonance at the 5
harmonic. And for the second example, consider a wind park operating at marker 3 without a
capacitor bank. The connection of one stage of the capacitor bank of about 10% of the wind park
rated capacity corresponds to the transition to marker 4, where the wind park is at the very

boundary of the problematic region of resonance at the 7™ harmonic.

Amongst the potential applications of the Harmonic Resonance Chart, it is possible to use
it to avoid combinations of Swp, Ssc and Qc resulting in problematic harmonic resonances when
designing a new wind park, while it is also useful when studying grid reconfigurations, wind park
expansions, switching of capacitor bank stages during operation etc. The chart significantly
reduces the need for simulation studies, by quickly discarding circuit configurations which do

not represent risk of harmonic resonance.

3.1.3 Analytic procedure to build the chart

Instead of using simulation to calculate the ratio of voltages in expression (3.1) for each
circuit configuration, the problematic regions of the Harmonic Resonance Chart can be obtained
in terms of the equivalent harmonic impedances of the simplified wind park circuit in Figure 3.3
and expression (3.2), where the grid is represented by a Thévenin equivalent with impedance
Zsc(h) = Rsc(h) + jXsc(h), and the wind park is represented by an impedance equivalent Zyp(h)
= Rwp(h) + jXwp(h) (at every harmonic frequency #).

Vocc| _ [ Zun(h)
Vsc(h) Zyp(h) + Zsc(h)

Apcc(h) = (3.2)
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Background Wind

Figure 3.3: Equivalent wind park circuit for resonance analysis at PCC

The grid equivalent impedance can be modeled as a series RL branch, so that Zsc(h) = Rsc
+ jhLsc, where its components are calculated with expression (3.3) in terms of the short-circuit
ratio at PCC Ssc/Swp and the X/R=Lsc/Rsc ratio, both at fundamental frequency. However, if

available, an impedance profile of the grid at PCC can be used instead.
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As for the equivalent wind park impedance Zwp(#), the main transformer and the step-up

transformers are modeled with RL branches, the capacitor bank is modeled in terms of the
reactive power compensation ratio Zc(h) = -j (h Oc/Swr)™!, and all feeder segments are modeled

with a pi equivalent circuit. All parameters are available in the Appendix E.

The wind generator is modeled as an equivalent impedance Zgen(/#), which can be calculated
numerically with the procedure from Section 2.2, analytically as in [25] and [54], or with
waveform measurements as in Section 2.3, from either field records or simulation of “black-box”

EMT models provided by vendors [29].

Now, for every Qc/Swp ratio of the wind park, it is possible to calculate Zwp(h) to use
expression (3.2) and evidence the Ssc/Swp ratio at the amplification boundary A(h)=A;n at

harmonic order 4. After algebraic manipulation, this results in a quadratic expression (3.5).

_ Zyp(h) _ VRwp)? + Xyp)? A
APCC(h) - ‘pr(h) + Zsc(h) - \/(RWP n RSC)Z n (XWP n XSC)Z - Allm (3.4)
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—b =+ Vb? — 4ac 3.5
0 = a(Ssc/Swp)? + b(Ssc/Swp) + ¢ = Ssc/Swp = P @3.5)

where the coefficients in per unit (pu) basis of wind park rated capacity Swp are:

a = (Al — D(REp(R) + Xiyp ()
b = 247, (Rwp(W)Rsc(R) + Xyp (W) X5 (h)) 3.6)
¢ = Al (R3:(R) + X3 (b))

Coefficients a and ¢ in expression (3.6) are always positive, but coefficient b can assume
negative values when Ryp < 0 and/or Xwp < 0. Therefore, when b < 0 and b’ > 4ac, the roots in
(3.5) will be purely real and positive. These purely real, positive roots establish the boundary of
the problematic region in the resonance chart, for harmonic order /4 and reactive power
compensation Qc/Swp. The first root (positive sign) provides the upper boundary of the
problematic region, and the second root (negative sign) provides the lower boundary. When the
solutions are either negative or complex, it means there is no Ssc/Swp value that leads to 4 > Ajim

at harmonic A.

The set of positive-real Qc/Swp vs. Ssc/Swp solutions leading to amplification A, creates
the boundary of the problematic regions. This procedure is carried out for each monitored
harmonic order /4, so the Harmonic Resonance Chart is calculated analytically without running
any computer simulation. The value of A4in can be set based on standards [8], or by utility

requirements for voltage distortion at PCC. More details on this selection can be found in [58].
Summarizing, the Harmonic Resonance Chart is built analytically with the following steps:

1) For every Qc/Swp ratio, calculate the equivalent wind park impedance at PCC Zyp(h).

2) For every harmonic 4, calculate the a, b and c coefficients using expression (3.6).

3) Calculate the boundary of harmonic amplification region using expression (3.5). Each
purely real, positive solution of this equation is saved as one point of the problematic
region boundary.

4) All combinations within the boundaries derived in Step 3 are considered part of the risk
region.

3.1.4 Validation
The 64 MVA wind park topology from the Appendix E, and the 2 MVA wind generator

models described in the Appendix A, were used to build the Harmonic Resonance Chart in Figure
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3.4 after running multiple electromagnetic transient (EMT) simulations in the MATLAB /
Simscape Power Systems software. The simulations sampling rate was set to 15.36 kHz (256

samples per cycle).

An 1initial simulation is conducted with an undistorted background grid, where it is
confirmed that the wind parks do not produce significant harmonic distortions (that is, they can
indeed be modeled as an impedance). Then, a 1.0% harmonic voltage distortion is added to the
background grid as Vsc(h) for the 5" (negative sequence), the 7" (positive sequence), 11%
(negative sequence) and 13" (positive sequence) harmonics. This 1% distortion is within the
allowable distortion levels established for high voltages in IEEE Std. 519-2014 [8]. Discrete
Fourier Transform (DFT) is applied to a 12-cycle window (as recommended in IEC 61000-4-30
[59]) of the measured voltages at PCC, and the respective voltage component at the 4" harmonic
frequency Vpcc(h) is calculated. With these voltages, the amplification Apcc(h) from the
simulation can be calculated using expression (3.2). All simulations that result in harmonic
amplification at the PCC above the limit A;» = 1.2 are marked with an “x” in the chart. Finally,
the boundaries of the problematic regions (i.e., the solid black lines) are calculated analytically

with the aforementioned procedure and also plotted in the chart in Figure 3.4.

* EMT simulation “ EMT simulation
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Figure 3.4: Validation of the Harmonic Resonance Chart with EMT simulation

From Figure 3.4, one can notice that fully detailed simulation and analytical results match
well. This means that the analytic method proposed to derive the boundaries of the problematic
regions is indeed accurate and these regions can be obtained without running any simulation.

This feature greatly facilitates the practical implementation of the proposed method.
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3.1.5 Sensitivity studies of the Harmonic Resonance Chart
This section provides sensitivity studies to characterize how different parameters affect the

problematic regions of the proposed Harmonic Resonance Chart.

3.1.5.1 Amplification limit

Figure 3.5 presents a sensitivity study of the Harmonic Resonance Chart (HRC) to the
maximum amplification A, that is used to delimit the problematic regions in the chart. For each
chart, an overall “risk” index is also indicated on top of the chart. This index is the ratio between

the area of the problematic region and the total area of the chart.

As Aj;m increases, less circuit configurations are problematic, so the overall problematic
region is smaller, leading to a risk reduction. As noted previously, the risk of harmonic resonance
at the PCC of the Type-IV wind park is lower than the risk of the Type-IIl wind park. This can
be explained using expression (3.2). Type-IV generators have a larger equivalent impedance
Zgen(h) than Type-III generators, which leads to a larger Zwp(h) and, consequently, lower A(/).

This results in a lower risk of problematic harmonic resonance.
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Figure 3.5: Sensitivity of HRC to amplification limit

3.1.5.2 Control gains
The next sensitivity study evaluates how the parameters of the generator controllers affect

the chart. According to Section 2.5, the parameters with the highest influence on the impedance
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profile at the range of harmonic frequencies are the proportional gain of the current controllers

and the delays introduced by the control and by voltage and current measurement filters.

The effect of the proportional gains of the current controllers is presented in Figure 3.6.
The results for the gain of the machine-side converter of the Type-IV generator are not presented
as such gain does not impact the impedance profile of the Type-IV generator due to the
decoupling action provided by the DC bus. Notice that increasing the gains tends to reduce the
risk because it increases the damping provided by the generator converters. The GSC gain did
not produce relevant changes for the Type-III generator, but it did for the Type-IV generator as
the impedance of the Type-IV generator is more dependent on the GSC controller than the
impedance of the Type-III generator (the latter generator also has the influence of the induction
machine branch and the RSC). As for the RSC gain of the Type-III generator, the risk does not
change significantly, but the regions are shifted towards higher reactive power compensation
values (larger capacitors) due to the generator equivalent reactance becoming smaller, and
shifting resonances to the 5™ and 7™ harmonics. The regions associated to the 11" and 13%

harmonics did not result in any significant changes.

The sensitivity of the chart to the control delay of the converters is shown in Figure 3.7.
Notice there is no simple linear pattern as both increasing and decreasing the delay can reduce
the risk in the Type-III generator, whereas both increasing and decreasing the delay increases the
risk in the Type-IV generator (no directly proportional correlation). This behavior is linked to the
oscillation pattern introduced by the control delay in the frequency profile of the generator, which
is visible in Figure 2.13, where the negative damping region shifts according to the control delay
size. This non-linear impact of the control delays on the frequency profile of the generators

justifies the importance of modeling the delays with accuracy on harmonic studies.
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Figure 3.6: Sensitivity of HRC to proportional gains of current control

3.1.5.3 Capacitive elements in the wind park

The effect on the resonance chart of eliminating capacitive elements from the circuit is
shown in Figure 3.8. Notice that both the feeders and the front-end filters of the generators have
non-negligible shunt capacitive impedances in the harmonic range of frequencies that reduce the

risk of resonance.

Eliminating the capacitance from the front-end filter of the generators leads to an increase
in the size of the problematic resonance region associated to the higher order harmonics (11" and
13 since such LCL filter of the GSC is designed to damp the switching distortions of the grid-

side converter, which take place at higher frequencies close to the 11" and 13" harmonics.
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3.1.5.4 Grid equivalent impedance profile

The previous studies used an RL series branch (calculated from the short-circuit ratio at
PCC) to model the equivalent impedance of the grid. A study was conducted to obtain the shape
of the resonance chart considering a more complex grid equivalent, measured at bus 5 of the
IEEE 14 buses test system [60]. This grid incorporates long transmission lines, loads,
synchronous generators, and shunt capacitors. The resulting impedance profile is shown in Figure
3.9 a). The grid equivalent at bus 5 has a short-circuit ratio of Ss¢/Swp = 17.8 (Swp= 64 MVA).
In this case for example, the Type-III wind park has no risk region at the 7 harmonic due to the
large positive damping provided by the grid. This grid equivalent has a much higher damping
than the RL equivalent, so it plays an important role in reducing the risk of resonance in both

Type-III and Type-IV wind parks.
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Figure 3.9: HRC with generic grid impedance profile

After extensive testing with many other grid equivalent impedance profiles, it was found
the grid effect on the shape of the charts is case dependent, so it is advised to build the charts
with grid information if available. Using the simplified RL branch yields in most cases, a
conservative estimate, especially for profiles with important shunt capacitances leading to

negative reactance and additional resonance frequencies.

3.1.5.5 Summary of the sensitivity studies

The following points summarize the most important findings of these sensitivity studies:

e Lower amplification limits (more restrictive) lead to larger risk regions. On the other hand,

greater limits (less restrictive) produce smaller risk regions.
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Smaller control delays tend to reduce the size of the risk regions. However, even if these
delays are completely removed, there still exists a risk region due to harmonic resonance.
Increasing the proportional gains of the current controllers slightly reduces the risk of
harmonic resonance because these gains can help increase the contribution of the generator
to the system damping. However, tuning these gains as a mitigation measure can deteriorate
their operation at fundamental frequency, thus, proving to be ineffective.

The shunt capacitive elements play an important role in the harmonic resonance risk
assessment and should be considered when modeling the wind park feeders and filters in
detail for higher accuracy. These capacitive elements tend to eliminate the risk of resonance
at the 11" and 13™ harmonics.

If available, the detailed frequency-dependent impedance profile of the background grid
should be included in the resonance risk assessment as the problematic harmonic resonance
conditions depend on this profile. The damping profile, as well as the additional resonances
associated with capacitive elements from the grid can change the shape of the risk regions.
In the studied cases, simplified grid models (such as a series RL circuit) were found to

normally lead to more conservative results.

Resonance assessment of components inside the wind park

Another adverse effect of harmonic resonances in wind parks is the risk to overload wind

park components. Methods such as the one proposed in Section 3.2 can identify harmonic

resonances in the park, however, the existence of a resonance by itself is not enough to indicate

if and which components are overloaded. This also depends on the amount of background

distortions in the system and on the loading limits of each component.

There are three main types of approaches that can be used for investigating in-park

distortions. First, there are measurement-based analyses such as those in [7], [61] where specific

points of a wind park are monitored to analyze the behavior of harmonic distortions in the park

and their impact on the grid. Unfortunately, measurements at internal points of the wind park

(other than the PCC) are not always available in practice. Another approach is to use detailed

electromagnetic transient simulations for the harmonic resonance-related analyses [62].
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Although this approach can provide precise results, it is time consuming, requires highly detailed
models and information of wind park components and users with high specialization. The third
approach consists in using frequency-domain models of the park components to identify
resonances and investigate the park behavior under such conditions [63], [6]. This is a simple
and adequate model for first-screening studies, but existing works still rely on numerous
simulations to investigate the resonance conditions, which is also time consuming. All these
approaches do not provide a systematic, easy-to-use method that can be adopted in practice by
engineers to quickly analyze the risk of component overload due to excessive in-park distortions
(such as in harmonic resonance conditions). In fact, these works are mostly focused on the impact
of the wind park on the grid [64], [65]. Therefore, it is important to investigate in more detail the

loading conditions of internal wind park components during harmonic resonances.

In this context, this section proposes a chart for a quick initial assessment of potential
component overloads in a wind park based only on information that is readily available in
practice for engineers responsible for its operation and without the need to run any simulation.
To achieve this, the first part of this section investigates the harmonic resonance effects on
loading characteristics of the wind park components. The idea is to identify the most critical
components and operating conditions that must be considered in a simplified, first-screening
assessment. Results outline that capacitor bank is the most vulnerable component in resonance
conditions. Such result is used to derive the chart for engineers to quickly identify if any wind
park component is operating overloaded. The chart can be obtained analytically, without running
any computer simulation and can be consulted by using only voltage distortion levels measured
at the PCC and basic information from the park available in practice (the wind park capacity and
reactive power compensation level used in the park). This is useful, for instance, to offer quick
insights into what is the maximum allowable voltage distortion at the PCC of wind park so that

no component becomes overloaded.

3.2.1 Loading of wind park components
To illustrate the loading concept, consider the scenarios in Figure 3.10 for one wind park
component operating with voltage harmonic distortion at its terminals. Here, wind park

components have two types of loading: at fundamental frequency; and at harmonic frequencies.
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Figure 3.10: Representation of the loading of wind park components

If the combination of these two loadings surpasses a certain limit value, the component is
considered overloaded. The amount of additional loading due to harmonics tolerated by the
component depends on the spare capacity after the fundamental frequency loading, as shown in
Figure 3.10 a). The component operates under acceptable conditions in Figure 3.10 a), with
plenty spare capacity for harmonic loading. In Figure 3.10 b), it operates above rated capacity,
i.e., over 100%. However, most components are designed to withstand loading levels above their
rated value, while still not violating the limit defined by standards or vendor recommendation. In
Figure 3.10 ¢), the component is overloaded due to excessive harmonic distortion and insufficient
spare capacity, even with the fundamental frequency loading below the rated loading (100%).

Therefore, the scenario in Figure 3.10 c) is considered problematic.

3.2.1.1 Loading indices
This loading of wind park components due to grid distortions can be quantified by running
harmonic power flows, and then, calculating the following indices [8]: rms voltage Vus, rms

current /,s; apparent power S; and peak voltage Vpeur for each component.

The rms voltage V.ms and the rms current /.,s are calculated with (3.7) and (3.8),
respectively. Viom is the rated single-phase voltage and S.om is the rated three-phase power
capacity of the component, so that the rated phase current is luom = Spom / (3Vnom). Vi 1s the single-
phase voltage and 7, is the phase current, both at harmonic order /. Although (3.7) and (3.8) are

limited here to the 5, 7, 11" and 13" harmonics, they can be expanded for any other harmonics.

1

T Yaom \/h=1 5,7,11,13 " 3.7) " Iom h=1,5,7,11,13 " (3-8)
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Expression (3.7) is used for all wind park components. When a component has more than
one live terminal (such as cable segments and transformers), the bus with the largest Vs value
is considered. Expression (3.8) is used for all wind park components except for the transformers
as they require an adjustment to account for the thermal effects of the winding hot-spot [66]. The
adjusted rms current for the transformers /s 7x is calculated with (3.9), where Pecr is the pu
value of eddy current losses and Posir is the rated pu value of other stray losses, both at rated
transformer loading. For oil-filled transformers, Prcr = 0.3 pu and Posir = 0.6 pu [66]. The
adjustment can be seen as current that produces an equivalent heating effect in the windings to

that from the losses.

_ Lyms” + Prcg Zn=1571113(R?1n%) + Posir Zn=1571113(h°%1x?)
Irms_Tx - (39)

1+ Pgcr + Posir

Notice (3.9) becomes (3.8) if the eddy current losses and other stray losses are neglected.
One can also note that the additional loading due to thermal effects also depends on the harmonic

order. Higher harmonic orders have greater impact on the index.

For components with one live terminal and one grounded terminal (capacitor and
generators), the apparent power is calculated with expression (3.10). For components with two
live terminals (feeders), the apparent power is calculated with expression (3.11), and for the

transformers with expression (3.12) after adjusting their rms current.

S = Veimslrms (3.10) §= (Vrmsl - Vrmsz)lrms 3.11)
S = Vrms1 — Vrmsz)lrms_Tx (3.12)

The peak voltage index is obtained with expression (3.13), where Viom peak is the rated peak
value of the single-phase voltage. The index is the algebraic sum of peak voltages at all
frequencies. This indicates that the peak values of all voltages are assumed to occur
simultaneously (with zero phase angle displacement) due to the lack of phase angle information.
This worst-case condition is chosen so that a conservative estimate of the index can be obtained
with less information (i.e., without phase angle information). The peak voltage loading index is

only used for the capacitor bank.
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V2
peak = Vh (3.13)

nompeak , ;571113

3.2.1.2 Loading limits

The limit values of the loading indices for the different wind park components are
summarized in Table 3.1, which are given in per unit of the component ratings. These were
extracted from grid standards and vendor datasheets for operation under harmonic distortions:
IEEE Std C57.110 [67] and IEEE Std C57.12.00 [68] define rms voltage and current limits of
the transformers; IEEE Std 1036-2010 [69] is used for the shunt capacitor of the park, as it defines
limits for the peak and rms voltages across the capacitor bank, rms current flow, and apparent
power; Datasheets and standards such as Enel GSC-001 [70] are used for the underground cables
as it defines limits for the rms current, apparent power flow and rms voltage; and datasheets and
converter saturation limits are used for generators [71] as they define maximum values for the

rms voltage, rms current, and apparent power.

Table 3.1: Limit values for loading indices

Component / Index ~ Vims, pu Lrms, pu Vpear, pu S, pu

Transformers 1.10 1.05 - -
Capacitor 1.10 1.35 1.2 1.35
Feeder 1.20 1.00 - 1.00
Generator 1.10 1.10 - 1.10

3.2.2 Assessment of Component Loading Level
This section presents an investigation of the behavior of individual component loading in
wind parks with background harmonic distortions. The main goal is to extract tendencies about

what are the most critical conditions to be studied in a first-screening assessment.

3.2.2.1 Configuration of the harmonic power flows

The following parameters and circuit configurations were tested: short circuit ratio at the
PCC (Ssc/Swp) was varied from 2 to 20; Reactive power compensation ratio (Qc/Swp) was varied
from 0 to 50%; Active power setpoint at PCC (Ps,) was varied from 0.1 to 1.0 pu; PCC voltage
distortion magnitude at harmonic 4 (v;) was varied from 0 to 5% of the fundamental frequency

voltage at the PCC; and the harmonic orders tested (/) were the 5™, 7" 11" and 13" orders.
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To map the circuit configurations leading to wind park component overloads, thousands of
power flows were run in the wind park circuit with the aforementioned parameters and
configurations, first at fundamental frequency and then at the harmonic frequencies. After that,
the loading indices were calculated from the nodal voltages and the currents through the
components using expressions (3.7) to (3.13). If any of the indices violate their limit, such

scenario is flagged as problematic.

The nodal voltages at fundamental and harmonic frequencies were calculated with
expression (3.14), where Y(/) is the admittance matrix of the system, V(%) is the vector with

nodal voltages and I(#) is the vector with current injections, at the harmonic order 4.

Y(h) X V(h) = 1(h) (3.14)
All wind park components are modeled as equivalent impedances and included in the
admittance matrix Y (%) both at fundamental and harmonic frequencies (see Appendix E for the
parameters and models). The grid is modeled as a Thévenin equivalent at fundamental frequency
and harmonic frequency. The wind generators are modeled as constant current sources at
fundamental frequency with current value matching their power injection, and as impedance

equivalents at harmonic frequencies which includes their controller effects.

3.2.2.2 Results and discussion

Figure 3.11 was elaborated with the simulations and shows the percentage of problematic
scenarios where each loading index was violated. The main findings in this figure are that: 1) the
capacitor has the highest problem rates, with apparent power, current and peak voltage being
more problematic than the rms voltage; 2) rms voltage is a common problem for all wind park
components, although with lower rates (around 10% of all problematic scenarios); 3) apparent
powers and currents at the generator and feeder are not as problematic as voltage; and 4)
transformer currents are more problematic than their voltages. These results initially highlight
that a first-screening analysis can be focused only on the capacitor bank apparent power, so that

a component overload will be identified first in practically all problematic scenarios.
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Figure 3.11: Problematic loading indices from harmonic power flow results

Figure 3.12 presents the correlation between loading indices for all studied scenarios. The
more scenarios two indices are flagged equally, the higher their correlation. Notice all indices
are highly correlated (lowest correlation is 94%). This means that, most of the time, problems
will not arise in a component or index individually, but in several indices and components
simultaneously. This is a key finding as along with the results in Figure 3.11, it suggests that a
first-screening analysis of wind park component loading can be focused on the capacitor. This
result makes sense technically as the risk of component overload is greater near harmonic
resonances, where the capacitor is the main culprit (largest participation factor in harmonic modal

analysis of matrix Y (%) [41]).
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Figure 3.12: Correlation between loading indices

3.2.3 Component Loading Chart
Based on the previous findings, a graphical method is proposed to help engineers quickly
diagnose if there is risk of component overload in the wind park due to harmonic resonance by

simply monitoring the state of the capacitor bank.
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For a wind park with the generic layout shown in Figure 3.1, the idea is to derive a curve
in the space relating information from the capacitor bank of the wind park (Qc/Swp ratio on the
x-axis) with its operating characteristics (Vpcc(h) maximum individual harmonic voltage
distortion at PCC on the y-axis), so that this curve divides the Qc/Swr vs. Vecc(h) plane in two
regions as illustrated in Figure 3.13. The region below the boundary is the safe region. If the wind
park is operating in this region, no component of the park is overloaded, and no further analysis
is needed. On the other hand, if the wind park is operating above the boundary, in the problematic
region, one should conduct detailed investigations on the loading level of wind park components

as one or more components (especially the shunt capacitor) are potentially overloaded.

.\ 1 5 Y
O Problematic region O Problematic region
[ safe region 4 [ safe region
; X
c 3 .
= t
Qo lbd N D e
7th 12 >n_
5th 1
: 0 F I
20 30 40 50 0 10 20 30 40 50
0, 0,
QC/SWP‘ ) QC/SWP’ Yo
a) Type-I1I wind park b) Type-1V wind park

Figure 3.13: Component Loading Chart

Each lump (dashed line) in the chart is dominated by one particular harmonic order. The
junction of the regions corresponds to the problematic region boundary (solid line). Only the 5%,

7% 11" and 13™ harmonics were considered, but it can be extended to other frequencies.

The chart is useful to determine the maximum voltage distortion value, measured at PCC,
that the wind park components are able to tolerate before incurring in overload of wind park
components. Three cases are presented to demonstrate its use: case 1 (red) shows that if the
capacitor bank operates at a stage of 15% of reactive power compensation, it can result in
overloads for harmonic distortions of 1% or higher at the 7 harmonic; case 2 (green) shows that
operating the capacitor bank at a stage of 25% of reactive power compensation will not overload
wind park components for distortion values up to 5% of the fundamental at any harmonic; and

finally, case 3 (blue) shows that if there is a 2% harmonic voltage distortion at PCC of the studied
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wind park with Type-IV generators in the 5™ or 7 harmonic, there are forbidden bands of
operation of the capacitor bank, from 5.4% to 9.5% for the 7 harmonic, and from 24.6% to

27.5% for the 5™ harmonic.

3.2.4 Analytic procedure to build the chart
Consider the schematic in Figure 3.14, representing the wind park in Figure 3.1, where Zz,
is the main transformer impedance, Z,is the equivalent impedance of the generators, feeders and

step-up transformers, and Zc is the impedance of the capacitor bank.

The voltage at the PCC is represented by Vpcc, and at the bus of the capacitor by Ve.
According to the results in Figure 3.11, the overload due to harmonic resonances in wind park
components can be first screened by calculating the apparent power at the capacitor as it is the

most restrictive index. To this end, consider the rms voltage at the capacitor bus:

Generators, step-up Tx
and feeders

......... >

Capacitor bank

b

Figure 3.14: Equivalent wind park circuit for component loading analysis

Verms = jvg(1)+ (Ve®)” = JV§(1)+ D (A Vo) (3.15)

h=5,7,11,13 h=5711,13
It is reasonable to assume that V(1) is known as the generators control the voltage at their
terminals. A, (h) is the amplification of PCC voltages at capacitor terminals and it is also known

as it can be represented in terms of the wind park impedance equivalents.

Zgr(WI1Zc (h)
Zrx(h) + Zgr (W1 Zc ()

Ac(h) = (3.16) 1Zc (W) = (3.17)

1
h- (Qc/Swe)
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Now, the rms current through the capacitor (in pu basis of its rated capacity Qc) is given by:

h=5,7,11,13 5,7,11,13

_ 1 2 2 _ 1 ch(l) <Ac(h) . Vpcc(h)>2
N ) jzc(m Z (e®)’ = 575 jlzc(m”hz T (3.18)

By combining (3.15) to (3.18) and (3.10), it is possible to obtain the apparent power of the
capacitor in terms of the voltage distortion at PCC, the fundamental frequency voltage at
capacitor terminals, and the circuit impedances. The boundary between the problematic region

and safe region of the chart corresponds to the point where S=Siiu, so that:

Siim = JV£<1>+ (42(h) - ViEc () jmm D (B2 W) Vi) (3.19)

h=5,7,11,13 h=5,7,11,13

Finally, by rearranging expression (3.19) and considering all harmonics at PCC have equal
magnitude Vpcc, the polynomial expression (3.20) is reached, with the coefficients in expression
(3.21). However, expression (3.20) can be seen as a quadratic equation by making the change of
variables x = V4., so the resulting quadratic has only one real root, described by expression

(3.22) that defines the boundary of the problematic region in the Component Loading Chart.

0 = aVpee + bVige + ¢ (3.20)
a= (@mw)- > (h-a2m)
h=5,7,11,13 h=5,7,11,13
b= Viee(D) ( > @mw)+ Y (w2 -A%(h))) 32D
h=5,7,11,13 h=5,7,11,13

c= Vﬁcc(l) - Slzim

(3.22)

(=b + Vb% — 4ac)
Vbee = oa

Summarizing, the steps to obtain the boundary of the problematic region in the Component

Loading Chart are:



69

1) Calculate the Zg(h) for every harmonic. This calculation is only done once, at the
beginning of the analysis.

2) For all Qc/Swp ratios to be considered, calculate the harmonic amplification at capacitor
terminal Ac(h) with expression (3.16).

3) Calculate the a, b and c coefficients in expression (3.21).

4) Calculate the distortion value at the boundary of the problematic region with expression
(3.22) after fixing the fundamental frequency voltage to, for example, Vrcc(1) = 1 pu, and
the apparent power limit to S;»=1.35 pu.

3.2.5 Validation

The method for obtaining the Component Loading Chart is verified through detailed
electromagnetic transient (EMT) simulations. In this study, the wind park shown in Figure 3.1
with all its 32 wind generators, line segments and other components were modeled in detail in
MATLAB Simscape Power Systems software. The reactive power compensation ratio Qc/Swp
was varied from zero to 50% (in steps of 1%), and Vpcc was varied from zero to 5% (in steps of
0.2%). Simulation scenarios that resulted in violations of the capacitor loading limit are marked
with an “x” in Figure 3.15. As these points are indeed above the boundary obtained analytically,

the results confirm the accuracy of proposed analytical curve derived in Section 3.2.4.

?f‘x EMT simulation

Vecch). %

10 20 30 40 50 0 10 20 30 40 50

QIS \p % Qu/S e %
a) Type-III wind park b) Type-1V wind park

Figure 3.15: Validation of the Component Loading Chart with EMT simulation
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In Figure 3.15, the chart boundary is traced with Vpcc (1) = 1.00 pu. Although this proved
to be in good agreement with the detailed EMT simulation, one may draw a more conservative

risk region by considering Vpcc (1) = 1.05 pu, the maximum allowable voltage level at the PCC.

For further validation, Table 3.2 outlines the values of the four capacitor loading indices
for two operating conditions, Qc/Swp = 15% and Qc/Swp = 10%. In both cases, the maximum
harmonic voltage distortion at the PCC is Vecc (h) = 1%. According to the proposed chart in
Figure 3.15 a), the first case is in the problematic region, while the second case is in the safe
region. This is confirmed in Table 3.2, where the rms current and apparent power limits are

violated when Qc/Swp = 15%, whereas no index is violated when Qc/Swr = 10%.

Table 3.2: Capacitor loading indices for two operating conditions, Type-III wind park

Indices at Vrcc (k) =1% distortion | 50%/ 5 .
Vims 1.03 1.03

Vpeak 1.11 1.05

Loms 1.40 1.04

S 1.43 1.07

3.2.6 Sensitivity studies of the Component Loading Chart
This section discusses how different parameters affect the problematic regions in the

proposed chart.

3.2.6.1 Background harmonic spectrum

This study shows how the boundary of the problematic region in the Component Loading
Chart (CLC) can be approximated by superposition of the regions corresponding to individual
harmonics. To this end, recall the a, b and ¢ coefficients in expression (3.21). If only one

harmonic is evaluated, these coefficients can be simplified to those in expression (3.23).

a = h?*-Az(h) b=Vie(D)- A +h*)-A2(h) ¢ =Vpec(D) = Siim (3.23)

Now, it is possible to draw the “individual” risk regions using expression (3.22) with the

coefficients in expression (3.23). This was compared to the “collective” boundary of the region
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calculated with the original methodology that considers all harmonics present in the circuit

simultaneously. The results are shown in Figure 3.16.

Risk = 30.543% / 31.9005% Risk = 21.0407% / 23.0769%
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Figure 3.16: Sensitivity of CLC to number of simultaneous harmonics

Notice the shape of the boundary calculated with individual harmonics (black line), and
consequently its risk, are very similar to those of the boundary calculated with all harmonics (red
line). In the collective approach, each lump is also associated with one particular harmonic order

which is dominant at resonance, which explains the similarity between both curves.

The differences between the boundaries appear near the points where the boundaries of the
individual regions cross, as neither one is clearly dominant. However, this difference is only
relevant at very high distortion levels (Vrcc(h) > 4%). This result indicates it is possible to
simplify the calculation of the boundary to the superposition of boundaries calculated with

individual harmonics without significant loss of accuracy.

3.2.6.2 Fundamental frequency voltage

It is also important to evaluate the effect of the fundamental frequency voltage at the
capacitor terminals V(1) as it defines the fundamental frequency loading, which is the largest
portion of the total loading. This parameter is typically affected by the active power injection
from the park (Psy) and by the amount of reactive power compensation connected to the circuit
(i.e., the Qc/Swp ratio). Their effect on V(1) can be seen in Figure 3.17. Both, higher active
power injection and higher Qc/Swp ratio lead to higher V(1) values and, consequently, higher

loading level of the capacitor bank. This reduces the headroom for harmonic distortions in the



72

system without causing component overload. Therefore, in theory, higher Py, or Qc/Swp values

may increase the problematic region of the component loading chart.

31.05 r ‘ ‘ 1= = QcfS\p=0%
3 —Q,/S,,p=10%
e i | QC/SWP=20%
>O Pl Qp/Sp=30%
1 ! . J QC/SWP=40%
0.2 04 0.6 0.8 1 Q./S,\p=50%

P_., pu

Figure 3.17: Operational point vs. fun(iZmental frequency voltage at capacitor terminals
However, the fundamental frequency voltage varies within a narrow margin regardless of
the Py, and Qc/Swp values due to the generator terminal voltage control, which tracks a given
setpoint. The Component Loading Charts in Figure 3.18 where calculated after changing the

setpoint of the generators, in order to change V(1).
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Figure 3.18: Sensitivity of CLC to fundamental frequency voltage

The effect of the fundamental frequency voltage is more visible for the lower order

harmonics, especially the 5% harmonic (rightmost lump), as this harmonic has the largest
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amplification values due to lower damping. Overall, it can be seen that the regions grow larger
with larger voltages (risk increases) as there is less spare capacity left by the fundamental loading
for the harmonic loading. At the same time, lower voltages lead to less risk due to the increase
in spare capacity.

The shape of the boundary does not change significantly with variations of £5% of the
fundamental frequency voltage for the Type-IIl wind park, but its effect is more visible on a
Type-IV wind park. This can be explained by the Type-IV generator impedance profile as it is

dominated by the equivalent impedance of the GSC, which depends on the operational setpoint.

3.2.6.3 Capacitive elements

The results in Figure 3.19 demonstrate the importance of modeling the capacitive elements
of the circuit to obtain an accurate shape of the boundary. As overhead feeders have lower
capacitance, the circuit requires a larger capacitor bank for the same values of harmonic

resonance, thus, the lumps for each harmonic are shifted to higher Qc/Swp ratios.
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Figure 3.19: Sensitivity of CLC to removing capacitive elements from the wind park
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As for the capacitor in the front-end filter, its effect is greater for the Type-IV wind park
than for the Type-IIl, given that the capacitance of the Type-IV generator filter is larger.
Moreover, the effect is more pronounced for the 11" and 13" harmonics, which is expected as

the filter is designed to damp the noise produced by the converter switching at higher frequencies.

3.2.6.4 Number of generator units in operation
During wind park operation, it is possible that one or more generator units are temporarily
disconnected from the circuit, for instance, for planned maintenance. This study investigates the

effect of these disconnections on the chart boundaries.

Recall the wind park has 32 generators. Figure 3.20 outlines the boundary of the
Component Loading Chart for 0 generator outages (100% in operation), 6 generator outages
(19% disconnected and 81% in operation) and 10 generator outages (37% disconnected and 63%
in operation). Notice the chart boundaries are not affected significantly up to 20% of outages.
This occurs because the per unit equivalent impedance of the generators and the feeders Zgen+feeder
remains relatively constant (as the Swp of the wind park is updated accordingly) and, as such, the

harmonic voltage amplification profile A¢ also remains relatively constant.
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Figure 3.20: Sensitivity of CLC to generator outages
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If several units are disconnected (such as in a major event in the park like a feeder branch

outage), it is advised to update the chart boundaries with the new wind park topology. Based on

the results of this study, the problematic regions of the chart can remain unchanged if up to 20%

of generators are disconnected. This indicates the chart rarely needs to be updated as

disconnection of multiple units is not frequent in practice.

3.2.6.5 Summary of the sensitivity studies

3.3

The following remarks are the most relevant results from the studies:

Overall, the risk of component overload due to harmonic resonance is higher for Type-III
wind parks than for Type-IV wind parks. This behavior is compatible with the results from
Section 3.1 for the harmonic resonance analysis at the PCC.

Higher voltages at fundamental frequency reduce the spare capacity margin of harmonic
loading, which increases the risk of component overloads.

Considering all harmonics simultaneously with the same magnitude to draw the
problematic region boundary outputs similar results to using one harmonic at the time and
then using superposition of the boundaries. This can be used as a simplification for
distortion levels below 4% of the fundamental frequency.

It is relevant to model the capacitance of the feeders as they shift the resonance frequencies
to different values of reactive power compensation ratio. The capacitor of the LCL front-
end filter for the GSC mitigates the problematic circuit configurations at 11% and 13%
harmonics.

The boundary of the problematic region does not change significantly for scenarios that
consider the disconnection of 20% or less of the generators. This means, updating the
equivalent wind park impedance, and consequently the chart, is not necessary unless more

than 20% of the generators are disconnected.

Harmonic resonance mitigation with passive filters

As shown in Sections 3.1 and 3.2, the connection of wind parks to transmission grids can

result in problematic harmonic resonances that amplify pre-existing background distortions both

at the PCC, and inside the wind park, leading to fines and component damages. One simple

solution is to remove the capacitor bank and implement a static compensator, or use the
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generators spare capacity for reactive power compensation. However, if this is not possible,
harmonic resonances can be mitigated by passive filters, active filters, or incorporating damping
functions in the generators [72], [73], [74]. The most common and cheapest approach for
harmonic mitigation is the use of passive filters. The authors in [75] determined passive filters
are effective and cost-effective for applications over 1 MVA, which is the case of wind parks.
And the same type of filters used in industrial facilities [76], [77], [78] and distribution systems
[75], [79], [80] can be used for harmonic distortion mitigation in wind parks [73], [81], [82].

The literature shows passive filters come in a wide variety of topologies and methodologies
to tune their parameters. The authors in [79] and [83] conducted a thorough comparison of the
characteristics of several passive filter topologies in terms of both performance and cost. A
comprehensive characterization on the selection of high-pass harmonic filter topologies is
presented in [84]. The authors in [75] evaluated the advantages and disadvantages of several
passive filter topologies and presented an iterative tuning methodology. More complex
approaches to tune passive filters use meta-heuristics [85] and optimization [86]. Other

methodologies propose tunings through simplified analytic expressions [58].

A common characteristic shared by most methodologies in the literature is that the filters
are tuned according to the harmonic characteristics at their terminals. However, for the case of
the wind park, the problematic element is the shunt capacitor bank, which is located at the
medium voltage (MV) bus, i.e., at the secondary side of the main park transformer, while the
mitigation is desired at point of common connection (PCC) of the wind park, i.e., the primary
side of the main transformer. The presence of the main transformer impedance, as well as the
equivalent impedance of the rest of the wind park, need to be considered when calculating the

filter parameters for the solution to be effective while still preserving a low cost.

This section proposes an impedance-based, iterative methodology to tune passive filters at
the secondary of the main transformer, with the goal of minimizing the total harmonic voltage
distortion (THDv) at the PCC of the wind park. The methodology is illustrated using a C-type
filter topology but can be applied to others. The cost, robustness and performance of the tuning
are evaluated and compared to existing methods. The resulting filters minimize the THDv at PCC
as designed, have low losses at fundamental frequency, provide the desired reactive power

compensation of the original capacitor bank, are robust to detuning, and have a reasonable cost.
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3.3.1 Strategy to mitigate harmonic resonances at the PCC

The harmonic resonance problem at the PCC of a wind park can be quantified through the
total harmonic voltage distortion THDy. The THDy considering the 5% 7% 11" and 13™
harmonics is calculated with (3.24), but other harmonics can be included if needed. Expression
(3.2) is used to calculate the amplification of grid harmonic distortions at PCC Apcc(h) in terms

of the grid and wind park impedances from Figure 3.21.

2

THDy = Z Vee(h) = Z [Vsc(h) - Apcc(h)] (3.24)
h=5,7,11,13 h=57,11,13

Now consider that the capacitor bank for power factor correction of the wind park in Figure
3.21 is replaced by a passive filter with impedance Zr(h) = Rr(h) + jXr(h). The filter is designed
to emulate the original capacitor bank at fundamental frequency and to minimize the THDv by
avoiding the resonance in the circuit. But first, a filter topology has to be selected, such as the C-
type filter topology in Figure 3.22.
Wind park

>

Generators, step-up Tx

Background Vi g o > and feeders
grid : .

: Main Tx

Zc
<( “Passive filter |
I —_ 1

Figure 3.21: Equivalent wind park circuit fﬁr passive filter design

c, L C
e
R

Figure 3.22: C-type filter topology

The C-type filter impedance in pu is calculated with expression (3.25).
-1

. 1 . 1\
Zp(h) = Rp(h) + jXr(h) = he, + <R Ty (]hL +th2) ) (3.25)
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This topology offers four degrees of freedom for tuning, where two degrees are used to

ensure proper performance at fundamental frequency with the following constraints:

e (; provides the reactive power compensation at fundamental frequency of the smallest
stage of the original capacitor bank, e.g., if the bank operates in stages of Qc/Swr = [0 %,
15 %, 30%], C; is designed for the Qc/Swp =15% stage;

e (> minimizes the active power losses of the filter at fundamental frequency, and the
interference of the additional elements with the reactive power compensation provided by

C; at fundamental frequency.

The calculation of C; (in pu of wind park rated capacity Swp) is rather straightforward using
expression (3.26). And for the calculation of C>, L and C> must resonate at the fundamental
frequency 4,.s = 1 so that their reactive contribution cancels out, while simultaneously bypassing

R to avoid losses at fundamental frequency. This is achieved with expression (3.27).

1 _
C1 = Qc/Swp (3.26) Rres = \/T_ =>C=L" (3.27)
2

Now, the problem of tuning the filters is reduced to choosing a value for R and L. Consider
a 64 MVA Type-III wind park with a 34.5 kV capacitor bank with two discrete stages, each of
Oc/Swr=15%. The wind park is connected to a 230 kV grid with short-circuit ratio Ssc/Swp=5,
reactance to resistance ratio of X/R=10, and a voltage distortion at the 5%, 7% 11" and 13"
harmonics of Vsc(5) = - = Vg (13) = 1%. A sweep of R and L values is presented in Figure
3.23 to map the response of the circuit to the filter, where four characteristics are shown: THDv
at PCC; the cost of the filter (see section 3.3.7); the active power losses at fundamental frequency;
and the effective reactive power compensation ration Qc/Swp after filter implementation. For

reference purposes, the cost of the original capacitor bank is 0.88 MS$.

The red marker denotes the tuning for R and L with the lowest THDy at PCC. Notice how
this tuning matches the lowest filter cost of 0.9 M$. This is not surprising because the resulting
harmonic voltages at PCC are greatly damped (minimum THDYV level), and consequently, the
harmonic voltages at filter terminals are also damped, which reduces the harmonic loading of the
components (dissipated power and RMS voltage) and lowers their cost. The filter has no losses
at fundamental frequency and it provides the original reactive power compensation. Similarly,

poor tuning choices can lead to high THDv values and high cost.
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Figure 3.23: Sweep of R and L parameters for C-type filter

3.3.2 Filter tuning

The red marker in Figure 3.23 denoting the filter tuning which minimizes the THDv at PCC
can be described analytically with the impedance equivalents in Figure 3.21, and then, an iterative
algorithm can be used to solve them instead of using complex optimization software and
formulations. First, expression (3.24) is rewritten as (3.28) as it facilitates the calculations. The
squared value of the amplifications at PCC can be developed with the real and imaginary parts

of the impedances in Figure 3.21 as (3.29) and the ay, ..., a2 coefficients of Table 3.3.

THD? = z [Vﬁc(h)-Azzacc(h)] (3.28)
h=5,7,11,13

(af + a3)Ri + 2(aya5 + a,ae)Rr
+(a% + a?)X2 + 2(azas + a,a¢) X
Azn(h) _ \+2(aya5 + a,a¢)RpXr + (ag + a)
Aza(h) [ (a3 + ad)RE + 2(asas; + agasx)Ry
+(a§ + ai) X7 + 2(asaqy + a10a12)Xr
+2(asaq9 + agaio)RpXp + (af; + ai,)

A12>cc (h) =

(3.29)



Table 3.3: Coefficients of expression (3.29)
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a1 = RTX + Rgf

a4=a1

az = XTX + ng

a5 = RTngf - ngXTX

a7 = al +RSC

a9 = Ay

a8:a2

all = alef - azng

a3 = _az

a6 = RngTx - RTxng
ag = az — Xsc

a12 = alng + azRgf

If the grid distortion profile Vsc(h) is known, the optimal tuning of the filter can be defined

by the null derivatives of (3.28) with respect to R and L, as follows:

dR dx dR dXm\1
dTHDY, 2 Aza (Cl ar t dRF) ~ Azn (C3 ar + 6 dRF)
=0= V2.(h)2 _ = fr (3.30)
dR Azq
h=5,7,11,13 |
dR dx dR dXm\1
dTHD3 2 g A2a (e G+ e °q) = Aon (e g + s dLF)
=0= Vsz(h)2 S =f1 3.31)
dL Azq
h=5,7,11,13 |

where A2, and 424 are the numerator and the denominator of expression (3.29), c; to ¢4 are given
by expressions (3.32) to (3.35), with the by, ..
a; coefficients of Table 3.3).

., big coefficients in Table 3.4 (calculated from the

C1 = blRF + b2 + b3XF (3.32) C2 = b4XF + b5 + b3RF (3.33)

C3 = b6RF + b7 + b8XF (3.34) Cyp = b9XF + blO + bBRF (3.35)

Table 3.4: Coefficients of expressions (3.32) to (3.35)

b, = a? + a3

by, = a3+ a3
b; = aza,1 + agay,
big = aqay; + a30ay;

b3 = a1a3 + a2a4
b = a? + a3
by = a% + a3,

bz = a1a5 + a2a6
bs = azas + azaq
bg = azaq + agay

3.3.3 Solving the equations for the optimal tuning
R and L to solve (3.30) and (3.31) are calculated with a Newton-Raphson iterative
algorithm defined in (3.36), where the i sub-index denotes the current iteration, and the algorithm

is initialized for a random R and L in a search space defined by the user.

-1

o A\~

R R

()= ()~ E & (ff)i (336)
dR dL/,

The Jacobian is built with expressions (3.37) to (3.40).
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d?A d?A
d 2 27’1 Zd
d_];:: Z Vée(h) Aia <A2d arz " gRe >A2d (3.37)
h=57,11,13 —2454(A2qDnr — A2nDar)Dar
l[ DugDas, = DarDas \ 1|
df, A? d?A d2A _
d_; |Vsc(h)| +A4,4 dez}; n deZ; |A2§I (3'38)
h=5,7,11,13
| ~2424(A24Dng = A2nDar)Das / |
[ - ]
| / p dL dR  dL dR \ |
de Z [ 2 2d d%4, d?A [ 4l
V& (h n 22 Ayh 3.39
1113| e ( )| . Ppp— Tl — Ay, T [42d | (3.39)
| Y (A dAm dA2d> dAyq |
l 2d 2d dL 2n dL dR J
d?A d?A
d 2 2n 2d
N [ O1 <A2d a7 ) )4z (3.40)
h=57,11,13 —2A434(A2aDn, — AznDap)Day
And the second derivates are given by expressions (3.41) to (3.48).
d?4,,(h) d?R d2x dRm\? dx dRy dX
FTER (Cl IO TOR <d—RF) bs (d_RF> 2bs 5 dRF> (341
d2A,,(h) d?Rg dZXF dRp\* dXp\* dRp dXp
drR? < arz o gz T he (W) bg(ﬁ) *2bs R dR) (3:42)
d2Apn(W) _ 5 dZRF R d2X, Ly R dRy dRy  dXpdXp (dRF dXp dRF dXF 343
dLdR “arar T ?arar T ar ar TPt aR aL drR 4L T dR (3.43)
d?A,,(h) d%Rp d*Xg dRr dRp dXp dXg dRr dXr dRF dXF
adR - 2\ drar T drar TP ar ar TP ar ar <dR FTATA dR (3.44)
d*Az(h) _ , dz 4Ry d2X, Ly R dRe dRy . dXpdXp <ﬁdxp dRp dXF (3.45)
dRdL “arar T arar TR @ TR e T ar ar tar dL ’
dzAzd(h) — d2 + d XF &dﬁ_i_ dﬁ% (dRF dXF dRF dXF (3'46)
dRdL ““qRdL T “*drdL T "*dR dL T 4R dL dL dr T drR dL
d%A,,(h) d*Rp d*Xp dRF dXF dRp dXp (3.47)
iz <1sz T dL2+b1<W) b4(dL> 2bs dL)
d?A,4(R) d?Rp d?Xp dRp\* dXp\* dRp dXp
Az 2( sarr gz e () 0o () +2 8%%) (3.48)

Finally, the filter components Rr(/) and Xr(h) are functions of R and L. For the C-type
filter, expression (3.25) can be developed into expressions (3.49) to (3.52), and their
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corresponding derivatives of expressions (3.53) to (3.62) for the iterative tuning procedure. This

set of expressions (3.49) to (3.62) is changed if another filter topology is used instead.

h, = (h—h" 1)1t (3.49) hp, = R72 + h? (3.50)
1 L 1
Ry = 3.51 Xp=———— 3.52
dR, (R™%2—h? dR 2h?
F_( ) (3.53) —F__~L (3.54)
dR hpR? dL  hpRL
dXp 2h2L dXy (h? —R™2
2oF _ S (3.55) P ) (3.56)
dR ~ hg.R3 dL hp L2

d’Ry __(h} —3R7?)

d’Ry __(h} —3R7?)
dR? ~ ° h;2h3,R3 B

dI? h;2h3,RIL?

(3.57)

(3.58)

d?Xp __(R72—3h})
dRZ ° h;'h3,R*

(3.59) X _ 2 (R™ — 3hi) (3.60)
' dl? " h;'h},R212 '

dzRF _ dzRF _ 2 (3R_2 - h%) (3 61) dZXF _ dZXF _ 2 (3h% - R—Z)
dLdR ~ dRdL ~ hi?h3,RL ) dLdR ~ dRdL ~ hi;'h3,R3L

(3.62)

3.3.4 Summary of the filter tuning procedure

The previous filter tuning procedure can be implemented into a simple script as follows:

1) Calculate C; with (3.26).

2) Set an initial value for R and L using the approach described in the Appendix G.

3) Calculate C> with (3.27).

4) For every h, calculate Rr and Xr and the derivatives with (3.49) to (3.62). These
expressions must be replaced if another filter topology is used instead.

5) For every h, calculate (3.29) and (3.32) to (3.35).

6) For every A, calculate (3.30) and (3.31) and check if the tolerance of error is met. If yes,
end the algorithm, else, go to step 7).

7) Check if the maximum iteration was reached. If yes, set a new random guess for R and L
and go to step 3), else, go to step 8).

8) For every A, calculate (3.41) to (3.48).
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9) Calculate the Jacobian with (3.37) to (3.40).
10) Recalculate R and L with (3.36) and go to step 3).

3.3.5 Filter tuning results and validation

The tuning procedure to mitigate the total harmonic distortion of voltage was implemented
for the 64 MV A wind park in Figure 3.21, which has a 34.5 kV capacitor bank with two discrete
stages, each of Qc/Swr=15% for power factor correction, so the filter is tuned for Qc/Swr=15%.
The wind park is connected to a 230 kV grid with short-circuit ratio Ssc/Swp=5, reactance to
resistance ratio of X/R=10, and a voltage distortion at the 5", 7, 11™ and 13" harmonics of
Vsc(5) =+ = Vsc(13) = 1% [8].

The proposed tuning “THDI™ is compared to the resonance-free shunt capacitor tuning

“RFSC” proposed in [58] (with a harmonic amplification at resonance HAR=1.2 and tuned to the
5™ harmonic), and to the original capacitor bank “C. bank”. The tunings and the performance for

harmonic mitigation and fundamental frequency are shown in Table 3.5.

Table 3.5: Filter tuning results

Type-III Type-1IV
THDZ" RFSC C.bank | THDP" RFSC C.bank

C1, uF 2139 2139 2139 | 2139 2139  21.39
L, mH 8.57  345.93 . 507  345.93 .
Cz, uF 821.04  20.34 - 1386.77 20.34 -
R, Q 50.20  127.13 . 27.19  127.13 .

THDv,% | 0.96 1.19 1.43 0.74 1.68 1.24
Losses, kW 0 0 0 0 0 0
Oc/Swp, % 15 15 15 15 15 15

Notice the filters have no losses at fundamental frequency while they also provide the
reactive power compensation of the original capacitor bank. The proposed THD™® tuning is
more effective in reducing the THDv at terminals as it considers the wind park and grid

impedances, whereas filters tunned according to the characteristics at their connection point can

worsen the THDy at the PCC (see the RFSC for the Type-IV wind park).

Finally, the tunings were tested with EMT simulation of the wind park with detailed
generator models by including a grid distortion profile of Ve (5) = Ve (7) = Ve (11) =
Vsc(13) = 1% of the fundamental frequency. The results of the THDy calculation at PCC

(1]

obtained in the EMT simulations are shown by the “x” markers in Figure 3.24, where a sequence
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of stages of Qc/Swr=5% were connected in parallel. The high accuracy of the results validates

the use of impedance equivalent models to tune the harmonic filters for THDv mitigation at PCC.

4 4 4
35 —Analytic 35 —Analytic 35 —Analytic
e 3 = EMT e 3 = EMT e 3 = EMT
S 25 S 25 S 25
o 2 o 2 o 2
T 15 T 15 T 15
= 1 = 1 = 1
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a) THDy"™", Type-III b) RFSC, Type-III ¢) C. bank, Type-IIT
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d) THD™", Type-IV e) RFSC, Type-1V e) C. bank, Type-IV
Figure 3.24: THDv profile validation with EMT simulation
3.3.6 Component loading
Another interesting result from the proposed tuning method is that it yields smaller R and
L values than the RFSC alternative, while it requires larger C> values. The implications of these

requirements can be evaluated with the loading of each component in Table 3.6 and Table 3.7.

The loading of the filter components is quantified with the indices recommended in [82],
[87]: the rms voltage V,us; the peak voltage across the component Vyear; the RMS current 7,
and the apparent power S. Reference [87] recommends the limits (in proper basis of each
component) in Table 3.1 for the capacitors, while reference [88] recommends for harmonic filter
inductors to follow the same Vs and 1.5 limits as their capacitor in series. For compatibility, the
capacitor limits in Table 3.1 were adopted for all components. This study is analog to a design
phase, so the current and the power are shown in SI units for a better notion of magnitude and
component feasibility. As a first result, notice the loading indices do not change significantly

when more stages of the filter are connected, which is a desirable characteristic.
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Table 3.6: Loading of the filter components, Type-III wind park

THDslin Vims, pu Vpeak, pu Lrms, A S, MVA

Oc/Swp | 15% 30% | 15% 30% | 15% 30% | 15% 30%
Ci 1.00 1.00 | 1.02 1.02 | 161.3 161 9.64 9.62
L 0.03 0.03 - - 161.2 160.9 | 0.28 0.27
C 0.03 0.03 | 0.03 0.03 | 161.2 160.9 | 0.25 0.25

R 0.01 0.01 - - 4.75 3.78 0 0
RFSC Vims, pu Vyeak, pu Lims, A S, MVA
Oc/Swp | 15% 30% | 15% 30% | 15% 30% | 15% 30%

Ci 1.00 1.00 | 1.00 1.01 | 160.7 160.7 | 9.6 9.6

L 1.05 1.05 - - 160.7 160.7 | 10.1 10.1

C 1.05 1.05 | 1.05 1.05]| 160.7 160.7 | 10.1 10.1

R 0.02 0.02 - - 2.27 3.59 0 0.01

Table 3.7: Loading of the filter components, Type-I1V wind park

THDJ™ | Vims, pu Vpeak, pU Loms, A S, MVA
Oc/Swp | 15% 30% | 15% 30% | 15%  30% | 15% 30%
Ci 1.00 1.00 | 1.02 1.02 | 161.1 1609 | 9.63 9.62
L 002 002 - - | 161.0 1609 | 0.16 0.16
C; 0.02 0.02|0.02 002 161.0 160.9 | 0.15 0.15
R 001 0.00 | - - | 437 3.8 |0.00 0.00
RFSC Vs, DU V peats DU Lo, A S, MVA
Oc/Swr | 15% 30% | 15% 30% | 15%  30% | 15% 30%
Ci 1.00 1.00 | 1.01 1.01 | 160.7 160.7 | 9.60 9.60

L 1.05 1.05 - - 160.7 160.7 | 10.1 10.1
C 1.05 1.05|1.05 1.05 | 160.7 160.7 | 10.1 10.1
R 0.02 0.03 - - 3.87 4.80 | 0.01 0.01

The current through L and C: is equal to the current through C; for both filters, as L and C>
were designed to resonate at fundamental frequency. However, the voltage across the
components for the THD™" tuning is much lower than the RFSC tuning, given that the resulting
impedance of the components is much smaller for the THD®" tuning. Consequently, the
apparent power exchanged between the components of the THDI™ tuning is much lower than

the RFSC tuning.

The large C> required by the THD™™ tuning is not a problem due to the low voltage through

the component and the low apparent power exchange, so it is both feasible and cheap.
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3.3.7 Cost of the filter

With the loading of the filter components reported in Table 3.6, it is possible to estimate
the cost of the filters. An estimate cost of commercial capacitors and inductors is presented in
Table 3.8 and Table 3.9, respectively. These values were adapted from reference [80] for a United
States Dollar inflation of 14% since date of publication. The cost of switches, protection devices,
and installation was not included. The cost of the resistors was fixed to 100 $/kW after consulting
manufacturers. However, the resistor cost is not significant when compared to the inductors and

capacitors required for the filter.

Table 3.8: Table to calculate the cost of capacitors

Rated voltage | <1kV  1kV~10kV 10kV~25kV 25kV~50kV
Cost/kvar | $17.1 $22.38 $45.6 $74.1

Table 3.9: Table to calculate the cost of inductors

Rated current / voltage | 1kV~10kV 10 kV~25kV
<100A $ 1596 $3192
100A~0.5kA $ 1938 $ 3876
0.5 kKA~1kA $ 2166 $ 4332

The costs of the filter components are shown in Table 3.10.

Table 3.10: Cost of the filter components

| Ci L C R Total cost
Type-III wind park
THDJ™ | 0.88M$ 11628$ 85878 10568  0.9MS$
RFSC | 0.88 M$ 23256% 0.92M§$ 618§ 1.82 M$
Type-IV wind park
THD® | 0.88M$ 116308 50778  440$ 0.895MS$
RFSC | 0.88M$ 232568 0.92M§ 618§ 1.82 M$

The filter cost for the Type-III and IV wind parks is very similar. Notice the most expensive
component is the capacitance for the original capacitor bank C; (two stages of Qc/Swp = 15%
each, for a total of 0.88 M$), while the cost of the filter resulting from the THD?in is 0.9 M$, so
the additional components increase the cost by only about 2.3% when compared to the original
capacitor bank. On the other hand, the filter resulting from the RFSC tuning costs 1.82 M$, which
is double the value of the original capacitor bank. The THD™ tuning strategy is more cost

effective because the power dissipated by the components L and C> (from the LC branch tuned



87

to the fundamental frequency) is much lower, which reflects on the price. These results

demonstrate the proposed procedure for filter tuning is cost-effective.

3.3.8 Filter performance and robustness

The THDY™ methodology designs a filter to replace the smallest stage of the capacitor
bank, and to build the bank, several of these small filters are connected in parallel. The changes
of the harmonic response at PCC with these consecutive connections are shown in Figure 3.25,

which compares the different tuning strategies and the two stages of the filter.

2 2 2
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Figure 3.25: Harmonic amplification at PCC for different filter tunings

Notice the proposed methodology has the lowest amplification levels, tends to equalize the
contribution of all harmonics, and remains constant for the connection of additional stages. On
the other hand, the RFSC method and the original capacitor bank have an uneven amplification

profile and have greater value changes when more stages are connected to the circuit.

The THDv profile in terms of the reactive power compensation of the wind park is
presented in Figure 3.26, where the markers correspond to the compensation ratios of the
Oc/Swp=15% and Qc/Swr=30% stages. The horizontal dashed line of THDv=1.5% denotes the
limit recommended by IEEE Std 519-2014 [8] for systems rated at 138 kV or higher. Notice the
scenario of the original capacitor bank (red line) has compensation ratios that lead to very high

distortions due to resonance at specific harmonics. These peaks are damped by converting the
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capacitor bank to a passive filter. For the Type-III wind park, both filter tuning strategies are
effective, however, the THDI'™ tuning presents lower distortion values for all stages of

Oc/Swr>10%. And for the Type-IV wind park, only the THD®" strategy is effective, as the RFSC
strategy increases the distortion when compared to the original case that uses only a capacitor

bank, and it even goes above the limit for stages of Qc/Swp<20%.

—C-bank
—THDm'"
1.5-9-23-7-""1"""1—Rrsc

ES
>

a

T

= 05
OL L L On. L L L J
0 10 20 30 40 50 0 10 20 30 40 50

Q./S\p % Q/S\\p %

a) Type-III wind park b) Type-1V wind park

Figure 3.26: Total harmonic distortion at PCC vs. reactive power compensation level

Another important aspect to evaluate the effectiveness of the filter tuning is to take into
account the imperfections of the manufacturing processes that lead to deviations from the
specified characteristics. IEEE Std 1531-2020 [82] recommends a tolerance range for the
inductance of reactors of £3%, for the capacitance of capacitors of £5%, and for the quality factor
of reactors of +20%. The tolerance of resistors was fixed to +5%. The internal resistance of
reactors was modeled with the expected reactance to resistance ratio of X/R = 80 for reactors as
specified in IEEE Std C37.010-2016 [89]. The dielectric losses of the capacitors were also
modeled with a ratio of 0.2 W/kvar after evaluating MV capacitors datasheets which follow the
recommendation of IEC 60871-1:2014 [90].

The parameters of the filters in Table 3.5 were randomized within the specified tolerance
bands by considering a uniform distribution with its average at the design value, and the internal
resistance was included. A total of 1x10° random combinations were tested. The results of the
performance at harmonic frequencies are presented in Figure 3.27. The losses of the tunings are
compared in Figure 3.28 and the effective reactive power supplied to the circuit is shown in

Figure 3.29.
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Figure 3.29: Reactive power compensation for different filter tunings

Notice both filter tuning methodologies are robust to parameter deviations in terms of their
THDy mitigation at PCC. However, the THDI™ strategy has the lower average values for both
wind parks. As for the active power losses at the fundamental frequency, the THDI™ filter and
the original capacitor bank are practically the same, which can be considered ideal. On the other
hand, certain parameter deviations for the RFSC filter can lead to much higher losses which occur
due to detuning of L and C> from the fundamental frequency. And finally, the effective reactive
power compensation ratio provided by both filter tunings is very similar to that of the original
capacitor bank. However, the dispersion of the effective reactive power compensation provided
by THD™™? strategy is lower as well. The deviations from the designed performance are related

to component size, and as the THDIM™ strategy requires much smaller components, it is more

robust to detuning.

3.3.9 Sensitivity studies

This section presents a series of additional studies to demonstrate the robustness and

flexibility of the proposed strategy for filter tuning.
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3.3.9.1 Grid short circuit capacity at PCC of the wind park
The first characteristic under evaluation is the grid strength. The grid short-circuit ratio that
was used for the design is Ssc/Swp=5. The blue areas in Figure 3.30 are circuit configurations

leading to distortion levels at PCC of THDv>1.5%.

In this figure, the horizontal red line denotes the Qc/Swr=15% value used to design the
filter, and a problematic condition is obtained only when the blue region is above this horizontal
line that represents the size of each stage of the capacitor bank (in this case, Qc/Swr=15%).
Scenarios with 0% < Qc/Swp < 15% do not occur in practice (either the capacitor bank is

disconnected, Oc/Swp=0%, or at least its smallest stage is connected, Qc/Swr=15%).

The risk of resonance in Figure 3.30 is calculated by the proportion of the area drawn by
all circuit configurations with THDv>1.5% above the red horizontal line, with respect to the area

of all circuit configurations (see the shaded area in Figure 3.30 c)).
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Figure 3.30: Map of problematic THDv at PCC for different grid configurations

Notice that with the original capacitor bank, there are several Qc/Swp vs. Ssc/Swe
configurations which violate the THDv limit, especially for the Type-III wind park. However,
when the THDI" strategy is implemented, no configuration above the design Qc/Swr value
violates the THDv limit, so the risk is 0%. This is a highly desirable characteristic as it means

the wind park will be robust to distortions when connecting the remaining capacitor bank stages,
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in both weaker and stronger grid conditions, which is not the case for the RFSC tuning. For the
RFSC tuning, there are some circuit configurations in the stronger grids that are risky for the
Type-III wind park, and the risk increased over 10 times the original value in the Type-IV wind

park for not considering the wind park and grid impedances into the RFSC tuning strategy.

3.3.9.2 Harmonic impedance profile of the grid equivalent

The proposed methodology is also applicable for any harmonic impedance profile of the
grid equivalent. Table 3.11 presents the impedance profile of bus 5 from the IEEE 14 buses test
system [60]. For a Type-III wind park, the corresponding tuning, performance and cost results

are shown in Table 3.12. Again, the THDI™ methodology is the most cost-effective alternative.

Table 3.11: Grid equivalent impedance profile Zsc, pu (64 MVA, 230 kV)

h=5 h="1 h=11 h=13
0.0225+j0.0745 0.0810+j0.1231 0.0604-j0.0187 0.0352+0.0453

Table 3.12: Filter tuning for special harmonic impedance profile of the grid

THDZ" RFSC C. bank THDZ" RFSC  C.bank
C,,uF | 2139 2139 2139 | THDv,% | 1.186 1.20 1.78
L, mH 13.33 34593 - Losses, kW 0 0 0
Co, uF | 527.73  20.34 - Oc/Swe, % 15 15 15
R,Q | 43.14 127.13 - Cost, M§ | 0.903 1.82 0.88

3.3.9.3 Harmonic distortion profile of the grid equivalent

The THD'™ filter tuning procedure uses the voltage distortion profile of the grid equivalent
as an input. This sensitivity study calculates the filter tunings from several distortion profiles,
and then, verifies the performance of each filter tuning for all distortion profiles. To this end,
consider the 14 distortion profiles in Table 3.13 with the individual harmonic distortion values

corresponding to the limits in [EEE Std. 519-2014 [8] for transmission grids of 161 kV and above.

Table 3.13: Distortion profiles for sensitivity analysis

Profile wvs,% vz, % wvi1,% vi3, % | Profile vs,% v7, % vii, % viz, %
1 1 0 0 0 8 1 1 1 0
2 0 1 0 0 9 1 1 0 1
3 0 0 1 0 10 0 1 1 0
4 0 0 0 1 11 0 1 0 1
5 1 1 0 0 12 0 1 1 1
6 1 0 1 0 13 0 0 1 1
7 1 0 0 1 14 1 1 1 1
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The resulting tunings for a Type-III wind park are shown in Table 3.14.

Table 3.14: C-type filter tunings for distortion profiles in Table 3.13

Tuning C,uF Co,uF R, Q L ,mH| Tuning C,uF CouF R, Q L, mH
1 21.39 1172.70 100 6 8 21.39 1407.24 44 5
2 21.39 Inf 0 0 9 21.39 1407.24 100 5
3 21.39 70.36 100 100 10 21.39 Inf 0 0
4 21.39 Inf 0 0 11 21.39 Inf 0 0
5 21.39 1407.24 100 5 12 21.39 Inf 0 0
6 21.39 1005.17 95 7 13 21.39 70.36 100 100
7 21.39 1172.70 100 6 14 21.39 1407.24 36 5

The algorithm determined for the profiles 2, 4, 10, 11 and 12, a filter tuning which is equal
to using the original capacitor bank, which is equal to the minimum value of the search space of
R and L. For the profiles 3 and 13, it determined a filter tuning at the maximum value of the
search space of R and L. These profiles have in common that either or both 5™ and 7" order

harmonics are zero, which are the harmonics that contribute the most to the THDy at PCC.

Consider the filter is designed with profile 6 i.e., v, = [1, 0, 1, 0] % (this is the “design
profile”). Such profile results in the tuning C; = 21.39 pF, C> = 1005.17uF, R = 95 Q and
L =7mH, and a THDy = 0.9 %. If this tuning is tested for profile 2, i.e., v, = [0, 1, 0, 0] %, it
results in a THDv = 0.5 %, whereas if tested for profile 14, i.e., vi=[1, 1, 1, 1] %, the THDv =
1.2 %. So, in order to compare the performance of the tunings more fairly (as some profiles have
four harmonics contributing to the THDv, while others have only one), the THDy™" values from
the tests of all profiles were normalized by the THDv value from the corresponding “design
profile”. This means that for the design profile 6, the normalized THDv = 1 pu, and for the tests
in profile 2 the normalized THDv = 0.55 pu, and with profile 6 the normalized THDv = 1.33 pu,

respectively.

The normalized THDv values from all tests are summarized in Figure 3.31. The lower the
normalized THDv value, the better the tuning performance at multiple distortion profiles.
Observe the best results are obtained with the “design profile” 14, where all tests yield a distortion
value at PCC below the THDv = 1.5 % limit of IEEE Std. 519-2014 [8]. Profile 14 can be seen
as a worst-case scenario, so in cases of less distortion, the filter is ensured to have an even better
performance for mitigation. From the results, it is recommended to tune the filter with all

harmonics at their limit of individual harmonic distortion.
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Figure 3.31: Results from sensitivity study of distortion profiles

3.3.9.4 Other filter topologies

Finally, the THD'" tuning methodology was also applied to the third order high pass
(3HP) filter topology in Figure 3.32 [58]. C; is tuned with the same criterion as for the C-type
filter, but for C>, the aim is to solve for the null derivative proportion of magnitudes of
impedances in (3.63), which minimizes the interference of R, L and C> at fundamental frequency
performance (losses and reactive power compensation). Expression (3.63) can be rearranged into
a quadratic equation with one viable solution denoted by (3.64) (the other solution can yield very

large values of C>).

c R G d (1[G + R+ (GG)™H™H
1 =1 =0 3.63)
! dc, 1GED
L 2
Figure 3.32: 3HP filter C, = 3.64
topology 2 L+ VL% + 4R? ( )

With this result, again, the filter can be tuned in terms of R and L by calculating the
respective Rr(h) and Xr(h) expressions, as well as their derivatives. The expressions for this 3HP

filter are shown in the Appendix F.

The algorithm was compared once again to the tuning procedure for the 3HP filter in [58],

and the results are summarized in Table 3.15.



Table 3.15: Tuning comparison for 3HP filter topology

Type-111 Type-1IV
THD®" RFSC  C.bank | THD®® RFSC C.bank

Ci, uF 21.39 21.39 21.39 21.39 21.39  21.39
L, mH 7.7 13.16 - 4.54 13.16 -
Co, uF 51.9 36.37 - 98.2 36.37 -
R, Q 49.67 31.25 - 26.14  31.25 -

THDv, % 0.95 1.04 1.43 0.74 0.94 1.15
Losses, kW 7.1 11.6 0 4.62 11.6 0
Oc/Swe, % 15.37 15.66 15 15.22 15.66 15

Cost, M$ 0.94 0.97 0.88 0.92 0.97 0.88

95

The filters have a similar cost as their tunings are also closer than for the results of the

tuning for the C-type topology, however the THD™" tuning is once again cheaper and provides

higher THDv damping, with less losses and less deviation from the original reactive power

compensation value.

3.4 Chapter summary

This chapter studied the weakly damped resonance phenomenon (harmonic resonance) in

wind parks after their connection to a point of the transmission grid with pre-existing voltage

distortion to excite the resonance. Two simplified graphical tools were proposed based on

impedance-equivalent models of the grid and the wind park to monitor the risk of such

problematic resonances in the circuit:

1) The Harmonic Resonance Chart: To study the amplification of grid harmonic distortions

at the point of common connection (PCC) between the wind park and the grid. The chart

corelates the short-circuit ratio Ss¢/Swp of the grid to the reactive power compensation

ratio Qc/Swp of the wind park capacitor bank, to delimit in regions in the chart where a

problematic resonance is more likely to occur.

2) The Component Loading Chart: To determine the level of voltage distortion at PCC

required to overload wind park components. As the shunt capacitor bank is the most

vulnerable element of the wind park to overloads due to harmonic resonance, its apparent

power index was used to draw the boundary of a region that corelates each value of

Oc/Swe to the harmonic voltage necessary at the PCC of the wind park to overload the

capacitor.
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Note that no computer simulation is required in these first-screening assessments. They can
quickly filter out risk-free conditions and narrow down to only a few cases that are problematic

and, as such, need to be investigated in more detail.

To mitigate these harmonic resonance problems, a method was proposed to design a
passive filter that can be installed in the park and is capable of both, providing the necessary
reactive power compensation to the park and avoid a problematic resonance. The proposed
methodology tunes the filter to minimize the THDv at PCC in a cost/effective fashion, while it
ensures the same performance at fundamental frequency of the original capacitor bank. This
methodology was compared to existing methods in the literature and proved to lead to more cost-

effective filters.
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4 UNSTABLE RESONANCE

When the negative damping provided by Type-III and Type-IV wind generators exceeds
the positive damping from the rest of the system at a given resonance frequency, the resonance
becomes unstable. This leads to growing voltage and current oscillations at such frequency until
the system is reconfigured by component disconnection via protection devices, or by control
actions. Unlike the stable (harmonic) resonance studied in Chapter 3, this type of events can
cause catastrophic damages in a short timeframe (few minutes or even seconds). These events
are also known as “unstable control interactions”, since the wind generator controllers normally

have an important role in the characteristics of the event [3], [15].

As defined in Section 2.5, unstable resonances due to control interactions between the wind
parks and the grid can be divided into three categories according to the typical frequency range
where the event occurs: 1) Sub-synchronous (from 0 Hz to 40 Hz); 2) Near-synchronous (from

40 Hz to 80 Hz); and 3) Harmonic frequency range (from 80 Hz to 1.5 kHz).

Supported by the developments in Chapter 2, this chapter first defines the impedance-based
criteria to study the stability of control interactions between the wind park and the grid, and then,
studies the practical likelihood of the necessary conditions for each of the aforementioned
unstable resonances to occur in the field. From the results of this study, a chart is proposed for
sub-synchronous resonance risk assessment, as it is the most probable type of unstable resonance

involving wind parks with Type-III generators.

4.1 Impedance-based stability criteria and the origin of resonance

The Nyquist impedance-based stability analysis is widely used in the literature of power-
electronics based generators [15], [19], [20], [23], [26]. The “Generalized Nyquist” criterion [40]
can be applied at any bus of the grid (i.e., “point of analysis™) by defining two equivalent
impedances as in Figure 4.1 and then applying expression (4.1), where Z,, is the equivalent
positive-negative sequence impedance matrix of the “origin of resonance” and Z., is the
equivalent positive-negative sequence impedance matrix of the rest of the grid. The “origin of
resonance” is defined in this thesis (to facilitate the stability analysis) as the element with the
highest participation factor at the resonance frequency (participation factors are calculated from

the eigenvalues of the system’s admittance matrix at the resonance frequency [41]).
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The Nyquist criterion dictates that, if the trajectory of the resulting eigenvalues through the
frequency spectrum encircles the (-1,0) point clockwise in the complex plane, the system is
unstable. The frequency where the eigenvalues cross the unitary circle corresponds to the
resonance frequency. To illustrate, consider the example in Figure 4.2. Notice scenario 2
encircles the (-1,0) point, indicating the system will have unstable oscillations at 11 Hz and 109

Hz. Whereas scenario 1 presents stable oscillations at 7 Hz and 113 Hz.
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Figure 4.2: Generalized Nyquist stability criteria example

The “Generalized Nyquist” criterion is used when analyzing the stability of control

interactions at the near the synchronous range (NSR), which involve non-negligible sequence
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couplings (see the impedance profiles of the generators in Figure 2.11 and Figure 2.12). In this
case, the wind park, as a whole, acts as the “origin of resonance” (the rest of the grid is considered
without sequence couplings). However, for the sub-synchronous range (SSR), the “origin of the
resonance” is a series capacitor of a transmission line, and for the harmonic frequency range

(HFR), the “origin of resonance” is the wind park’s shunt capacitor.

Considering capacitor banks have no sequence couplings, a simplified stability criterion
can be derived from expression (4.1) based on the positive sequence impedance described by

expression (4.2). This criterion is known as the “sum of impedances” criterion,

Zsum(f) = Zeq,p(f) + Zor,p(f) =0
Zeqn (fze , n(f)
Zeq,p(f) = Zeq,pp (f) - % 4.2)

Zorp () = Zorpp(f) — Z"”‘zg Z‘E}’)’" L = Zorpp(f)

Notice zeq,(f) 1s the decoupled positive sequence impedance of all the elements of the grid,

except the capacitor which is the “origin of resonance”. The expression for z,,(f) corresponds to
the positive sequence component of the impedance matrix as the sequence couplings of balanced
capacitors are null. These expressions were obtained in the same way as expression (2.25) for a

dominant positive sequence phenomenon.

The “sum of impedances” criterion dictates the system is unstable when the damping at the
resonance frequency frs is negative, i.e., when the conditions of expression (4.3) are met.
Basically, the net reactance Xs.m zero-crossings are checked to find the resonance frequencies,

and, if the net damping R,.» at such resonance frequency is negative, then the system is unstable.

Im{Zsum(f)} = Xsum(f) =0=f = fres

Re{Zgym (fres)} = Rsum (fres) <0

To illustrate the sum of impedances criterion, consider the scenarios in Figure 4.3. The

“4.3)

resonance of scenario 2 occurs at 11 Hz and at a point of negative damping, so the scenario is
unstable (red marker). On the other hand, scenario 1 is stable as the resonance frequency occurs

at 7 Hz and it has a net positive damping (green marker).
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4.2 Stability criteria validation

The validity of the “Generalized Nyquist” criterion and the “Sum of impedances” criterion
to study the stability at the different ranges of frequency can be determined by their accuracy to
match the frequency and damping sign (positive sign for stable, negative sign for unstable) of the
oscillation which arises after a small disturbance in the circuit. The output current of the wind
park from the EMT simulation was measured, and Fast Fourier Transform (FFT) was applied to

observe the frequency spectrum. Only phase A results are shown for visualization purposes.

4.2.1 Sub-synchronous range

For this subsection, the grid equivalent was modeled as a series RL branch with impedance
Zsc = Rsc + jhLsc, calculated with expression (3.3) for a reactance to resistance ratio at
fundamental frequency of X/R=10, and a short-circuit ratio of the grid at wind park PCC of
Ssc/Swp = 3. This model of the grid equivalent is used by the IEEE Task Force on Wind Sub-
Synchronous Oscillations [3]. A capacitor with reactance Xc = (hCs)! was added in series, and

its capacitance was calculated for a fixed Xc/X; ratio at fundamental frequency, in pu, as follows:

Cs = 1/(Lsc (XC/XL)) 4.4)
The EMT simulation was set to start at a stable configuration, with the wind park injecting
P =0.5puand Q =0 pu, and no series capacitor, i.e., Xc/Xz = 0%. At 9 seconds of simulation, a
stage of the capacitor was switched-in, for a compensation ratio of Xc¢/X; = 10%. The simulation
results are shown in Figure 4.4. The Type-III wind park presents two unstable oscillations, a large

one at 12 Hz with positive sequence, and a small one at 108 Hz with negative sequence (reflection
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of the 12 Hz oscillation due to the sequence coupling effect of the generators). On the other hand,
the Type-IV wind park remained stable. These results match field events reported in the literature,

where only Type-III wind parks become unstable when fed radially by series capacitors.
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The eigenvalues in the “Generalized Nyquist” criterion of the Type-III wind park encircle
the (-1,0) point denoted by the red marker, therefore, the capacitor connection leads to instability
at 12 Hz and 108 Hz (the crossings of the eigenvalues with the unitary circle denote the oscillation
frequencies). On the other hand, the “Sum of impedances” criterion also shows the Type-III wind
park is unstable at 12 Hz, but the 108 Hz component resulting from the coupling was neglected
as the phenomena was considered to have a dominant positive sequence (this is validated by

comparing the magnitudes of the components in the frequency spectrum from the FFT).

As for the Type-IV wind park, both the “Generalized Nyquist” and the “Sum of
Impedances” determined the system remains stable after the capacitor switching. Notice that,
although the resonance exists, both criteria demonstrate a very large stability margin of system

at the SSR because the Type-IV generators provide high positive damping at the SSR.

The impedance-based stability criteria match the EMT simulation results in the SSR with

great accuracy (frequency and damping sign of the oscillation), for both wind parks.

4.2.2 Near synchronous range

For this subsection, the wind parks were configured with a poor PLL tuning that leads to a
large bandwidth (large integral gain Kiprr = 4500, this is expanded on in Section 4.3). As in the
SSR study, the grid equivalent was modeled in the NSR as a series RL branch with impedance
Zsc = Rsc + jhLsc, calculated with expression (3.3) for a reactance to resistance ratio at
fundamental frequency of X/R=10. The disturbance is modeled by a reconfiguration of the
transmission system, which changed the short-circuit ratio at PCC of the wind park from Ssc/Swp

=2 to Ssc/Swp = 1.5, thus, entering a weak grid condition according to [15].

The simulation results for the NSR are shown in Figure 4.5. From the current waveforms,
notice that the Type-III wind park remained stable with damped oscillations at 51 Hz and 69 Hz,
whereas the Type-IV became unstable with oscillations at 52 Hz and 68 Hz. From the FFT of the
current oscillations, it is possible to observe that both the positive sequence (<60 Hz) and the
negative sequence (>60 Hz) have very similar magnitudes, which indicates they are equally

important in the phenomenon and neither of them can be neglected.

For both the Type-III and the Type-IV wind parks, the frequency of the oscillation and the

sign of its damping were estimated correctly by the “Generalized Nyquist” criterion. However,
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the “Sum of impedances” criterion does not yield accurate results in the NSR as explained
previously, because the simplification of dominant sequence that was used to derive this “sum of

impedances” criterion is not valid for NSR. There are important sequence couplings at this range.
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Therefore, the “Generalized Nyquist” impedance-based stability criteria matches the EMT
simulation results in the NSR with great accuracy (frequency and damping sign of the
oscillation), for both wind parks. However, as stated during its development, the “Sum of

Impedances” criterion is not accurate in the NSR due to the importance of sequence couplings.

4.2.3 Harmonic frequency range

Exciting unstable oscillations in the HFR under practical conditions is rather difficult, and
this will be expanded upon in Section 4.3. For validation purposes, the grid equivalent was
modeled as a series RL branch with impedance Zsc = Rsc + jhLsc, calculated with expression
(3.3) for a reactance to resistance ratio at fundamental frequency of X/R=10 and a short-circuit

ratio of Ssc/Swp = 5.

The 64 MVA wind park was configured with a shunt capacitor bank of rated capacity
Oc=6.4 MVAr for power factor correction, so that it provides a reactive power compensation

ratio of Qc/Swp = 10%.

To excite unstable resonance in the HFR in this validation example, feeder impedances of
the wind park were neglected, so that it is possible to simplify all wind generators into a single
machine equivalent. And then, the capacitor of the LCL front-end filter of the GSC was
disconnected, which leads to unstable oscillations in the HFR, where the “center of resonance”

is the shunt capacitor bank for reactive power compensation.

The simulation results are shown in Figure 4.6. Notice the current waveforms show an
unstable oscillation in the harmonic range of frequencies with positive sequence, at 485 Hz for

the Type-III wind park, and at 430 Hz for the Type-IV wind park.

The “Generalized Nyquist” is able to determine correctly both the frequency of the
oscillation and the sign of its damping. Unlike for the SSR and the NSR, only the positive
sequence oscillation is highlighted as the resonance is located at a frequency beyond 120 Hz, so
that its reflected component for the negative sequence has no physical meaning as it corresponds

to a negative frequency.

The “Sum of Impedances” criterion is also able to characterize the stability of the resonance
with high accuracy, in both the frequency and the sign of the damping of the oscillation. From

this criterion, it is possible to visualize the capacitor of the LCL filter has a considerable effect
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on the shape of the generator impedance profile in the HFR (see the comparison between Figure

2.13 and Figure 2.14), so the negative damping region of the generator is eliminated, which

makes the system stable.
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4.3 Mapping conditions for unstable resonance in a practical wind park
Unstable resonance involving wind parks has been studied extensively in the literature as
there are several reports of these events in practical power systems [3], [15]. However, several
of these works such as [23], [24] and [46], study the phenomena without taking into account the
wind park topology, use simplified generator models, or set generator controllers to uncommon
tunings. Although these assumptions are useful to demonstrate the theoretical background of the
unstable resonances, they do not allow a proper risk assessment of instabilities that are more

likely to take place in practice.

In order to evaluate the likelihood of unstable resonance to occur in a practical wind park
(i.e., with realistic topology and properly tuned generators), this section presents the results of an
extensive sensitivity study with thousands of tests that were conducted to map the circuit
configurations more likely to face unstable control interactions between the wind park and the
grid at the: 1) Sub-synchronous range (SSR) from 0 Hz to 40 Hz; 2) Near-synchronous range
(NSR) from 40 Hz to 80 Hz; and the 3) Harmonic frequency range (HFR) from 80 Hz to 1.5 kHz.
The feasibility of these necessary conditions for the unstable resonances is discussed to assign a

qualitative risk to each type of event in practical power systems.
The following variables of the grid were tested:

e Grid strength: From weak Ss¢/Swp = 1, to strong grids Ss¢/Swp = 10.

e (rid series capacitive compensation: From no compensation Xc/X; = 0 % to high
compensation Xc/Xz = 50 %.

¢ Grid damping at fundamental frequency: from high X/R = 2, to low damping X/R = 10.

e Grid impedance profile: Using either an RL series branch, or a more complex impedance

profile such as profiles extracted from the IEEE 14-bus test system [60].
The following variables of the wind park were tested:

e Wind park feeder type: Underground or overhead.

e Wind park feeders length: From half to twice the original value.

e Wind park shunt capacitor size: From no reactive power compensation Qc/Swr =0 % to a
high reactive power compensation Qc/Swp = 50 %.

e Wind park generator outages: From O units to 16 units (i.e., 50 %).
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e Wind park main transformer impedance: From half to twice its original value.
And the following variables of the wind generators were tested:

e Wind generator type: Type-III or Type-IV.

e Wind generator front-end filter of the GSC: LCL filter or L filter.

e Wind generator active power injection: From P=0.1 puto P=1 pu.
e Wind generator terminal voltage: From V= 0.95 pu to V= 1.05 pu.

e Wind generator control gains.
The base configuration of the system for the sensitivity study was set as follows:

¢ Grid equivalent: RL series branch model with a strength of Ss¢/Swp = 5, damping of X/R =
5, and no series capacitive compensation Xc/Xz = 0 %.

e Wind park: 64 MVA wind park with zero outages, underground feeders and no shunt
capacitive compensation Qc/Xwp = 0 %.

e Wind generators: Active power injection of P = 0.5 pu and terminal voltage of V"= 1 pu,

LCL front-end filter of the GSC, and the control gains of Appendix A.

To restrict the pool of test scenarios (based on the relevance of the controllers for each
range of frequency shown in Figure 2.16 and Figure 2.17), only the gains of the controllers in

Table 4.1 were tested.

Table 4.1: Control loops tested in the sensitivity study

Range SSR NSR HFR
e Converter current e Converter current e Converter current
control loop control loop control loop
Controller | ¢ DC bus control e DC bus control e DC bus control

e PLL e PLL Measurement filter

Control delay

4.3.1 Sub-synchronous range

The “Sum of Impedances” criterion is used to present the results in this subsection.
Unstable resonance in the SSR was only identified with Type-III wind parks especially due to
the presence of the induction machine effect, however for the sake of completeness and

comparison, some Type-IV wind park results are also shown.
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First, the grid variables are analyzed. Figure 4.7 demonstrates that very small compensation
levels can lead to instability in Type-III wind parks (Xc/X. = 10 % and above). On the other hand,
Type-IV wind parks are immune to instability in the SSR due to their high positive damping.
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Figure 4.7: Stability at SSR, sensitivity to series capacitive compensation
Figure 4.8 demonstrates that instability can occur with both strong and weak short-circuit
ratios. The main effect in this case is not the grid strength, but the amount of damping provided
by the grid. The compensation ratio for this test was set to Xc/X; = 10%. For this test, the
scenarios of the Type-IIl wind park with low damping (i.e., X/R=10) became unstable. And

again, the Type-IV wind park is immune to this type of unstable resonance.
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Frequency, Hz

b) Type-1V wind park

To show that instability at the SSR can only occur when the wind park is fed radially by a

series capacitor, the IEEE 14 buses test system from [60] was modified by adding a series

capacitor to the transmission line between buses 2 and 3 with a compensation ratio of X¢/Xz =
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40%, and the synchronous generator in bus 3 was replaced by a wind park complex of 192 MVA
(i.e., three units of the 64 MV A wind park used in this thesis) as shown in Figure 4.9. Notice the
transmission line is very close to the wind park complex, and that is has a high compensation

ratio. Two grid topologies were tested, and the results are shown in Figure 4.10.
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Figure 4.9: Modified IEEE 14 buses test system for grid topology analysis at SSR
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Figure 4.10: Stability at SSR, sensitivity to grid topology

When all transmission lines are operational, the system is stable. However, when the
transmission line between buses 3 and 4 is disconnected, the wind park complex is fed radially
by the series capacitor, which leads to unstable resonance in the SSR at 28 Hz for the Type-III
wind park. Once again, the Type-IV wind park remained stable.

Many other grid topologies were tested, with different locations of the capacitors and the
wind park, however, only those resulting in a wind park being fed radially by the capacitor led

to instability under sufficiently large compensation levels.
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Now, the grid wind park circuit variables are analyzed. Figure 4.11 presents a study of the
characteristics of the MV feeder of the wind park. The type of feeder was tested (underground
(ug), overhead (oh)), and the length of the original feeders was changed. The compensation ratio
for this test was set to Xc/Xz = 10%. The feeders did not present any relevant in the SSR due to
the following reasons: 1) their original length is short (see Table E.2), and 2) their series

impedance is low due to the low frequency of the phenomenon.
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Figure 4.11: Stability at SSR, sensitivity to feeder type and length
Figure 4.12 shows how effect of the main transformer impedance on the stability at the
SSR. The compensation ratio for this test was set to Xc/X; = 10%. The predominantly inductive
impedance of the transformer opposes the grid capacitor reactance, so larger capacitors are

required to make the system unstable with larger transformer impedances.
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Figure 4.13 demonstrates the shunt capacitor bank has no significant effect on the stability

at the SSR, which is expected as shunt capacitors at low frequencies have a very large impedance.

The compensation ratio for this test was set to Xc¢/Xz = 10%.
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Figure 4.13: Stability at SSR, sensitivity to shunt capacitor bank

Figure 4.14 shows the generator outages have an important effect on the stability at SSR.
The compensation ratio for this test was set to X¢/Xz = 10%. The more the number of generators
disconnected, the larger the WP equivalent impedance, so a larger negative damping provided
by the Type-III wind park worsens the instability. This is one reason why generator

disconnections did not solve the unstable resonance problems in the SSR reported in China [21].

> — ‘ ' > 3 ‘
e 0 . ' &2
%-8; \ % 1
o —Ounits x ——0 units
0.3 : : 0

. —8 units — 8uni ' :
0 | t6unts] 10 15 20 0 | ot 20 30 40

0.5 - ‘ - 0.5 ‘ —

> 3
o o
’-E O I // -E O [ —
=1 =1
: : -0.5 ‘ ‘

-0.5 : :
0 5 10 15 20 0 10 20 30 40
Frequency, Hz Frequency, Hz
a) Type-III wind park b) Type-1V wind park

Figure 4.14: Stability at SSR, sensitivity to generator outages

Finally, the generator variables are analyzed. Figure 4.15 shows the front-end filter

capacitance is not relevant in the SSR. The compensation ratio for this test was set to X¢/X; =
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10%. As for the shunt capacitor bank, the effect of the LCL filter capacitor can be neglected at

the SSR due to its high impedance of the capacitor at low frequencies.
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Figure 4.15: Stability at SSR, sensitivity to GSC front-end filter

Figure 4.16 shows the active power injection of the generators has important influence on
the stability at the SSR. For the Type-III wind park, lower power injections are associated with
more negative damping and lower resonance frequencies due to the change on the induction

machine impedance. This result matches the reports in the literature of instabilities at low wind.
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Figure 4.16: Stability at SSR, sensitivity to active power injection
Notice that although the system remains stable, the damping and resonance frequency
results of the Type-IV wind park change considerably with the active power, indicating a strong
influence of the operational setpoint on the equivalent impedance of the converter. Figure 4.17,

which evaluates the effect of the terminal voltage on the stability at the SSR, confirms the Type-
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IV generator indeed depends on the operational setpoint of the controllers. On the other hand, the

Type-III generator does not as the impedance is dominated by the induction machine.
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Figure 4.17: Stability at SSR, sensitivity to terminal voltage

Although several scenarios of instability were achieved prior to modifying the control
tunings of the generators, Figure 4.18 to Figure 4.20 are presented to show the effect of the most
relevant control gains on the stability at resonance at the SSR. The compensation ratio for this
test was set to Xc/X, = 10%, where the Type-III wind park is unstable. Lower gains of the current
control and the DC voltage control loops tend to stabilize the system, whereas larger gains
increase the risk of instability. Notice the PLL gains require larger changes to evidence the
influence in the SSR (see the bandwidth and damping effect in the Appendix D). The effect of
the PLL is visible in Type-III wind parks for frequencies greater than 20 Hz, so it can be necessary

to model it in detail in presence of transmission lines with high series compensation levels.

2 32—
£ Eal N
2 -0. a1 T

o h's

-0.2 - - - 0 ‘ : :
0 7Kp x 0.5, Ki x 0.5 Kp x 0.5, Ki x 2.0 0 7Kp x 0.5, Ki x 0.5 Kp x 0.5, Ki x 2.040
7Kp x 2.0, Ki x 0.5 7Kp x 2.0, Ki x 2.0 7Kp x 2.0, Ki x 0.5 7Kp x 2.0, Ki x 2.0

L 02 — S 1 : : :

o or i o //_—/
I I L e ]
E-02 EO -

=" -0.4 <" | , |

0 5 10 15 20 0 10 20 30 40

Frequency, Hz
a) Type-I1I wind park

Frequency, Hz
b) Type-1V wind park

Figure 4.18: Stability at SSR, sensitivity to converter current control gains (Kycsc, Kicsc)
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Figure 4.19: Stability at SSR, sensitivity to DC bus voltage control gains (Kpac, Kiic)
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Figure 4.20: Stability at SSR, sensitivity to PLL control gains (K,prrz, KirL1)

As control tunings and topologies can vary significantly from vendor to vendor, it is
important to be able to model the controllers of the generators with flexibility for greater accuracy
instead of using over simplified models to facilitate the algebra. This further justifies the

usefulness of the modeling methodology proposed in Chapter 2 of this thesis.

4.3.2 Near synchronous range

The “Generalized Nyquist” criterion is used to present the results in this subsection. After
extensive testing, it was determined that unstable control interactions in the NSR can occur for
both Type-III and Type-1V wind parks, but the wind park has to be connected to a weak grid (i.e.,
providing a low short-circuit ratio of Ssc/Swp< 2 [15]) and the tuning of the PLL must deviate
significantly from the original value [46]. Scenarios with tunings deviating more than 10 times

the original value are considered to be improperly tuned in this thesis.
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The sensitivity of the system to the grid strength is first analyzed in Figure 4.21 using the

original PLL gains K,pz;=15 and K;p11=45. Notice that the system is stable for both the Type-III

and Type-IV wind park at all grid strengths as the trajectory of the eigenvalues do not encircle

the (-1,0) point. This indicates that a properly tuned PLL is able to ensure a good stability margin

at the NSR, even at grids with low short-circuit ratios.
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Figure 4.21: Stability at NSR, sensitivity to grid strength with adequate PLL tuning

Now, the grid strength is fixed at the largest of the short-circuit ratios from Figure 4.21,

i.e., Ssc¢/Swp = 2, and the PLL tuning is changed. Notice that even though both wind parks

remained stable for all tunings, the tuning with the lowest proportional gain was the closest to

instability. According to the results in the Appendix D, the lower proportional gains provide less

damping to the oscillations of the PLL output.
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Figure 4.22: Stability at NSR, sensitivity at strong grid to PLL gains (K,r.L, KirL1)
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Figure 4.23 presents the results of the same PLL tuning scenarios from Figure 4.22, but

with a weaker grid, i.e., Ssc/Swp = 1. Notice that now both the Type-III and the Type-IV wind

park became unstable for the tuning with the lowest proportional gain. Moreover, the tuning with

the large integral gain also came close to making the Type-IV wind park unstable.
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Figure 4.23: Stability at NSR, sensitivity at weak grid to PLL gains (KyprrL, KirL1)

For the remaining sensitivity studies in this subsection, the grid strength is fixed to Ssc/Swp

= 1.5, and the proportional gain of the PLL to K,pz. =3 (1/5 of the original value), for the system

to be stable but close to its limit. Figure 4.24 studies the effect of series capacitors in the

transmission system feeding the wind park. Only the Type-1V wind park results are shown since

the Type-III wind park can easily become unstable at the SSR with very low capacitive

compensation levels. Notice that connecting capacitors in series is analog to strengthening the

grid, which in turn, increases the stability margin of the system.
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Figure 4.24: Stability at NSR, sensitivity to series capacitor, Type-IV wind park
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Figure 4.25 presents the effect of the grid damping ratio on the stability at the NSR. A
larger resistive component from the grid can also contribute to weakening the voltage at wind

park PCC. Therefore, lower X/R ratios move the system closer to instability in the NSR.
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Figure 4.25: Stability at NSR, sensitivity to grid damping ratio
Consider the IEEE 14 buses transmission system in Figure 4.26 to study the influence of
the grid topology on the stability at the NSR. The generator at bus 3 was replaced by 10 units of
the wind park complex in Figure E.1 (the original complex has a rated capacity of 64 MVA, so
the total installed capacity in this test is 640 MVA). With this change, the wind park sees an
equivalent short-circuit ratio at PCC of Ss¢/Swp = 2.71. Both the Type-III and the Type-IV wind

parks are stable at this condition.
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Figure 4.26: Modified IEEE 14 buses test system for grid topology analysis at NSR
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Now consider the grid reconfiguration scenarios in Figure 4.27. If the lines between buses
2-4 and 2-5 are disconnected, the short-circuit ratio at wind park PCC drops to Ss¢/Swp = 2.22.
Although the system is weakened, both the Type-III and Type-IV wind parks remain stable.
However, without the load at bus 3, the short-circuit ratio drops even further to a value of
Ssc/Swp = 1.44, where the Type-IIl wind park becomes unstable at the NSR, but the Type-IV

remains stable although closer to its limit.
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Figure 4.27: Stability at NSR, sensitivity to grid topology

a) Type-III wind park

Now, the variables of the wind park are studied. Figure 4.28 presents the effect on the
stability at the NSR, of the wind park feeder type, underground (ug) and overhead (oh), and their
length. For all tests, the system remained stable since the feeders are short, and the frequency of
the studied range is not high, so their impedances can be neglected and the stability at the NSR
is not affected significantly. Nevertheless, the tendency shows that longer feeders reduce the

stability margin as the grid equivalent seen by each generator is weaker.
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Figure 4.28: Stability at NSR, sensitivity to wind park feeder type and length
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Figure 4.29 presents the sensitivity of the stability at the NSR to the size of the shunt
capacitor bank of the wind park. The larger capacitors raise the voltage of the wind park feeders,
so the generators have to absorb more reactive power to meet their terminal voltage setpoint. The
impedance of Type-IV wind generators is more heavily influenced by the operational point, and
the higher reactive power absorption changes their impedance so the system becomes more easily
unstable. The opposite occurs for Type-III wind parks, where larger capacitor banks increase the

stability margin as the generator impedance is dominated by the induction machine.
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Figure 4.29: Stability at NSR, sensitivity to wind park shunt capacitor bank
Figure 4.30 presents the sensitivity to the main transformer impedance. Increasing this
impedance’s value is analog to weakening the grid equivalent seen by the generators, so higher

impedances facilitate the system to instability in the NSR, for both types of wind parks.
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Figure 4.30: Stability at NSR, sensitivity to wind park main transformer impedance
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The effect of the generator outages is shown in Figure 4.31. The disconnection of
generators is analog to increasing the short-circuit ratio Ssc/Swp of the wind park at PCC, so that

the more disconnections, the less risk of unstable control oscillations in the NSR.
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Figure 4.31: Stability at NSR, sensitivity to wind park generator outages
Now, the variables of the generator are studied as follows. Figure 4.32 demonstrates the
front-end filter topology has no significant impact on the stability at NSR (recall the L filter is
derived from the LCL filter, but without the shunt capacitor). This occurs because the impedance
resulting from the LCL filter capacitor, near synchronous frequency can be considered an open

circuit in this range of frequencies.
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Figure 4.32: Stability at NSR, sensitivity to front-end filter of the GSC

The effect of the active power setpoint of the generators is shown in Figure 4.33. Notice

that the system has a higher risk of unstable oscillations in the NSR with higher power injections.
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This happens predominantly due to the changes on generator impedance resulting from the slip

of the induction machine (Type-III) and the setpoint of the controllers (Type-IV).
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Figure 4.33: Stability at NSR, sensitivity to active power injection
The effect of the terminal voltage setpoint of the generators is shown in Figure 4.34. Notice
that similar to the shunt capacitor bank results, the lower voltages require reactive power

absorption and can increase the risk of instability, whereas the higher voltages can reduce it.
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Figure 4.34: Stability at NSR, sensitivity to terminal voltage

Finally, the control gains of the GSC current control loop are analyzed in Figure 4.35, and
the gains of the DC bus voltage control loop in Figure 4.36, respectively. Although the PLL
control gains were analyzed in the beginning of this subsection, these other loops also
demonstrated a relevant MAS index in the studies of Chapter 2. Notice that in presence of a

poorly tuned PLL and a weak grid, the lower proportional gains of the current control can lead
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to instability, whereas higher values increase the stability margin, in both Type-III and Type-IV
wind parks. As for the DC bus voltage control loop gains, the Type-III generator is more
sensitive, where the higher proportional gains can lead to instability in the NSR. These results
confirm the claims in the literature that all of these control subsystems participate in the
oscillation stability at the NSR, i.e., weak grid oscillations [3], [46]. However, as shown by the
sensitivity studies in this subsection, these oscillations are only possible in a practical wind park

topology with improperly tuned and non-robust PLLs.
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Figure 4.35: Stability at NSR, sensitivity to current control loop gains (K,csc, Kicsc)
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Figure 4.36: Stability at NSR, sensitivity to DC voltage control loop gains (Kpac, Kiac)

4.3.3 Harmonic frequency range
The “Sum of impedances” criterion is used to present the results in this subsection.

Although instability in the HFR is difficult to achieve under practical conditions (i.e., with a real
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wind park topology and properly tuned generators), it is possible at least in theory for both Type-
IIT and Type-IV wind parks if the shunt capacitor bank produces a resonance frequency in the
range of typical grid harmonics (f < 1500 Hz), where the wind generator controllers provide
negative damping as shown in Figure 2.13. However, this instability also requires very low active
power injections (Type-IV wind parks), or the absence of all other circuit capacitances (feeder

capacitive effect, and the capacitor of the generator’s filter).

To demonstrate the previous affirmations, first notice in Figure 4.37 that the resonance
frequencies due to the shunt capacitor bank range from 120 Hz to 500 Hz in the practical circuit
(for the largest capacitor bank Qc/Swp = 50% and the smallest Oc/Swp = 10%, respectively),
which confirms that resonance of the shunt capacitor bank is indeed possible in the range of
negative damping of the generators. The capacitor bank size does not affect the damping but
defines the resonance frequency. Notice that the smaller capacitor banks are closer to the point
of lowest damping, which is located before the point of resonance of the LCL filter of the
generators. Therefore, although all capacitor banks in this test are stable as the damping is always
positive, the smaller banks have a higher risk of instability than the larger banks. For the

remaining of the tests in this subsection, the capacitor bank was fixed to Qc/Swpr = 10%.
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Figure 4.37: Stability at HFR, sensitivity to shunt capacitor size

Figure 4.38 was built to show the effect on the stability at the HFR of the grid strength and
the damping ratio. Notice that the stronger grid provides less damping and higher resonance
frequencies. Their equivalent resistance is lower as it is closer to the resonance of the front-end

filters so it increases the risk of instability, whereas the weaker grid has a higher damping that
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reduces the risk of instability. Then again, all tested configurations remained stable. Changes in

the grid damping ratio did not show significant impact on the results.

2 : : 2 ‘ ‘
2 2
a o \
L
2 3

wa 0 _ﬂ//_\\ . wa i )
7SSC/SWP=2’ X/R=2 SSC/SWP:10’ X/R=2 7SSC/SWP=2’ X/R=2 SSC/SWP=10, X/R=2
7SSC/SWP=2’ X/R=10 7SSC/SWP=10’ X/R=10 7SSC/SWP=2’ X/R=10 7SSC/SWP=10, X/R=10

5 - 5
2 / 2 )
: < L o
on ><(/)

5 s
500 1000 1500 500 1000 1500
Frequency, Hz Frequency, Hz
a) Type-I1I wind park b) Type-1V wind park

Figure 4.38: Stability at HFR, sensitivity to grid strength and damping ratio
The series capacitive compensation effect on the stability at the HFR is shown in Figure
4.39, however, only the results of the Type-IV wind park are shown since very low series
compensation levels are able to produce unstable resonance in the SSR with Type-III wind parks.
The grid was fixed to Ssc/Swp = 5. Notice this characteristic of the grid equivalent has no impact

on the stability at the HFR which is expected as capacitors at high frequencies have a very low

impedance.
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Figure 4.39: Stability at HFR, sensitivity to series capacitor, Type-IV wind park
Now, in order to evaluate the impedance profile of the grid equivalent, consider the circuit
in Figure 4.40, which corresponds to a modified version of the IEEE 14 buses test system. The

transmission lines highlighted in blue model their capacitive effect which is relevant at the HFR.
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Two tests are conducted with the system to evaluate the possibility of unstable resonance at the

HFR with shunt capacitors inside and outside the wind park:

Figure 4.40: Modified IEEE 14 buses test system for grid topology analysis at HFR
1) Inside the wind park: Ten units of a 64 MV A wind park complex (640 MV A wind park)

are connected at bus 2, then moved to bus 3, bus 4 and bus 5. The shunt capacitor bank

at medium voltage of the wind parks is fixed to Qc/Swr=10%.

2) Outside the wind park: Ten units of a 64 MVA wind park complex (640 MVA wind
park) without shunt capacitor bank at medium voltage are connected at bus 4, which
already has a shunt capacitor at high voltage. Then, the size of the capacitor is changed

to evaluate different compensation levels.

Figure 4.41 presents the results for test 1) with several locations of the wind park. The
resulting short-circuit ratios are Ssc/Swp =10 (Bus 2), Ssc/Swp =2.7 (Bus 3), Ss¢/Swp =8.5 (Bus 4),
and Ssc/Swp=14.9 (Bus 5). Notice that even though most short-circuit ratios are high and provide
lower damping than a lower short-circuit ratio, the wind parks remained stable. The effect of the

capacitances of the transmission lines becomes more relevant at frequencies beyond 1 kHz.
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Figure 4.41: Stability at HFR, sensitivity to grid impedance profile, test 1
Figure 4.42 presents the results from test 2. Notice that the capacitor bank at bus 4 was
modified to provide the reactive power compensation ratio required by the wind park complex.
Here, the damping observed by the capacitor is even more positive than when the capacitor is
placed at the MV bus, because of the decoupling effect of the wind park’s main transformer

impedance, which is rather large. All scenarios are stable at the HFR.
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Figure 4.42: Stability at HFR, sensitivity to grid impedance profile, test 2

Moving on to the wind park variables, Figure 4.43 presents the effect of the main
transformer impedance. Notice there is no significant impact, although larger impedance values

reduce the risk of instability, analog to the higher impedance from weaker grids.
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Figure 4.43: Stability at HFR, sensitivity to main transformer impedance

And Figure 4.44 shows that disconnecting generators has no significant impact on the

stability at the HFR, but it provides a slight reduction of the negative damping.
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Figure 4.44: Stability at HFR, sensitivity to generator outages

The previous tests evidence the difficulty of inducing unstable oscillations at the HFR in a
practical wind park as the overall damping is positive. To force the instability, as mentioned at
the beginning of this subsection, the capacitances of the wind park have to be eliminated. Figure
4.45 was built to demonstrate this for a 64 MV A wind park with a shunt capacitor bank of Qc/Swe
=10% and a grid of Ssc/Swp =5. Notice that the only scenario which resulted in instability is the

one with overhead feeders and L front-end filter, i.e., without capacitances.
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Figure 4.45: Stability at HFR, sensitivity to feeder type and front-end filter
On-shore practical wind parks are more commonly designed with underground feeders,
and additionally, the most common wind generator topology for the front-end filter used to damp
switching harmonics is the LCL topology. These circuit conditions required for instability at the

HFR are unlikely to occur in the field and can be avoided by a robust control design.

Next, the variables of the generator are studied. The active power injection results are
shown in Figure 4.46 and from the terminal voltage in Figure 4.47. Notice that lower power
injections slightly increase the risk of instability as the setpoint has an effect on the generator
impedance. The P=0.1 pu power injection value was able to create a negative damping region
which led to instability for the Type-IV wind park. On the other hand, the terminal voltage had
no significant effect on the stability at the HFR.
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Figure 4.46: Stability at HFR, sensitivity to active power injection
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Figure 4.47: Stability at HFR, sensitivity to terminal voltage

As this instability is difficult to achieve, the controllers of the generators are also studied.

Figure 4.48 evaluates the effect on the stability at the HFR of the delay produced by the

controllers and by the measurement filter. As expected, eliminating these delays slightly

improves the damping at the HFR, which reduces the risk of instability.
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Figure 4.48: Stability at HFR, sensitivity to control delays

1500

Figure 4.49 presents the effect of different tunings on the current control loop of the GSC.

The proportional gain has a higher influence than the integral, and this is more visible for the

Type IV generator whose equivalent impedance is directly provided by the GSC controller

impedance, where higher proportional gains led to a negative damping region, but all tested

scenarios remained stable.
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Figure 4.49: Stability at HFR, sensitivity to current control loop gains (K,csc, Kicsc)

And the effect of the gains of the DC bus voltage control are evaluated in Figure 4.50.
Again, the Type-IV wind park is more affected than the Type-III. The higher proportional gains
of the DC bus controller were also able to produce a negative damping region in the Type IV

wind park, but as in the current control case, all scenarios remained stable.
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Figure 4.50: Stability at HFR, sensitivity to DC voltage control loop gains (Kpic, Kiac)

4.3.4 Summary of necessary conditions for unstable resonance
The conditions for unstable resonance to occur at each range of frequency are summarized
in Table 4.2, based on the results the sensitivity studies in sections 4.3.1, 4.3.2 and 4.3.3. The

most important characteristics to achieve the instabilities are highlighted in bold font.
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The last row of Table 4.2 presents a qualitative designation of the risk for the instabilities

to occur in a practical circuit based on the experiences collected from the studies, which matches

the reports of instability in the literature. The risk designation is further detailed as follows:

1)

2)

3)

Moderate-high risk in the SSR: Wind parks are frequently built at remote locations with
dedicated and long transmission lines. These transmission lines may have series
capacitors to increase the power transfer capability, and grid reconfigurations (line
outages) can lead to radial connection between Type-III wind parks and a transmission
line with a series capacitor, which in turn, results in unstable sub-synchronous
oscillations. Other factors that increase the risk are the capacity factor of wind parks
which is typically low (around 30%, i.e., low power injection), the Type-III generators
being the most common technology in the field, and the possibility to occur at any grid
strength and control gains setting (without built-in mitigation).

Low-moderate risk in the NSR: Weak grid oscillations can arise in both Type-III and
Type-1IV wind parks if the proportional gain of the PLL is low and the integral gain is
high. However, properly tuned PLLs are able to effectively shield the wind park at very
weak grids. Other factors that increase the risk of instability are high power injections
and low terminal voltages which reduce the stiffness of the terminal voltage that the
generators use to synchronize to the grid. Certain tunings of the DC bus voltage controller
and the current controller of the GSC are also able to participate in the weak grid
oscillations if not properly tuned.

Very low risk in the HFR: Shunt capacitor banks for power factor correction of the wind
park are able to resonate below 1.5 kHz. This resonance can become unstable in both
Type-III and Type-IV wind parks if the capacitances of the wind park feeders are low and
if the front-end filters of the generators have no capacitor. However, this condition is
unlikely as LCL filters are the most common topology in wind generators, and wind park
feeders are typically underground, which have a considerable capacitive effect. Unlike
the stability at SSR and NSR, the stability at the HFR is not a system scale phenomenon
as the origin of resonance is located inside the wind park. Other factors that can increase
the risk of instability are low active power injections, and high gains of the GSC current

control and the DC bus voltage control.
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Table 4.2: Conditions that create risk of unstable resonance in practical wind parks

Range Sub-synchronous Near synchronous Harmonic frequency
Origin of Grid HV series capacitor Wind generators Wind park MV shunt
resonance capacitor

Type of generator Type-II1 Type-111, Type-IV Type-111, Type-IV
Grid topology Radial Any Any
Grid strength Any Weak More risk at stronger
grids
More risk with: More risk with: More risk with:
; - PLL gains (low - GSC current (high
- GSC current (high . o .
. . proportional, high integral) proportional)
Control gains proportional) .
. . - GSC current (low - DC bus (high
- DC bus (high proportional, . . .
high integral) proportional) prop(?rtlonal, high
- DC bus (high proportional) integral)
Active power More risk at low More risk at high power / Slightly hllogxer St
injection / wind power / wind wind .
power / wind
Terminal voltage Any More risk at low voltage Any
Absence of MV feeder

capacitance and
front-end filter

capacitor
Unstable
. Low - moderate
resonance risk

4.4 Graphical approach for sub-synchronous resonance assessment

Other - -

Although series capacitor banks near wind park facilities are very rare in Brazil, this is not
the case in other countries such as the United States and China. From the analysis in Section 4.3,
and from the literature review on event reports presented in Subsection 1.1.2, it can be seen that
the most concerning type of instability in practical wind parks is at the sub-synchronous range
due to Type-III wind parks being fed radially by series capacitors. The risk of these unstable sub-
synchronous oscillations (SSO) is commonly assessed by utilities with EMT simulation after a
topology search, which can be a time-consuming process. However, not all operating scenarios
present risk of SSO and require such a detailed investigation. This section proposes two charts
based on impedance equivalents of wind generators obtained through frequency scans to map the
combinations of parameters leading to unstable SSOs. With the information, engineers can
immediately filter out scenarios with no risk of instability and conduct detailed studies on fewer

scenarios that are truly critical. These charts are obtained with simple equations that use only
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information readily available in practice, without the need to run repetitive computer simulations.
The charts also reveal the key operating conditions that can increase the risk of an unstable SSO
and provide real-time quantitative insights into how close a wind park is to an instability.
Application examples are provided to illustrate how this approach can help engineers speed up

studies to identify the risk of SSO.

4.4.1 Method for screening of unstable SSO

Transmission grids are typically meshed and can have several series capacitors, but
unstable SSOs arises only when the circuit can be represented by the configuration shown in
Figure 4.51, i.e., when a Type-IIl wind park is connected to the rest of the grid through a one
specific series compensated transmission line, which may occur both on normal operation [21]

and because of contingencies [91].

Wind

PCC N
Grid
qul'lliv' ‘I‘{ Transmission line }—I_;{ }_I_ park

Series capacitor

Figure 4.51: Wind park radially connected to series compensated line

As shown in Section 4.3.1, the sub-synchronous resonance created by the interaction
between the series capacitor and the rest of the circuit is unstable if the negative damping from
the Type-III generators overcomes the damping provided by the rest of the circuit. One can apply
this criterion to a real transmission network by considering the contingencies that result in the

topology of one series capacitor radially connected to the wind park under study.

4.4.1.1 Predictive, offline analysis

Two charts are presented in Figure 4.52 to help engineers further narrow down the critical
scenarios that must be investigated in detail after detecting the problematic radial configuration.
The first chart in Figure 4.52 a) consists of two curves that divide the Ssc+in/Swp vs. Xc/X1 plane
in three regions (Ssc+in i1 the combined short-circuit capacity of the grid equivalent and the
transmission line without the series capacitor, at the PCC of the wind park; Swp is the rated
capacity of the wind park; and X¢/X; is the capacitive reactance to inductive reactance ratio of
the transmission line). All scenarios in the region below the lower boundary curve (red line) have
no risk of unstable SSO regardless of the active power injected by the park P;, and, therefore,

can be neglected without any further analysis. On the other hand, combinations above the upper
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boundary curve (blue line) have an unstable SSO regardless of Pi; and a more detailed
investigation must be conducted to analyze these instabilities. Finally, for scenarios between both
boundary curves, the outcome on whether the system is unstable depends on the active power
injection Pi,;. The second chart shown in Figure 4.52 b) must be analyzed in this case, where if
the operating condition is below the boundary curve, the system is stable and no further analysis
is necessary. However, if the operating condition is above the boundary, the system will have an

unstable SSO. A detailed investigation must be performed in this latter case.

50 Case 2 Unstable 50 Case 2
40 Y region 40 >
=S B8 -~ SM=-0.05pu
.30 30 ’
¢ Case\} :
;O 20 ~020
10; Stable 10 p. min
region n
0 0 <
1 82 s 3 4 01 03 05 07 09
SC+lin' “wWpP ij, pu
a) Capacity chart b) Power injection chart

Figure 4.52: Charts for predictive SSO screening

To illustrate the charts usage, one may consider the example shown in Figure 4.51, where
the short-circuit level at the PCC without the series capacitor is 380 MV A, the transmission line
has two stages of series compensation level (Xc/Xz =20% and Xc/X. = 40%), and a 200 MVA
wind park is to be connected at the PCC. This circuit is plotted in Figure 4.52 a) where Case 1
and Case 2 represent the cases with Xc/X, = 20% and Xc/X. = 40% compensation, respectively.
Case 1 is in the safe region and no instability is expected in this case. Case 2 is in the region
where instabilities can occur depending on the active power injection of the park. According to
Figure 4.52 b), Case 2 will remain stable if power injection is above 0.3 pu. Otherwise, an

instability will emerge, and a detailed analysis is recommended to investigate this scenario.

In summary, with these two charts, one can immediately (a) filter out scenarios with no
risk of unstable SSO, (b) identify scenarios whose stability depends on the active power injection
of the wind park, and finally (¢) pinpoint the specific critical scenarios that must be investigated
in detail. This screening saves significant analysis time as it greatly reduces the number of

detailed simulations and analyses that must be conducted.
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Figure 4.52 indicates that scenarios with Xc/Xz = 0% are risk free. This is true for SSO that
involve interactions between a series capacitor in the grid and wind generators. However, as
indicated in Section 4.3.2, unstable oscillations near the synchronous resonance due to weak grid
may also occur as they do not require a series capacitor in the grid, but this phenomenon is out

of the scope of the proposed charts as they were designed for SSO mapping.

4.4.1.2 Real time, online analysis

Consider the examples of Capacity chart and Power injection charts in Figure 4.52 for SSO
assessment. The Power injection chart in Figure 4.52 b) can be used to outline the minimum
active power injection Pi,™" of the wind park to ensure the system remains stable during a
contingency. With this information and with the active power injected by the park P;, (which is
known in real time), it is possible to quantify how close the system is to instability by using the

stability margin (SM) defined as follows:
SM (pu) = Pinj — Pi}" (4.5)

As long as SM remains positive, there is no risk of an unstable SSO in the park. If SM is
negative, the system will become unstable if a contingency that results in the park radially
connected to the series compensated line takes place. Preventive actions may be undertaken in

the latter case.
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Figure 4.53: 24-hour stability margin of the wind park

Figure 4.52 illustrates in blue the stability margin SM of the park operating at Case 2. If the
24-hour power injection profile of the wind park (extracted from [92]) is the one in Figure 4.53
a), the real time stability margin of this circuit will be as presented in Figure 4.53 b). The SM is
negative, i.e., there is instability risk, in 7.44 h (A¢t; =4.08 h, At2=0.96 h, At3 =0.22 h,At4, = 2.18
h) or 31% of the day. This stability margin is useful as utilities can determine a minimum SM
threshold or a maximum percentage of time with a negative SM that will trigger an action from

the operator.

4.4.2 Determination of the proposed charts

The boundaries of the proposed charts can be obtained with impedance equivalents and
simple equations. To facilitate the use of the charts, all system parameters are written in terms of
information known in practice by engineers such as wind park capacity Swe, short-circuit level
of the background grid Ssc, power transfer limit of the transmission line without the series

compensation Sy, and its series compensation level Xc/X;.

4.4.2.1 System model
The studied circuit from Figure 4.51 can be modeled as in Figure 4.54. The utility grid,

with multiple lines, generators, loads, and other transmission system components is generally
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modeled in practice by a RL series branch (named short-circuit impedance, Zs. = R +jXsc) [3],
[19], [91]. This impedance can be obtained from two fundamental frequency parameters used to
represent a grid equivalent, the short-circuit level, Ssc, and the X/R ratio of the grid at
fundamental frequency, (X/R)sc. The short-circuit level is given by (4.6) where V,aza 1s the rated

voltage of the system and fy is the fundamental frequency.

Rsc Lsc Rlin L/in Clin PCC ZWP
il |
Grid Transmission =~ Series  Wind
equivalent line cap. park

Figure 4.54: Equivalent circuit model of wind park with series compensated line at sub-
synchronous frequencies

_ Vrzated _ Vrzated
Ss¢ = s T o e (4.6)
Rsc + Xsc(fo) Rsc 1 + (X/R)s(;

By isolating the resistance Ry in (4.6) and transforming it into per unit based on the rated

voltage V and wind park capacity Swp (Zpase = Vyated’ / Swp), one obtains (4.7). The approximation
shown in (4.7) is valid when (X/R)sc? >> 1.

2 1705 -1 -1
ve= @), 62 <. 69 @)

The equivalent inductance L, in per unit of the wind park capacity can be obtained by
multiplying (4.7) by (X/R)sc (this multiplication is valid because, at fundamental frequency and
in per unit, Xsc = Lsc) and the result is:

-0.5
XNl (Sse\ T (Sse
Le={1+(3) ] () ~(22) 4.8)
> [ R/sc Swp Swp

Finally, the equivalent impedance Z in per unit can be calculated for any frequency f as
(4.9) where £, is the frequency f normalized by the fundamental frequency fo (f. =1/ fo).

Zsc(fn) = Rsc + jfuLsc 4.9)
A lumped RL circuit is used to model the transmission line. The line resistance R, and
inductance L, can be written in per unit of Swr and V,azea similar to (4.7)-(4.9):

-0.5
X\? S\t XN 1S\

m= i (0 () 2

i [ R/jin Swp R/jin \Swp
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-0.5
X\~ Sun\ " _ (Sun\
Lo =1+ <_) ] (_) ~ <—) 4.11)
“” [ Rlin| — \Swp Swp
Ziin(fn) = Run + jfuLun 4.12)

where (X/R)iin = Liin/Riin is the X/R ratio of line impedance at the fundamental frequency,
Siin = Vyated’/|Ziing) is the theoretical power transfer limit of the line and Zjq is the line impedance
in ohms at fundamental frequency. The approximation in (4.10) and (4.11) is valid when
(X/R)iii> >> 1. This lumped RL model is adequate for the sub-synchronous frequency range
studied in this paper because, at these low frequencies, the shunt capacitive effect can be

neglected and the short line model can be used [93].

The series capacitor impedance Z¢ is given by (4.13), where Xc/X} is the series compensation

level of the line at the fundamental frequency, between 0% and 100%.

e X/ X)Ly (Xe/XL)
ZC(fn) B ]XC - fn B ]fn(Slin/SWP)

As for the wind park impedance Zwp(fn) = Rwe(fs) + jXwp(fn), it is calculated with the

(4.13)

topology from Figure E.1 and with the positive sequence decoupled impedance profiles of Figure
2.14 in Chapter 2. The effect of the active power injection on the equivalent impedance of the
Type-III generator at sub-synchronous frequencies can be seen in Figure 4.55 a) and on the wind
park impedance in Figure 4.55 b). Notice how these impedance profiles are heavily dependent

on active power injection setpoint, and it does not have a linear dependency.

a 2 1 /
- B OfF——— ]
< =

mm _05 b Pin-=0.1 x A . ]

0 |py=03---.| 30 40 0 10 20 30 40

S Pn=0.5 P 5 20 |—Pp=01— :

Q4L | Piy=1.0 e T o P10
§) 0.5 “’__,—" % 1 /

X ( b R ¢ 0
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Frequency, Hz Frequency, Hz
a) Type-I1I generator (690 V,2 MVA) b) Wind park (230 kV, 64 MVA)

Figure 4.55: Equivalent impedance profiles for different active power injections

In practice, manufacturers do not disclose all the detailed parameters of their generators,

but they provide a black-box models for EMT simulations. Utilities can then perform frequency
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scans on the black-box models [3], [17] and extract their detailed frequency-dependent
impedance, considering the effect of all generator controls, for different wind speeds and active

power injections.

Finally, notice there may be more than one wind park in the same region of the system, and
they can still be aggregated into a single equivalent impedance Zwp. For example, on the ERCOT
circuit shown in Figure 4.56 [91], if there is an event that disconnects the line between Del Sol
and Pomelo, the Wind farm 2 will be radially connected to a series compensated line and the
Wind farm 1 will be part of the background grid. If there is an event that disconnects the line
between Pomelo and N Edinburg, the Wind farm 1 will remain part of the background grid, while
Wind farms 2 and 3 and the line between Del Sol and Pomelo will be aggregated to form a single
wind park complex, represented by a single equivalent impedance. The proposed method can
still be applied in both contingencies as the resulting circuit is still in the form of the circuit in

Figure 4.54 if all elements involved can be modeled as equivalent impedance profiles.

Wind farm 1 Wind farm 2 Wind farm 3
267 DFIG WTs 300 DFIG WTs 167 DFIG WTs
(400 MW) (450 MW) (250 MW)

& P B PR
8 8 8.8 8 8

42 miles 39 miles 68 miles 24.5 miles 24.5 miles | 47 miles
San Miguel Lobo Cenizo Del Sol Pomelo N Edinburg

Figure 4.56: Meshed transmission circuit with series compensation and wind generation

4.4.2.2 Analytical derivation of the Capacity Chart
The components of the total equivalent impedance Zey(fn) = Zeg(fn) + jXey(fn) of the circuit
in Figure 4.54 at frequency f, are:

Req (fn) = Rsc + Ryn + Ryp(fr) 4.14)

(Xc/X1)Lyin
fa

According to the “Sum of Impedances” criterion developed in Section 4.1, the circuit will

Xeq (fn) = falsc + faLlin — + Xwp(fn) 4.15)

be stable if Re; > 0 at the sub-synchronous resonance frequency. Thus, the boundary between an
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unstable and stable SSO is when the equivalent circuit resistance R, is zero at the resonance
frequency /.. Therefore, this critical resonance frequency can be obtained by finding the
frequency f,"* that makes Req(f,"*) = 0. If one replaces Ry by (4.7) and Ry, by (4.10) in (4.14),

the equation R..(f,"*) = 0 can be written as:

1
X/R)scSsc/Swp) ~ X/R)inSuon/ Swe)

After solving (4.16) and identifying the frequency f,"* where the resonance is undamped,

Req (frres) =

+ Ryp (%) =0 (4.16)

the next step is to determine which series compensation level X¢/X; will create a resonance on
f.". This can be identified by equaling (4.15) to zero at £,”. If one replaces Ly by (4.8) and L
by (4.11) in (4.15), the equation Xey(f,"*) = 0 can be written as:

fTES fTES (XC /XL)
X res ) — n + n _ + X res ) — 0
) = Goc ) ¥ GundSar) 7 Gunfw) T ) “-17)

To simplify the notation, the first two terms of the right side of (4.17) can be put together:

fres fTeS fres
= + L = n
(Ssc/Swp)  (Sun/Swp)  (Ssctiin/Swp) 4.18)
So that:
Tes ) — f;es (XC/XL) res ) —
Xeq(fn ) - (SSC+lin/SWP) f:les(slin/SWP) + XWP(fn ) — 0 (4'19)

From (4.19), the series compensation level Xc/X; that will lead to an unstable SSO is:
f;es
(Ssc+iin/Swe)

Equation (4.20) provides the Xc/X1 vs. Ssc+in/Swp combinations that form the boundary

X

X, £ (Stin/Swe)

+ Xwp (f;”)] (4.20)

between the stable and unstable SSO in the proposed Capacity chart in Figure 4.52 a).

Summarizing, the boundary of the chart is obtained analytically as follows:

1. Set the short-circuit ratio of the background grid to Ssc/Swe = 1.0;
2. Calculate the frequency with zero damping £7* by using (4.16);
3. Calculate short-circuit ratio Ssc+in/Swp by using (4.18);
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4. Calculate the series compensation level Xc/X; that will lead to the resonance frequency
'res by using (4.20). The resulting pair Xc/X vs. Ssc+in/Swp 1s one point of the boundary
of the chart in Figure 4.52 a);

5. If Ssc/Swe is below a pre-determined limit (e.g., Ssc¢/Swp<30), increase Ssc/Swp by 0.1 and

return to Step 2. Otherwise, finish the process.

There are two boundaries in Figure 4.52 a), the upper one considers the wind park injecting
its maximum active power capacity (Pi,; = 1.0 pu) and the lower one considers the wind park
injecting minimum active power (Pj;; = 0.1 pu). Both curves can be obtained with the same
procedure described above. The difference is that, for the upper boundary, one must use the
equivalent impedance of the wind park Zwp calculated for P, =1.0 pu, and for the lower

boundary, one must use Zwp calculated for Pi,; = 0.1 pu.

4.4.2.3 Analytical derivation of the Power Injection Chart
The boundary of the Power Injection chart in Figure 4.52 b) can be obtained with the same
rationale used to determine the boundary of the Capacity chart, with the difference that the

instantaneous active power injection P;,; of the park is used in the x-axis instead of Ssc-+in/Swe.

For each P, value, the first step is to update the frequency spectrum of the wind park
equivalent impedance Zwp = Rwp +jXwp. The second step is to calculate the frequency with zero
damping (f,"*) by using (4.16). Finally, the series compensation level Xc/X; that will lead to the
resonance frequency f,"* can be determined by using (4.20). The resulting pair Xc/Xz vs. Piyj 1s

one point of the chart boundary.

4.4.3 Validation of the charts

Detailed EMT simulations were conducted to verify the accuracy of the analytical method
for obtaining the chart boundaries. To lighten the computational requirements for the validation
studies due to the high number of simulations, the wind park topology from Figure E.1 was
simplified by neglecting the feeders (as they are short and the analysis occurs at low frequencies
which reduces their series impedance), which allows to combine all generators and step-up
transformers into a single machine equivalent. The resulting impedance profile from this

simplification is shown in Figure 4.57.



142

1

0 —X,/

1 ——Det. feeders, Pin].=0.1
0 |- - ‘No feeders, Pinj=0.1 30 40
Det. feeders, Pinj=1.0
No feeders, Pinj=1.0

>
[oR
o1
X; //
0
0 10 20 30 40
Frequency, Hz

Figure 4.57: Simplification of detailed wind park into single-machine equivalent
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The circuit shown in Figure 4.51 was modeled in the Matlab/Simscape Power Systems
software. It consists of a 200 MVA wind park connected to the 345 kV grid through a 200 km
series compensated transmission line. The transmission line is modeled with its distributed
parameters. The wind park is modeled in detail with its main transformer, internal feeders, the
generators and their step-up transformers. The EMT model of the Type-III generator from

Appendix A was used.

To obtain the Capacity chart, the short-circuit level of the background grid Ssc is varied
from 230 MVA to 1630 MVA, which corresponds to varying Ssc+in/Swp from 1.0 to 4.0. The
series compensation of the transmission line Xc/X; 1s varied between 0% and 50%. An EMT
simulation is run for each Xc/Xr vs. Ssc+in/Swp combination and those cases with an unstable
SSO are marked with an “x” in the charts shown in Figure 4.58. In total, 961 scenarios are

simulated to map the entire chart for each power injection value.
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Figure 4.58: Validation of the Capacity chart with EMT simulation

The boundaries of the problematic regions were also obtained analytically by using (4.16)

and (4.20) and are plotted in the charts, which show the analytic method can delimit the risk



143

regions with good accuracy. This confirms that the chart can be obtained analytically, without

running any simulation, which greatly facilitates its use in practice.

The same circuit is used to validate the method for obtaining the boundaries of the Power
Injection chart. In this case, the power injection Piy; is varied between 0.1 pu and 1.0 pu, and the
series compensation level Xc/X; is varied between 0% and 50%. An EMT simulation is run for
each Xc/X1 vs. Pinj combination and those cases with an unstable SSO are marked with an “x” in
the chart shown in Figure 4.59.This study is conducted for two short-circuit ratios (Ssc-+in/Swp
equal to 1.9 and 2.75). The boundaries of the problematic regions were also obtained analytically

and are plotted in the charts. Again, the analytic method can delimit the risk regions with good

accuracy, which confirms this chart can also be obtained analytically, without simulation.
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Figure 4.59: Validation of the Power injection chart with EMT simulation

4.4.4 Sensitivity studies

The derivation process of the proposed charts showed the boundaries between safe and
problematic regions are sensitive to three parameters that can change during wind park operation:
1) short-circuit level Ssc; 2) X/R ratio of the background grid (X/R)sc; and 3) number of generators

disconnected from the wind park.

The effect of increasing the short-circuit level of the background grid Ssc (based on (4.18),
this is equivalent to increasing the Ssc+in/Swp ratio) is shown in Figure 4.60. The problematic
regions increase, which means that instabilities become more probable. The same effect can be
seen in Figure 4.61, which presents the effect of increasing the X/R ratio of the background grid
(X/R)sc, from 5 to 50. The higher the (X/R)sc ratio, the larger the problematic regions, which
means higher risk of unstable SSO.
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Both results can be explained by using (4.7), which outlines that a higher Ssc and a higher

(X/R)sc are associated with a smaller equivalent resistance of the background grid and, as such,

less damping to resonances. Therefore, the resistive portion of the background grid is of key

importance for SSO studies and should not be neglected. If neglected, one will obtain overly

conservative results.

It is important to mention that the variations of Ssc and (X/R)sc shown in Figure 4.60 and

Figure 4.61 are not frequent during wind park operation. Most variations in the grid such as load

changes typically do not affect the equivalent grid impedance significantly and, as such, do not

affect the chart boundary. Even larger contingencies or line switching may not affect the grid

equivalent if they take place far from the wind park. Only major contingencies or large line

switching in the vicinity of the wind park are likely to affect this equivalent impedance.
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Figure 4.60: Effect of the short-circuit level of the background grid
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a) Capacity chart
Figure 4.61: Effect of the X/R ratio of the background grid

b) Power injection chart

During wind park operation, generator units can be disconnected either due to an event or

planned maintenance. The impact of this condition is shown in Figure 4.62, which reveals the

effect of disconnecting 10, 20 and 40 wind generators out of the 100 units of the park.
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Figure 4.62: Effect of number of wind generators disconnected from the circuit

First, the effect of disconnecting up to 20% of the generators is small for the studied wind
park especially in the Capacity chart. After that, the higher the number of disconnections, the
higher the risk of instability. To explain this, one must consider that the wind park impedance

can be written as:

ZsuTx (fn) + den(fn)

Ntotal - Ndisconnected

Zwp(fn) = Zyaintx(f) + 4.21)

where Zuinx 1s the impedance of the main transformer of the park. This impedance is unchanged
regardless the number of generators disconnected as the main transformer remains in the circuit.
Zgen and Zg, 7y are, respectively, the impedance of one gemerator and its step-up transformer; Nzos
is the total number of generators in the park and Nuisconnecrea 18 the number of generators

disconnected from the circuit. The impedance of the internal feeders is neglected in this analysis.

Based on (4.21), when generators are disconnected, the magnitude of the wind park
impedance increases and the frequency where the total equivalent resistance of the circuit is zero
decreases. This is exemplified in Figure 4.63 with the frequency-dependent profile of the total
circuit resistance. If the park has no disconnections, the frequency with zero resistance (f,"*) is

13.1 Hz. If 20 generators are disconnected, f,"* decreases to 11.6 Hz.

—0 disc.
3 0.05 ——10 disc.
a ——20 disc.
5 O ——40 disc.
< -0.05- ]
-0.1 . J
5 10 15 20

Frequency, Hz

Figure 4.63: Total resistance for different numbers of generator disconnections
(Pinj = 0.3 pu, Ssc =370 MVA).
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According to (4.20), if ;" decreases, the series compensation level of the chart boundary
will also decrease. This effect is more pronounced on weaker grids (i.e., on grids with lower
Ssc+in/Swp values) because Xc/X7 is inversely proportional to Ssc+ix/Swp (as shown in (4.20)) and,

as such, lower Ssc+in/Swp ratios have a higher effect on Xc/X;.

Overall, results in Figure 4.62 suggest that the effect on chart boundaries is small for up to
20% of generators disconnected. However, if a utility intends to draw the chart boundaries as

accurate as possible, there are two possible approaches to deal with this characteristic:

1. Draw the boundaries of the charts conservatively, by considering a given number of units
(e.g., 20% of the units) will always be disconnected (the number of units disconnected can
be determined based on previous experience from the engineer). This approach can be
adopted both during planning and operation;

2. Update the boundaries of the charts based on the number of units disconnected. This can
be done through a recalculation of the equivalent impedance of the wind park as shown in

(4.20).

4.4.5 Application example
The proposed approach was applied to a real event to diagnose the risk of unstable SSO in

a circuit with a wind park radially connected to a series compensated line.

4.4.5.1 Capacity Chart and Power Injection Chart

The circuit shown in Figure 4.64 is considered. Its parameters are based on the event that
occurred in Texas, USA in 2009 [3]. The term “wind park cluster” is used in the figure because
there are multiple wind parks and transmission lines in this region, but they can be aggregated
into a single equivalent impedance radially connected to the series compensated transmission
line. As a result, the circuit becomes equal to the circuit shown in Figure 4.51 and the proposed
method can be applied. The series capacitor of the transmission line has two stages that can
compensate 26% and 51% of the line reactance. When both stages are connected, the series
compensation level is 77%. The wind park cluster was modeled as a single machine equivalent

with 340 units of 2 MV A Type-III generators.
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Figure 4.64: Circuit considered in the application studies

4.4.5.2 Capacity chart and Power injection chart

Figure 4.65 presents the resulting charts for this case, with the four possible scenarios of
series compensation (0%, 26%, 51% and 77%) highlighted with red “x” markers. Based on the
Capacity chart in Figure 4.65 a), the first scenario (0%) presents no risk of SSO regardless the
active power injection of the park, which is expected as there is no capacitor in the circuit. The
second scenario (26%) presents risk of instability depending on the active power injection.
According to Figure 4.65 b), this second scenario is stable for power injections above 0.23 pu.
Detailed studies should be conducted only for cases with an active power injection below 0.23 pu.
Finally, the third and fourth cases (51% and 77% series compensation) are in the problematic
region and, as such, are unstable regardless the active power injection of the park. Detailed

studies must be conducted for these two cases.

80 80
70 70
o 60 . 60
> 50 > 50
><J 40 ><J %0 /
030 030
<" 5o X o0 T 26%
1 L _PMN=0.26
0 18 g
1 15 2 25 3 35 01 03 05 07 09
SscuinSwe Py PU
a) Capacity chart b) Power injection chart

Figure 4.65: SSR risk assessment for the circuit in Figure 4.64 before mitigation action

To verify these results, detailed EMT simulations were run for the three scenarios with
series compensation above 0% and Figure 4.66 shows the resulting PCC current. At the time
instant 7= 0.1 s, a series capacitor is connected to the circuit. In all scenarios, the active power
injection is 0.28 pu. According to Figure 4.65, only the case with 26% compensation should be

stable. The EMT simulation results indeed confirm this outcome.
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Figure 4.66: Phase A current at the wind park PCC for the circuit shown in Figure 4.64

After the unstable event took place in 2009, the series compensation level of the
transmission line was reduced to 16% and 30% (total of 46% if both stages are connected). The
updated circuit is plotted as blue circle markers in the charts in Figure 4.67. One can notice that
there is no risk of instability for 16% compensation level, and the stability of 30% and 46% levels
depends on the active power injection of the wind park. According to Figure 4.67 b), the cases

with 30% and 46% are unstable only if the wind park power injection is below 0.34 and 0.82 pu,

respectively.
80 80
70 70
. 60 o 60 9
S 50 X 50 %
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a) Capacity chart b) Power injection chart

Figure 4.67: SSR risk assessment for the circuit in Figure 4.64 after mitigation action
4.4.5.3 Real Time Monitoring of the Stability Margin
If the 1-year wind speed profile shown in Figure 4.68 (extracted from [92]) is applied to
the circuit shown in Figure 4.64 with 26% series compensation, the resulting online stability

margin of this park will be the one shown in Figure 4.69, considering all generators of the wind
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park are in service. This information is useful in practice as it can help engineers to continuously
monitor which wind parks in their system are under higher risk of instability.
1r
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Figure 4.68: Wind generation profile measured in Texas, USA during 1 year with 1-hour
time resolution
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Figure 4.69: Stability margin of the wind park

Figure 4.69 also reveals that the wind park will be under risk of unstable SSO during 18%

of the time. This type of aggregate index is also useful as utilities can establish thresholds of this

index that will trigger specific actions on the wind park or on the circuit near the park to reduce

the risk of instability.

Figure 4.69 was obtained considering that the boundary of the Power injection chart was
constant over the year, to illustrate how the risk of SSO can be monitored during operation. In
practice, however, the boundary of the Power injection chart may change if there are variations
in the grid that affect Ssc or (X/R)sc or if some generators are disconnected in the wind park as
shown in Section 4.4.4. This alters the minimum active power injection for stable operation
(Pin/™™ in (4.5)), but the method to obtain the stability margin remains the same. In addition, no
new frequency scan calculation of the background grid impedance and of the wind park
impedance are needed in the operation stage as the most critical circuit and wind park variations

are identified and characterized previously, during the planning stage.
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4.5 Chapter summary

This chapter was dedicated to the study of unstable resonance in power systems involving
Type-III and Type-IV wind parks. The study was based on impedance equivalent models of the
wind park and the grid, and two impedance-based stability criteria were defined to study the

conditions which led to unstable control interactions between the wind park and the grid.

The first part of the chapter presented a comprehensive sensitivity analysis, based on a
practical wind park topology, to determine the necessary conditions for unstable resonance to
occur in the sub-synchronous range (SSR), near synchronous range (NSR) and the harmonic
frequency range (HFR). The study evaluated grid variables, wind park variables, and generator
variables (including the most relevant control gains per range of frequency). It demonstrated that
instability in the SSR due to series capacitors is able to occur in Type-III wind parks only,
especially for low wind conditions, and the necessary circuit conditions can be easily met in the

field. Therefore, it was assigned a moderate to high risk.

As for the stability of control interactions at the NSR, it was determined that they can occur
for both Type-III and Type-IV wind parks, due to lack of grid stiffness when the PLL tracking
system is unable to lock into the terminal voltage. This occurs at weak grids and with improperly
tuned PLL gains, and it is more likely for high wind conditions. Therefore, it was assigned a low

to moderate risk.

The instability of control interactions at the HFR due to the shunt capacitor for reactive
power compensation was achieved after eliminating the capacitances of the wind park feeders
and the front-end filter of the generators, and it is more likely for very low wind conditions. As
LCL front-end filters and underground feeders are the most common in practical wind parks, this

instability was assigned a very low risk to occur in the field.

Finally, based on the results of the extensive characterization of the instabilities performed
in the first three sections of this chapter, it was concluded that the instability that is most likely
to occur in practice is the subsynchronous instability due to a series compensated line in the grid.
A simplified graphical approach was then developed to aid the analysis of these unstable sub-
synchronous oscillations once a radial topology is detected, which consists of two charts that
delimit a boundary that separates the stable and unstable circuit configurations of Type-III wind

parks connected to transmission systems with series capacitive compensation. These charts allow
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engineers to monitor the risk of instabilities in a wind park without running any computer
simulation. The charts can be applied both offline during the wind park planning, and online

during wind park operation, where the stability margin of the park can be monitored in real time.
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5 CONCLUSIONS

This thesis has presented a series of new methods to improve a proper management
(anticipation, detection, and mitigation) of the risk of weakly damped resonances and unstable
resonances in wind parks with Type-III and Type-IV generators. The proposed methods are
simplified, based on charts and simple equations that depend on parameters that are readily
available in practice to engineers. With these tools, engineers can perform a quick first-screening
assessment of the risk of resonances and component overloading in the park by simply consulting
these charts, without the need to run any computer simulation. If this first-screening analysis
indicates no risk of resonance, the engineer can directly conclude that this is a safe scenario, and
no further investigation is required. On the other hand, if a risk of resonance is detected, further
investigation based on detailed simulations studies performed by specialized personnel must be

conducted.

The contributions and conclusions from each chapter of the thesis are presented below.

5.1 Chapter 2: Model of Type-III and Type-IV wind generators for

resonance assessment in wind parks

This chapter derived frequency-dependent impedance models of the Type-III and Type-IV
wind generators, which were used in the remaining of the thesis. A numerical procedure was
developed based on descriptor-state space models (which is a state space model able to handle
algebraic equations without the need to incorporate them into the differential equations) to obtain
these frequency-dependent impedance models numerically, without the need for complex

algebraic manipulations.

With such tool to facilitate the creation of the impedance models of the generators, an
investigation was conducted to verify the impedance-profile sensitivity to the different control
parameters of the generators. The results of this study revealed which are most relevant control
and generator parameters for stability assessment at three different frequency ranges: 1) Sub-
synchronous (0 Hz to 40 Hz); Near synchronous (40 Hz to 80 Hz); and Harmonic (80 Hz to
1.5 kHz). This is an important information that was used when deriving and validating the

methods presented in the other chapters.
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With the obtained models for Type III and Type IV generators, it was also possible to
compare their characteristics at different frequencies. One of the key results to highlight in this
comparison, is that the magnitude of the impedance of the Type-IV generator is greater than the
Type-III as the front-end filter of the Type-IV is larger (filter were tuned according to each
converter bridge capacity, with the same methodology). Moreover, if the DC bus link is
considered to decouple the converter dynamics, the induction machine can be seen as an
additional branch in parallel with the filter, which further explains the lower impedance

magnitude of the Type-III generator.

The greatest difference in the shape of the equivalent impedance between the generators
was found at the subsynchronous range of frequencies. The negative damping of the Type-III
generator due to the induction machine asynchronous coupling with the grid at these frequencies
was confirmed, as well as the high positive damping of the Type-IV in such range. There are also
negative damping regions in the harmonic range of frequencies, for both generators, due to the
control delays from measurement and filtering, as well as the switching algorithms in the

converters.

5.2 Chapter 3: Weakly damped resonance

This chapter was dedicated to characterizing and developing methods for better
management of weakly damped harmonic resonances. Two simple charts were proposed, one to
monitor the risk of exceeding harmonic distortion limits at the PCC, and one to monitor the risk
of overloading components of the wind park due to a resonance. Both charts can be obtained
analytically, without running any computer simulation, and consulted by using only information
that is readily available in practice to engineers. Finally, to mitigate the excessive harmonic
distortions due to these weakly damped resonances, an impedance-based iterative procedure was
designed to design passive harmonic filters for the park. The proposed methodology tunes the
filter to minimize the THDvy at PCC in a cost/effective fashion, while it ensures the same
performance at fundamental frequency of the original capacitor bank installed for reactive power

compensation of the wind park.

All these procedures were tested in a real 64 MVA wind park circuit and validated with

detailed EMT simulations. Sensitivity studies were also conducted to identify the main factors
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affecting the risk of resonance under different conditions and to demonstrate the robustness and

flexibility of the proposed methodologies.

The equivalent impedance models of the generators developed in the previous chapter
allowed for accurate analyses of harmonic resonance, to determine both the resonance frequency
and the magnitude of the amplification of harmonic distortions. Moreover, the simplification of
considering the harmonic current injections by the generators to be negligible when compared to
the background voltage distortions from the grid, i.e., considering the wind generators as pure
impedances, also proved to be valid. It was determined that the converter impedance must be
included in the impedance profile calculation. Neglecting it leads to adequate values of resonance

frequency, but also to incorrect amplification values of the grid harmonic distortions.

Modeling the detailed topology of the MV feeders of the wind park (including their
capacitances), as well as properly modeling the front-end filter of the generators, proved to be
determinant for an accurate harmonic resonance analysis. In particular, the presence of

capacitances in this range of frequencies can change the impedance profile significantly.

Overall, it was found that Type-III wind parks have a greater risk of leading to problematic
harmonic resonances than Type-IV wind parks, both at the PCC between the wind park and the
grid, and inside the wind park as well. This was confirmed though multiple sensitivity studies of

grid, wind park and generator parameters.

Finally, it is important to highlight that the shunt capacitor bank for reactive power
compensation of the wind park is the key element to evaluate the risk of problematic harmonic
resonances between the wind park and the grid, and it is the most sensitive component of the
wind park to overloads due to harmonic distortions. Eliminating the shunt capacitor can mitigate
most of the problematic harmonic resonances. It could be substituted by alternatives such as
using the wind generators spare capacity, or static var compensators. However, if eliminating the
capacitor bank is not viable, passive harmonic filters, such as the one proposed in this chapter,

can be a cost/effective mitigation strategy.

5.3 Chapter 4: Unstable resonance
This chapter was dedicated to characterizing and developing methods for better

management of unstable resonances. Initially, an extensive investigation mapped the most critical
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parameters for three different types of instabilities: unstable subsynchronous resonances (SSR)
due to interactions with series compensated transmission lines; unstable interactions between the
generator control and weak grids near the synchronous frequency (NSR); and unstable
resonances at frequencies in the low order harmonic range up to 1.5 kHz (HFR). This study
evaluated parameters from the grid, from the wind park, and from the generators and identified
their effect on the risk of unstable resonances. It was found that SSR have a moderate to high
risk of occurring in the field under practical conditions, NSR was found to have a low to moderate

risk of occurring in practice, and HFR was found to have a very low risk of occurring in practice.

Based on the finding that unstable subsynchronous resonances in parks with Type-III
generators have the most risk of occurring in practice, a graphical approach was designed to
detect the risk of these oscillations both during planning and operation studies. Two charts were
proposed, and they can be built analytically based on information from the circuit that is readily
available in practice to engineers, without the need to run any simulation. They can be used
offline during planning, and online during operation to determine, in real-time, the stability

margin of the park.

During the development of this thesis, it was noted that there are no works available in the
literature addressing how likely are the necessary conditions for unstable resonance to occur.
Simplified wind park circuits and grid equivalents are used to demonstrate the possibility of
instabilities, both in simulation and experimental environments. After extensive testing it was
noted that indeed, the instability at the SSR is the most possible phenomenon, which matches the
reports in the literature. This occurs due to an intrinsic characteristic of the Type-III generators,
which is the slip of the asynchronous machine at such frequencies, which leads to negative
damping.

On the other hand, instabilities at the NSR require a combination of weak grid conditions
and poorly tuned PLLs. These can occur for both Type-III and Type-IV wind parks. However, a
robust design and tuning of the PLL subsystem is sufficient to avoid the instabilities. This result

also matches the reports in the literature, which exist, but are very few.

Finally, instabilities in the HFR were found to occur only at an improbable condition, which
is the absence of capacitances in the wind park, both at the feeders and the front-end filters of the

generators, and when the PLL is improperly tuned on the generator controllers. There are no
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reports of this type of instability occurring in the field, which matches the results in this thesis.
Moreover, eliminating the shunt capacitor for reactive power compensation will also mitigate

this type of instability.

5.4 Future Work

The following topics are recommended to continue the research presented in this thesis:

5.4.1 Determine responsibility factors for harmonic resonance

Assigning a percentage of responsibility of the different power system components to a
harmonic resonance is an open discussion that needs further investigation. Methodologies have
been proposed for distribution networks and consumers. It would be interesting to study if these
methodologies can also be applied to high voltage grids at the PCC between a wind park and the
transmission system, and even considering the contributions of internal components of the wind

parks and control parameters of the wind generators.

5.4.2 Investigate harmonic current injections by wind generators and wind parks
Even though modern technologies of wind generators such as the Type-III and Type-IV
generators are expected to produce negligible distortions in the low order harmonic range of
frequencies, it is important to verify if this condition is, in fact, observed in practice. An extensive
measurement campaign and analysis of different wind generators connected to different wind

parks and with different operating conditions can shed lights on this important characteristic.

Synchronized gapless waveform measurements at the generator terminals, at key points of
the feeders and at the secondary of the main transformer would allow the calculation of not only
about the magnitude of the distortions, but also their angle, in order to determine the participation

of different components, as well as the path and origin of the oscillations.

5.4.3 Investigate other wind park topologies

In order to generalize the findings of this thesis, it is desirable to apply the methods
developed herein to other real wind park topologies such as offshore wind parks, wind parks with
longer feeders and wind parks with other generation technologies (Type-I and Type-II
generators) or with a mix of technologies. This study would require first to collect other real wind

park topologies from developers or grid operators and then building the models. The starting
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point is to apply the same tools developed in this thesis, evaluate their performance and, if

necessary, adjust them to address the limitations identified.

5.4.4 Test the methodologies for photovoltaic generators

The same methodologies proposed in this thesis for impedance calculation, as well as for
risk assessment and mitigation of harmonic resonance and instability can be applied to parks of
photovoltaic generators. This can be done for both transmission level facilities and for residential

and commercial low voltage circuits with high penetration of generators.

5.4.5 Different control topologies and their impact on the equivalent impedance
profile of the converters

The methodology proposed in Chapter 2 of this thesis can also be used to model different

generator control loops, for example, those which are implemented in the converters for

compensation of harmonic frequencies. Another example which needs further investigation is

the inclusion of feed-forward terms into the current control loops.

These modifications may lead to an important impact on harmonic resonance studies, as

well as for the studies of stability in the harmonic range of frequencies.

5.4.6 Impact of the reactive power compensation strategy on the characteristics at
harmonic resonance

As mentioned in Chapter 3, the shunt capacitor bank is the key element for problematic

resonance analysis in the harmonic range of frequencies. It is interesting to evaluate how

removing such component from the wind park, and using the generators reactive power

compensation capacity, can impact on the characteristics of the harmonic resonances.

This change is expected to significantly reduce the risk of problematic harmonic
resonances, while the equivalent impedance profile of the wind generators is expected to remain
relatively unchanged. However, other characteristics such as spare capacity, terminal voltages of

the generators, and grid code requirements for low voltage ride through remain to be assessed.

5.4.7 Studies of harmonic resonance and stability in isolated grids
It is interesting to expand the application of the techniques developed in this thesis to study

isolated networks. This would mean to update the converter control topology from grid-following
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to grid-forming (which changes the equivalent impedance profile), as well as working with low

short-circuit level capacities at converter terminals (weak networks).

5.4.8 Develop measurement-based techniques to detect and mitigate resonances
Detection and mitigation of resonances in wind parks is an open research topic. Many
works in the literature focus on adding complementary control components to the generators to
avoid the resonances. However, it is also possible to implement system level solutions without
modifying the generators already in operation, and uninterrupted waveform measurements from
different system locations can be used to detect and monitor the risk of such events taking place,

and with this information, avoid catastrophic failures.
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APPENDIX A: WIND GENERATOR MODELS

This appendix presents the expands on the models of the wind generators used in this thesis.
The variables of all expressions are first defined, and the numerical values of the parameters are
given. The schematics of the generators are shown in Figure A.1 and Figure A.2. The generator
expressions are presented in dq frame as their control is already performed in dq frame. The
Type-III generator uses a doubly-fed induction machine, whereas the Type-IV uses a permanent

magnet synchronous generator.

Mech.

GSC RSC : :
' control control DFIG PMSGcomml ____________
Figure A.1: Schematic of Type-II1 Figure A.2: Schematic of Type-1V wind
wind generator generator

The generators have separate controls which change the pitch angle of the turbines for
speed, torque and power regulation. In this case, they follow a maximum power point tracking

algorithm depending on the available wind.

Both generators have power-electronics converter bridges of voltage source converters in
back-to-back configuration, coupled by a DC bus with a capacitance. Each converter has internal
current control loops which offer 2 degrees of freedom to control active power, reactive power,
terminal AC bus voltage and DC bus voltage. The Type-III converter bridge is sized to 30% of
the machine’s rated capability (0.66 MV A), whereas the Type-IV is sized to 100% (2 MVA).

The LCL filter topology of the GSC to damp the high frequency distortion from the PWM

switching is shown in Figure A.3.

i[ Rlpu Llpu R2pu LZpu l'2

Figure A.3: LC_L filter topology
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Current i> is controlled by the converter. The filter parameters were calculated to damp

the harmonics of the PWM carrier at 2700 Hz with [94].

The LCL filter topology is used in this thesis because the converter is a voltage source so
it requires an inductor first at its terminals (for current source converters, a CLC filter topology
is used instead). The LCL topology is more used for high power applications because it allows

smaller inductor sizes and a greater flexibility for THDv mitigation [95].
A.1 Type-I1I generator model

Table A.1: Type-III generator model parameters

Parameter Value Description
[Kppres Kipri] [15,45] PI control gains of the PLL
[wo, fol [120m, 60] Grid frequency
Wry = Wf; 5000x rad/s Measurement filter cutoff frequency
$rp = &5 0.7 Measurement filter damping coefficient
Prom 2 MW Turbine rated power
Rated wind/rotor tip speed ratio, and power
[Anom' Cpnom] [9'955 0‘5] COGfﬁCleIlt
Vwnom 11 m/s Rated wind speed
Wywinom 1.2 pu Rated rotor speed
[c1, €3, €3, €4, C5, Co, €71 | [0.645,116,0.4,5,21,0.0091, 0.08] Turbine model constants
H,¢ 432s Turbine inertia constant
[Ksh, D] [1.1,1.5] Shaft stiffness and damping constants
Inductance and resistance of RL branch closer
[L1pw Ripul [1.43, 0] pu
’ to the converter of LCL filter
Inductance and resistance of RL branch closer
L2pw Rzpu] [0.18, 0] pu to the grid of LCL filter
Capacitance and damping resistance of RC
[Cow Repu] [0.02, 1.03] pu branch of LCL filter
Cacpu 3.3238 pu DC bus capacitance
[Kpac Kiacl [8, 400] DC bus voltage PI control gains
[Kpgsc, Kigscl [0.83, 5] GSC PI control gains
Tswesc 1/2700 s GSC delay time constant
[Kprscr Kirsc] [0.6, 8] RSC PI control gains
Tswrsc 1/1620 s RSC delay time constant
[KpP: Kip] [0.1, 3] Active power PI control gains
[Kpo, Kig] [0.1,1] Reactive power PI control gains
T, 5s Rotor speed filter time constant
[Kpw Kiw] [50, 100] Rotor speed PI control gains
T 0.01s Pitch angle actuator time constant
Magnetization, stator leakage, and rotor leakage
[Lyms Liss Lir] [2.9,0.18, 0.16] pu inductances
[Rs, R,] [0.023, 0.016] pu Stator and rotor resistance
H,, 0.685 s Induction machine inertia constant
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Table A.2: Type-III generator algebraic variables

Variable Description Variable Description
p p
itar leq Terminal currents Tt Wind turbine torque
WpLL PLL frequency output T Shaft torque
! !
ved, Vtq Meas. terminal voltage after PLL T, Electric torque
m
R
Isd’, Lsq Meas. stator current after PLL Vgdar Vgq GSC voltage
m m
S,
lfrf »L2q Meas. GSC current after PLL Vra» Urq RSC voltage
m
S
tr , trq Mesas. rotor current after PLL Pssc GSC active power
m
S,
lfg »Ltq Meas. terminal current after PLL Prse RSC active power
m
Pout, Qout Terminal active and reactive power ref Reference blade pitch angle
out, Lo p p g
isq» isq Stator current i;fif d axis reference current of GSC
lrds brg Rotor current gr;f , vgsf Refence voltage of GSC
A Wind to rotor tip speeds ratio ':Zf , i:;f Reference current of RSC
X, X Aux. variables for turbine calculations s ) v Reference voltage of RSC
1,42 rd rq g
Cp Wind turbine power coefficient wrrff Reference rotor speed

Table A.3: Type-III generator model differential variables

Variable Description Variable Description
Auxiliary variable for PLL .
XpLL r}i]nt egrator B Blade pitch angle
Opr1 PLL angle output ) Torsional shaft angle
v;‘f' Viq Measured terminal voltage Wy Rotor speed
m
tsd, Lsq Measured stator current 0, Rotor angle
m
f2d, L2q Measured GSC current wlef Reference rotor speed after filter
m
l:r‘li' lrq Measured rotor current Xe Aux. variable for rotor speed control
m
Auxiliary variables for
Xpgyeer X %
f1 r6 measurement filter e DC bus voltage
. rrent of RL branch of the LCL . .
l1d,l1g Cu eﬁl t(e)r closzr tocthf(:) grig ¢ Xgc Aux. variable for DC voltage integrator
S Current of RL branch of the LCL
l2a:l2q filter closer o the converter v;Zf vl GSC reference voltage after delay
Itage of the capacitor of th
Vear Veq Voltage OL Cicﬁﬁ e: orotthe U::;f ! vrr;f ! RSC reference voltage after delay
Ysa,Psq Stator flux XaGscr XqGsc Aux. variable for GSC control integrator
YrarPrq Rotor flux Xp, Xg Aux. variable for power control integrator
Wyt Wind turbine rotational speed Xarscr Xqrsc Aux. variable for RSC control integrator




Table A.4: Type-III gen. model inputs

Variable Description
Vidr Vegq Terminal voltage
Uy Wind speed
v;jf DC bus voltage reference
pref, gres Active and reactive reference
’ power
Wpy Grid frequency
ig;f q axis reference current of GSC
Expressions

Terminal currents:

lta = lsq + l2qa

Phase-locked loop and measurement filters:
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Table A.5: Type-III gen. model outputs

Variable Description

ita)ltqg | Terminal currents

leg = lsq + log

dxprL ’ dépry 0 = Op1, — wot
wpy; = Kypp veq" + Kipp 1 x —== = —==wytw
PLL PPLL TZ iPLLXPLL at ntz dt 0 PLL 9, =6, — wyw, t
I .o .
1% v 2 L
m | (L9 m o\ ( 1 6- 19T> rd
qu’ -0 1 Vtq irq’ —(9 - 1.9,«) 1 irq
m m m m
isa' isd i2a’ i2a ita' = isa’ + i2da’
m . ( 1 9) m m - ( 1 9) m gg ig ertll
isq’ -0 1/\ lsq i2q' —6 1/\ l2q itq' = isq' + i2q
m m m m m m m
dx dxs, dx
f1 — 2 ( ) =W 2 Vi — U 13 — 2 ( : )
=w Vig — Vtd t tq = Wsi“ | lpg — l2d
dt fo\Ptd P dt fv a - dt ri \lza ~ L
dvtd dvtq diZd
_m _ _ m _ _ m _ _ o
dt Xf1 wavffvvﬁl a - Xf2 wa,,ff,,v;? ar X3 Zwﬂfﬂlvz#
dx d dx
f4 _ 2(; _ Xfs 2. . f6 _ 2
e On (lzq li:f) ar Y \lra ™ lrmd ac Y \tra l’”m‘l
diZq dird dirq
dr e waszllfr? dr s waszllrmd ar = e walffll:r?
Pout = Vta'ita’ + Viq'ieq’ Qout = Veq'ita' — Ved'itq'
m m m m m m m m m m
Turbine and drive train:
Ko Cpvy® v P,
A =K Dwt T — 2 P w K. = /1 wnom K, = 075 nom
! Yw wt Pnom ®wt L O™ wweno 2 CpnomVwnom®

x,=25+p) X =@A+cx)t—cg(1+x,3)71

dowe _ 1 as

G, = c1(ced + (—c4 — Cc3x1 + Cyx,)e™65%2)

T (Twe — Ts) — = wo (Wt — ;) Ty = Ksp6 + D (@ — wr)
wt

dat



LCL front-end filter:

Vig — Veg — R lg —
dt L2pu ( td cd Cpu( 2d
—1 = — (v —veq — Repu(i
dt L2pu( tq Cq CPU-( 2q

dt Llpu 7 (vea =

di,, w
dt Ly, (veq

dvcd dvc
— . : q
dt - a(lm —lg + wpuCpquq) (qu 1 wpuCpqud)
DC bus:
dvge _ _wo_(Psc—Prsc) Pesc = Vgalia + Vgqliq
dt Cdcpu Vdc Prsc = Vrglrg + Urqirg
Speed control:
wr = —0. 67Pout +1.42 (—Pout) +0.51 (wref wryf
m
dx, 1
Bref = pr (wr Mf) + Kwaw d_tw = - w:ZEf - i(ﬁref - .8)
Induction machine:
Ly = (L + Lis) =Ly + Ly)
APsq . dy .
d_: = Wy (Utd - Rslsd + wpulpsq) d;q - wo(vtq Rslsq - wpulpsd)
dwrd . dlprq .
dt = Wy (vrd - errd + (wpu - wr)lprq) dt = Wy (vrq —R qu - (wpu - wr)lprd)
. — T LO i —
lsa = (Lmz—Ler) lpsd + (Lmz—Ler) lprd lsq (Lm —Ler) lpsq (Lm L Lr) lprq
= Lo __ b i
lbra = (Lmz_Ler) lzbsd (LmZ_LSLr) lzbrd qu (Lm —Ler) lpsq L —LSL )1/’rq
. . dw 1
T, = (lpsdlsq - 1»bsqlsd) dtr = ﬂ(’rs +T, — er) ? = WoWy
Grid-side converter control and average model:
re dx,
lgdf Kpdc(vdc 17dc) + KigeXac Wdc = v;sf — Vqc l;Zf =
ref _ .ref . ax,
Vga = —Kpesc (lgd - lZd’) — KigscXagsc + =& (Llpu + L2pu)12q Zfsc = l;fif — 24
m
ref _ .Te . [2) . dxqGsc _ . .
Vgq — —Kpesc (lgqf - qu’> — Kigsc  qesc — (:;zL(Llpu + Loy )lznfli, # - l;flf — l2q’
m
refr _ . ref T s refr
Ygd <= Vga € (see Appendix A.3) (Ugd) ~ (1 _0) Yga
v;Zf 1 = "¢ o ~Tswescs ' Vaq 6 1 pref
g4 94

vgd + RCpu(iZd

—Vgq t RCPu(qu -

lld) - RZpule + wpuLZpuiqZ)
- ilq) - RZpuiZq - wpuLZp iza)

- ild) - Rlp ild + wpuLlpuilq)

ilq) — Ryp l1g — Wpulyp ild)




Rotor-side converter control and average model:

7 = K,p (—P”’f + P;;M) + Kipxp ire = Kpq (Qref - Q?#f) + KigXg
L~ _pref 4 Pout o = gres - Qout
vrrsf = Kyrsc (irr;f - i;f’) + KipscXarsc — (w(:;:L - wr) (Lis + Llr)i:,?’ % —ref _ i;ff,
v = Kprsc (i:sf - i;‘[/) + KirscXqrsc + (% - wr) (Lis + Llr)irmd’ % =i - i?;rcll’
v = g e T (see Appendix A.3) (Z:d) ~ (9 119 —(6 1— ﬁr)) (vrz;:
a -9, Ve

vref’ = vrefe_TszSCS

rq

rq
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A.2 Type-1V generator model

Table A.6: Type-IV generator model parameters

Parameter Value Description
[Kpprr, Kiprr] [15,45] PLL PI control gains
[wo, fol [120m, 60] Grid frequency
Wry = Wyj 50007 Measurement filter cutoff frequency
& = &5 0.7 Measurement filter damping
Inductance and resistance of RL branch
Wapus Ripul [0.48, 0] pu closer to the converter of LCL filter
[Lapus Rapa] [0.06, 0] pu Inductance and resistance of RL branch

[Cpu' RCpu]

Hy,

Dy,
¢pmpu
[La)Lg]

R
Cdcpu
[Kpdc' Kidc]
[KpQ' KiQ]
[KpGSC' Kigscl
[KpP' KiP]
[KpMSC' Kiuscl
TstSC

TstSC
Ty
[pr' Kiw]
[Ksh' met]
Tp
Hwt
[w;lnom’ w;tom]
R

Snom

o

[0.06, 0.34] pu

0.5s
0.01
1.1884 pu
[0.7,1.11] pu
0.017 pu
3.3238 pu
[8, 400]
[0.1,1]
[0.83, 5]
(1,3]
[0.1361, 2.7221]
1/2700 s
1/1620 s
3s
[50, 10]
[1.1, 1.5]
0.01s
25s
[3.8124, 1.1] pu
33.05m
1.5x10° VA
1.12 kg/m?

closer to the grid of LCL filter
Capacitance and damping resistance of
the LCL filter
PMSG machine inertia constant
PMSG damping constant
Magnetic flux constant of PMSG
dq stator inductances of PMSG
Stator resistance of PMSG
DC bus capacitance
DC bus voltage PI control gains
Reactive power PI control gains
GSC PI control gains
Active power PI control gains
MSC PI control gains
GSC delay time constant
MSC delay time constant
Rotor speed filter time constant
Rotor speed PI control gains
Shaft stiffness and damping constants
Pitch angle actuator time constant
Wind turbine inertia constant
Rated mechanical and electric speeds
Turbine rotor radius
Generator rated power
Air density
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Table A.7: Type-1V generator model algebraic variables

Variable Description Variable Description
irdr it Terminal currents Pggc GSC active power
WpLL PLL frequency output Pysc MSC active power
U;‘f "Vtq" | Measured terminal voltage after PLL i;f;f , i;f;f Reference current of GSC
m
Uma',Vmq'|  Measured stator voltage after PLL Ugr;f , vgsf Reference voltage of GSC
m m
f2d vi2a" | Measured GSC current after PLL i q axis reference current of MSC
m
lma',tmq’ | Measured MSC current after PLL ;“g , ;f{ Refence voltage of MSC
m m
I out, Q?#t Terminal active and reactive power w:ef Reference rotor speed
Vgdr Vgq GSC voltage BT Reference blade pitch angle
Tn Mechanical torque T, Turbine torque
T, Electric torque Cp Wind turbine power coefficient
Vimd» Vmg MSC voltage A Wind to rotor tip speeds ratio
Table A.8: Type-1V generator model differential variables
Variable Description Variable Description
XprL Auxiliary variable for PLL integrator Ve DC bus voltage
Auxiliary variable for DC voltage
OpLL PLL angle output Xgc Y integrator &
Auxiliary variable for power control
0, Rotor angle Xp, X Ty integratof
Vtd, Vtq Measured terminal voltage vr;f Lyl GSC reference voltage after delay
m m g 99
f2d, 124 Measured GSC current i MSC reference voltage after delay
izd' i’frf Measured PMSG stator current wl" Reference rotor speed after filter
X100 Xfe Auxiliary varlat%lﬁ serfsor measurement X Auxiliary variable for rotor speed control
. Current of RL branch of the LCL filter .
i1q, 0 .
1drMq closer to the grid B Blade pitch angle
i Current of RL branch of the LCL filter 5 Torsional shaft ancle
2d>"2q closer to the converter &
Vear Veq Voltage of the capacitor of the LCL filter Wyt Wind turbine rotational speed
. Auxiliary variable for GSC control
Umd> lmgq PMSG stator current Xagscr XqGsc Y integrator
Auxiliary variable for MSC control
W, Rotor speed Xamscr Xqmsc integrator

Table A.9: Type-IV gen. model inputs

Variable Description
Vear Veq Terminal voltage
Uy Wind speed
U;Z’f DC bus voltage reference
Pref,Qref | Active and reactive reference power
Wpy Grid frequency
i:,fg d axis reference current of MSC

Table A.10: Type-1V gen. model outputs

Variable

Description

Ltar leg

Terminal currents




Expressions:

Terminal currents:

ita = lzq itq = i2q
PLL and measurements:
dx de 6 = GPLL - (l)ot
Wprp = KpPLLth, + KipriXpyL % = Uéq % = wo + wpy, 0,,=06,+m
m m
r !
VUmd VUmd Vtd Vtd
m - ( 1 erz) m m | _ ( 1 9) m
Vmgq' -0, 1)\Vmg Veq' -0 1/\Vtu
m m m m
i2aq" i ima’ i
a\ ( 1 9) tad o\ ( 1 9rz) m
i2q' —0 1/ \i2q imq' -0, 1 imq
m m m m
dx]cl dx dx
_ 2 f2 _ 2 f3 _ 2 ( : )
=w Vta =V =w Vig — VU = wpi“\lpg — 1
e v ( td ﬁ,‘f) dac O < tq :;3) dac St e
dvea dveq diza
m m .
—— = Xf; — 2Wsp &£y Vtd m _ _ — = Xr3 — 2w¢;Eril2a
dt f1 fvSfv m dt = xfz wavffvvfg dt f3 fiSfi m
dx ( ) dx dx
4 _ 2 . f7 _ 2(; i f8 _ 2 i
= W¢; lyg — l2g = wfi (lmd - lmd) = Wf; l — lmg
dt fi a dt m dt fio\'ma m
dizq dima dimg
™ = xpy — 206 E il — = X7 = 20p§piima T = xpg — 20 &l
= Xra fFiSril2q dt m ar = Xrs risfilma
Pout = — (Utd’izd’ + th’iZq’> Qout = — (th'im' - Utd’iZq’>
m m m m m m m m m m
LCL front-end filter:
diZd (A)O

(vtd —Vca — RCpu(iZd - ild) - RZpuidZ + wpuLZpuiqZ)
At Lopy

diy 1)

q _ Wo ) ) . )

a L (th ~Veq — RCpu(lZQ - llq) — Ropulaqg — Wpulap lZd)
t 2pu

dild Wy
= (Vcd — Vga + RCpu(lZd — i) — Ripuira + wpulip llq)
dt Lipu
diig  wo

dt (veq = vgq + Repu(izg = i1q) = Rup ing — @pulapuira)
t Llpu

dveg  wg
dt  Cpy

de w

q _ Wo . ,

dt _C (qu —lg ~ wpucpuvc‘d)
t pu

(izd - ild + wpucpquq)

Permanent magnet synchronous generator:

dw w, ae . . .
tT = ZH(:n (Tm + Te - mer) d_tr = WoWy Te = ¢pmpulmq + lmdlmq(l’d - Lq)
digg g , i dimq wWo , i
= _(vmd - Rslmd + erqlmq) =7 (vmq - Rslmq - erdlmd - wrd)pmpu)
dt  Lg L
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DC bus:

dvge _ @y (Pgsc—Pmsc) Pgsc = Vgalia + Vgqliq
dt Cdcpu Vac Pysc = Vmalma + Vmglmg

Grid-side converter control and average model:

dxge

178

.ref _ ref
lgd Kpac (Vdc vdc) + KigeXac dt =Vy: — Vac
.ref __ ref de — nref
lgg = Koo | Q™ = Qour | + KigXq - ¢ T Qoue
ref _ wpLL . dxagsc :ref
Vyd = —Kpesc ( —i2a ) KigscXagsc + w_o(Llpu + L2pu)12q’ o =lgg — lZd
m
ref wpLL . dquSC ref .
Vgq Kpesc < —izgq > KigscXqesc — "o (Llpu + LZpu)lZd, “at " loa T i2q'
0 m m
Urceif = ‘Urzf TswGscs Ugd 1 -0 vrzf
“‘ief, ief . (see Appendix A.3) (v ) ~ (9 1 ) “‘ief,
_ - s 94
qu = qu e SWGSC vgq
Machine-side converter control and average model:
iref — ref _ Kpp ( ref ) Kip adxp _ pref
=0 i prel —p X —=pPrel —p
bma mq ¢pmpu out bompu P de ;):'t
. . . dx, . ,
V:;fl{ = Kpmsc (‘rr;i{ - lmd') + KimscXamsc — WrLqimq' —Z’:’SC = L:,fl{ ~ ima
m
. . . ax . . ,
V:;Szf = Kpusc <l:ne¢{ - lmql> + KimscxXqusc + wrLgima’ + wr¢pmpu % = lgfr{ - ”_:lr?
m m
ref ref _T s ref ,
Umd = Vma€ M ( . Umd 1 =0\ Vma
see Appendix A.3) ~
1;_:;13({ I = 1;_:;13({ e~ Tswmscs (Umq) 02 1 _:;f({
Speed and pitch angle control:
dx, ’ d ref
w:Ef = /Pout % =wr — ‘U:Ef a:i;tr = T_ IEf :Ef,) prel = pr(wr - wIEf,) + KiwXy
m w
Turbine, drive train and pitch mechanism:
1 asé dw,y, 1
E (ﬁref - ﬁ) T = Ksp6 + met(wwt - wr) i = wo(wwt - wr) Tt = ch (TL' - Tm)
Rmr"om
_ Copom®wt 1 tpmieo 3 - _ in(®(1—3) - _ _
A=—ET T, = o= G, C, = (0.44 — 0.0167B) sin (15 (1-3) 0.35) 0.00184(1 — 3)B

A.3 Padé expansion of negative exponential function

The delay in the converters due to the control algorithm is modeled by a dead-time, which

in frequency domain has an exponential transfer function Fy(s). Such function can be represented

by a polynomial expansion as follows:
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bO + bleS+. . +bl(TdS)l

Fy(s) = e Tas =
a(s) ag + a Tgs+... +a, (Tys)k

(k=D ) k=D
a4 = i1(k=1)! bj =D Jia=!

where / is the maximum order of the numerator, £ the maximum order from the denominator, j

corresponds to the j-th term of the numerator and i corresponds to the i-th term of the

denominator.

This thesis truncates the transfer function to / = 5 and k& = 5 because the phase is accurate
up to 2500 Hz, which is sufficient to model the generators up to 1500 Hz for the resonance studies

in the harmonic range of frequencies.

Finally, it is possible to represent the polynomial expansion up to the 5™ order by a state-

space model (time-domain) with auxiliary variables X, ..., Xs input X’ and output x, as follows:

0 1 0 0 0 0
X1 / 0 0 1 0 0 \ X1 / 0 \
d §2 R 0 0 1 0 §2 | 0 |
5|X3|—| 0 0 0 0 1 ||X3|+| 0o |*
\4/ \ 1 1 1 1 1 /\ 4/ \ 1 /
_ a a _ 1
Xs asTas ° sTa4 aSTd3 2 asTdZ 5T, * Xs asTdS

The a and b coefficients are:
[ao, a1, az, as, a4, as] =[1, 0.5000, 0.1111, 0.0139, 9.9206x10*, 3.3069x10-]

[bo, b1, b2, bs, by, bs] =[1,-0.5000, 0.1111, -0.0139, 9.9206x10*, -3.3069%107]
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APPENDIX B: DESCRIPTOR STATE SPACE HANDLING

This appendix shows how to expand or simplify the descriptor-state space model.
Adding a component

The DC voltage control is chosen for this example. Initially, one must consider the DC bus

voltage control loop expressions:

.ref __ ref _
lgg = Kpdc(vdc - vdc) + KigcXac at  Vac — Vac

where v4¢ is an input, iz;’? is an algebraic variable, and x4 is a differential variable. The DC
bus voltage vy is initially considered an input to the model. Thus, the linearized descriptor-state

space version can be written as follows:

(o o) (Ai;f;f ) _ (—1 Kidc) <Ai;f;f ) N (K,,dc —K,,dc) (Augﬁf )
0 1/\ ax,, 0 0 /\ax, 1 -1 /\ av,,

Now, the model is enhanced by describing the DC bus voltage dynamics (linearized with
the A operator around vieo = 1 pu, and Pgsco = Prsco where Pgsc and Prsc are the active power

flow from the GSC and RSC):

. Wy . Wo
Vac = (Pesc — Prsc) = Avge = —— [(APgsc — APrsc) — 04v,]
Cdcvdc Cdc

So vacis now a differential variable, Pgsc and Prsc are inputs, and the state-space becomes:
000\ (Aige"\ /=1 Kige=Kpac\ (Bigg\ (Kpae O 0\ [0}
010 J{ axge |=( 0 0 =1 Jlag |+{ 1 0 0 || AP
001/ \ Av,, 0 0 0 Avg, 0 @olac —woCac/ \APpyge

where the A and B matrices of the descriptor state space are split into the following subsets:

2 ([_1] [Kidc _Kpdc]) [Kpdc 0 O]
EI I I (R

Removing a component

The PLL is used in this example. The voltages measured at generator terminals are

described by:

dxprL _ ' dbprL

2
- — on 4+ © <vtdm ) - < 1 HPLL) (vtdm)
dt tqgm dt 0 PLL _QPLL 1 Vtam

_ ’
Wpr, = KppriVegm + KipriXprL ’
Vtam

The system is expressed by the following descriptor state space after linearization:
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00000 Avdtm -1 0 0 Vgrmo A" 1 amo\
00000 | [ Avgem' -1 0 —Vgmo 0 Avgem' —Bp110 Avger,
I

0 1
| 00000 || Awpy, |=] 0 Kppy =1 0 Ky || dwpy, [+] 0 0 |(A )
Vgtm
\00010/\49m/ 0 0 w O 0 ABpy, 0 0 /
00001/ \ Axp; 0 1 0 0 0 Axpyy 0 0

The effect of the PLL on the terminal voltages which enter the controllers can be removed
by simply eliminating the rows and columns of E, 4 and B corresponding to wp;;, Op;; and xp;;,

and forcing any remaining variables in the expressions to 0 as follows:

4 ' - 4 ' 4
(o) =G ()6 D)
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APPENDIX C: SIMPLIFIED WIND GENERATOR IMPEDANCE MODELS

Table C.1 lists all subsystems per frequency range for both wind generators. According to
the sensitivity of the impedance profiles, quantified with the MAS index from Section 2.5, each
subsystem is tagged with the following code: v must be modeled; and X can be neglected. In
short, all subsystems tagged with a v conform a recommendation of the minimal set of
subsystems to be included in the impedance model in order to have a good accuracy for resonance
studies in the following ranges of frequency: 1) Sub-synchronous range (SSR) from 0 Hz o 40
Hz; 2) Near synchronous range (NSR) from 40 Hz to 80 Hz; and 3) Harmonic frequency range
(HFR) from 80 Hz to 1500 Hz.

The column “Lit.” presents a simple model for the generators used in the literature for

harmonic resonance analysis, and even some sub-synchronous resonance studies [24].

The decoupled positive sequence profiles of the models in Table C.1 are shown in Figure
C.1 to Figure C.3. Notice the recommended “simplified” models match the “full” original model.
The “literature” model has a poor match in the SSR, the NSR, and the resistance of the HFR, so
it is only reliable to determine resonance frequency values for harmonic resonance studies, but

not their damping, which is required for stability studies.

Table C.1: Recommended subsystems for impedance modeling of wind generators

Speed control and turbine

Type-1II generator Type-1V generator
Component SSR NSR HFR Lit | SSR. NSR HFR Lit
Control delay X X v v | X X v Y
Voltage and current filter X X v o X | X X v X
Active power control X v X X X X X X
Reactive power control X v X X | Vv v v X
DC bus voltage control v v v X | Vv v v X
PLL v v X X | Vv v X X
GSC current control v v v V|V v v o v
RSC /MSC current control | v v v | X X X X
X X X X X X X X
v v v X |V v v X

DC bus capacitor
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Figure C.1: Impedances in the SSR
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Figure C.3: Impedances in the HFR
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APPENDIX D: PLL PERFORMANCE AND TUNING

The PLL plays an important role in the stability of control interactions in the NSR.
However, it can also interfere in the SSR if its tunings lead to a large bandwidth. Consider the
PLL tunings in Figure D.1, where the original tuning is Kpprz=15 and K;pr;=45, leading to a
bandwidth of 2.8 Hz. Notice that larger gains lead to larger bandwidths, and that large

proportional gains tend to dominate over the integral gains.

10 | —— Kp=0.15, Ki=45, bw=1.7Hz 10 e Kp=15. Ki=0.45, bw=2.4Hz
—_— Kp:1.5, Ki=45’ bw=1.7Hz —_— Kp=15. Ki=4'5' bw=2.4Hz
Kp=15, Ki=45, bw=2.8Hz Kp=15, K;=45, bw=2.8Hz
5r¢ —_— Kp=150, Ki=45, bw=23.9Hz 55— Kp=15. K;=450, bw=5.7Hz
m —_— Kp:1500, Ki:45’ bw=238.2Hz m — Kp=15. Ki=45(i(>w=16,7HZ
© o
> o 0
) ©
= =
-5r
‘ -10 ‘ :
102 100 102 1072 10° 102
Frequency, Hz Frequency, Hz
a) Kpprr variation b) Kip1 variation

Figure D.1: Bandwidth of the PLL according to its tuning

The step response of the PLL tunings in in Figure D.1, is shown in Figure D.2. Notice that
increasing the Kpprr leads outputs with higher damping, whereas increasing the integral gain
Kiprz leads to lesser damping. This indicates that tunings with large integral gains and low

proportional gains have a greater risk of leading to instability.

6 - - - 5
——K_=0.15, K =45, bw=17Hz
——K_=15,K=45, bw=1.7Hz 4l
K,=15, K =45, bw=2.8Hz
%' 4 ——K_=150, K;=45, bw=23.9Hz '\ 8’ 5l
L ——K_=1500, K;=45, bw=238.2Hz g
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< 2 ] <& ——K,=15,K=4.5, bw=2.4Hz
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11 ——K,=15, K;=450, bw=5.7Hz
——K=15, K;=4500, bw=16.7Hz
0 : ' : : 0 : :
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Time, s Time, s
a) K,p1. variation b) KipLL variation

Figure D.2: Response of the PLL to step of Av, = 0.05 pu
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APPENDIX E: REAL WIND PARK TOPOLOGY

The circuit in Figure E.1 is a real 64 MV A wind park complex in the northeastern region
of Brazil with 32 generators, each of 2 MVA. The generators are originally Type-III, but they
were changed to Type-IV in the comparative studies. The main transformer couples the grid at
230 kV with the medium voltage feeders at 34.5 kV, and the step-up transformers of each
generator couple the medium voltage feeders with the generators at low voltage 0.69 kV. The

wind park has a capacitor bank for reactive power compensation, i.e., power factor correction.

Background ©)
i grid

- PCC

Main

Capacitor
bank =

Q &

55 (56

Generator

Figure E.1: Single line diagram of real Brazilian wind park

The feeders are underground cable segments modeled as m sections, and the transformers
as RL series branches. Overhead (o/) line parameters were approximated from the parameters of
underground (ug) cables with equivalent ampacity with the following relationships (reached after

analyzing of a compilation of datasheets):
Rgh =~ Rug Lgh =~ Lug/3 Coh =~ Cug/25

Circuit parameters are shown in Table E.1 and Table E.2.



Table E.1: Wind park feeder and transformer parameters

Code R,Q/km L,mH/km C,uF/km Ampacity, A

Underground 1 0.3420 0.4270 0.1550 230
cables,345kv | 2 02470 04580 0.1700 300
3 0.1960 0.4390 0.1830 340

4 0.0974 0.4000 0.2280 450
S, MVA Xse, pu X/R

Main
Transformer 230/34.5 kV 64 0.15 50
Step-up
34.5/0.69 kV 2 0.05 50

Table E.2: Feeder segment characteristics

Bus1-Bus2 Code km

Busl-Bus2 Code km

3-4
4-5
5-6
6-7
6-8
4-9
9-10
9-11
11-12
12-13
13-14
3-15
15-16
16-17
17-18
15-19

N

3.68
1.58
1.67
0.83
1.23
1.14
0.92
1.40
0.77
0.89
0.90
2.24
1.67
1.02
1.35
1.00

DN M= = = BN = = = e = N = = e e

19-20
20-21
21-22
20-23
23-24
3-25
25-26
26-27
27-28
3-29
29-30
30-31
29-32
32-33
32-34
34-35

W

1.19
1.43
1.12
1.16
1.64
1.22
0.91
0.78
0.76
0.38
1.31
0.75
1.49
1.51
1.48
0.93

e\ H e N e e e e e e )
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APPENDIX F: EXPRESSIONS FOR THIRD ORDER HIGH PASS FILTER

This appendix presents the expressions of the third-order high pass (3HP) filter with the
iterative procedure which minimizes the total harmonic distortion of voltage at PCC of the wind
park. The impedance Zr(h) = Re(h) + jXr(h) and its derivatives are given are given in terms of R
and L, and a variable K was added to simplify the algebra.

- L+VI?+4R? —
K=Cl="—-—— hy = hL — h K
2 2 K
h2?RL? hL(R?—KL)+h 1LK? 1
Rp =5 Xp = T2 —
R2+h% R2+h% hCy
The first derivatives are:
dRp _ —thZ(RZ—hK2)+2hRL2hKZ—I; dRp _ 2h2RL(R2—h‘lhKK)+2hRL2hK%
—_— 7 - — 2
dR (R2+hK2) aL (R2+hK2)
dXp _ 2RI2Whg+hi?(R*—hg?)S axp  (hR?(R2=(2h™ hgK+h212) )+ hi?K? ) +hi2 (R?—hi?) 2
_— > _— >
dR (R2+hK2) dL (R2+hK2)
dk 2R dK 1( L )
dR ~ VI2+4R? L~ 2 VI2+4R?

The second derivatives are:

a?r, (R®+he)A, + (h(R2 — hy?) — 2Rhy fl—g) hL2B,
dR* (R2 + )’

a2x, (R*+hg*)A, - (ZthK +(R? - th)Z—’;) h12B,
dR* (R? + hy?)’

2Ry 2Ry (RZ+he”)As+ (R2( 2= hy*)L? — 2hRI2hy Z—g) B,
dLdR ~ dRdL _ (R + )

dZXF _ dZXF _ (RZ + th)A4 — hl2 (ZthK + (RZ _ th)Z_IIg) BZ
dLdR dRdL (RZ N hK2)3

dZRF _ (R2 + hKZ)AS _ (thRL(RZ _ hKh_lK) n ZhRLZhKZ_Iz) BZ
dL? (R2 + hK2)3
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(R? + hy*)Ag — (((R2 — h?L* — 2h~"hgK)hR? + th-lth) +hI?(R? - hKZ)Z_IL(> B,

d?Xg
2 3

dL (R? + hy?)
a’K _ 212 d’k __ d?’K _ —2RL a’K _ 2R?
dR?  (J[Z4aR?) dLdR ~ dRAL  (VIZ14RZ)’ L (VIZ+4R?)’

dK

2 d2
A =2 (—hz - (E) + hhy d—Rf) RL?

2
4, = (th (hz + (& ) +h(R? - h,f)%) 12

h?(hLhy — R? + hy*) — hLhy 5
A; =21 ,
+hR(AL + 2hy) Z—’; —RL Z—’;i—’z + RLhhy i—d’;

dK 2\ dK
o 2h*RL(hL + 2hy) — 2RRL* — + 2hL(R? — hLhy — hy )E
4=

2y 4K dK 2(p2 _ 5 2\ LK
+2L2hy ——= + hL (R hK)deR

— 2 2 _ -1 2pr2 4K _ o (4K 2, 4K
A5—2(h R(R? = (L + hgh™)) + 2h?RL> S — RL (dL) + hRL thLZ)

Ah(h~2K(R? — h™Y(hg + hL)K) + (h"'K — hy)hL?) Z—’L{

A = d2?K

drL?

dK

+2(—R2h%hy + K2hy) + 2L2hy (E)Z + hI2(R? — hy?)

By =4(R—h th 3) B, = 4hy (h—h™'5)
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APPENDIX G: INITIAL VALUE FOR ITERATIVE FILTER TUNING

Consider the C-type filter in Figure G.1 and the 3HP filter in Figure G.2.
C C
CI L 2 C] R 2
i HH 1
R L
Figure G.1: C-type filter topology Figure G.2: 3HP filter topology

The normalized resonance frequency /.5 (in pu of fundamental frequency 60 Hz) of these

filters, and their quality factor QF), can be approximated with the following expressions:

1
hppe= ——— hyesL
res L C'lC'z QF: r}e;
C,+C,

The filter tuning procedures in this thesis set a constraint for C; in terms of the reactive
power compensation of the original capacitor bank Qc/Swp, and for C: in terms of the filter
elements. And the iterative algorithm determines which are the values for R and L that are used
to minimize the THDv at the PCC of the wind park. The iterative tuning of the filters proposed

in this thesis requires to set an initial guess for the values of R and L.

This can be done either randomly, or with the set of expressions shown in Table G.1, in
terms of a fixed resonance frequency /s and a fixed quality factor of OF. And by rearranging,

the initial guess for the filter parameters can be calculated with the expressions in Table G.2.

Table G.1: Constraints for initial value of filter tuning

C-type C,=L"1
cC,+C RyesL
C1 = Qc/Swp 2 Ryes = - - QF = =
3HP C, = LG, G R
L+ VIZ + 4R?

Table G.2: Expressions for initial value of filter tuning

C-type Co = Ci(hres” — 1) L=¢""

Cy = Qc/Swr

3HP C, = /
\

2 hTES 2

1+ /1 + 4h,2QF 2

GG QF
Rres” C1Cs

e
)
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APPENDIX H: PUBLICATIONS

This appendix presents the scientific publications that were elaborated during the period of

this Ph.D. research. The following journal papers were published:

1.

7.

A. Argiiello, R. Torquato, W. Freitas, “Method for Assessing the Risk of
Subsynchronous Oscillations in DFIG-Based Wind Parks,” accepted for publication on
IEEE Trans. on Power Delivery;

A. Argiiello, “Setpoint Feasibility and Stability of Wind Park Control Interactions at
Weak Grids,” accepted for publication on Modern Power Systems and Clean Energy
Journal (MPCE);

. A. Argiiello, R. Torquato, W. Freitas, A. Padilha-Feltrin, “Graphical Method to Assess

Component Overload due to Harmonic Resonances in Wind Parks,” IEEE Trans. on
Power Delivery, vol. 36, no. 3, pp. 1819-1828, 2021;

A. Argiiello, M. Rider, “A Discrete Time Domain-Based MILP Framework for Control
Parameter Tuning,” IEEE Systems Journal, vol. 15, no. 3, pp. 3462-3469, 2021;

R. Torquato, A. Argiiello, W. Freitas, “Practical Chart for Harmonic Resonance
Assessment of DFIG-Based Wind Parks,” IEEE Trans. on Power Delivery, vol. 35, no.
5, pp. 2233-2242, Oct. 2020;

A. Guzman, A. Argiiello, J. Quiros-Tortds, G. Valverde, “Processing and Correction of
Secondary System Models in Geographic Information Systems,” IEEE Trans. on
Industrial Informatics, vol. 15, no. 6, pp. 3482-3491, Oct. 2018;
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