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Abstract

In recent years, Doubly Fed Induction Generator (DFIG) wind turbines connected to rural
distribution feeders represents an emerging trend that has experienced growth. Higher
penetration levels of embedded wind generation has interesting benefits (i.e. peak-shaving,
congestion alleviation, reduction of losses, etc.) but raises important issues concerning the
quality of power delivered to utility consumers. This thesis investigates the technical limitations
involved with integrating large DFIG based wind farms into existing distribution feeders with
regard to voltage flicker. This dissertation includes an overview of firstly, the applicable
Electromagnetic Compatibility (EMC) standards related to the measurement and assessment of
flicker emissions produced by distribution-connected wind farms. Secondly, aerodynamic,
turbine and feeder characteristics which influence voltage flicker. Thirdly, the level of modeling
required to conduct a pre-connection flicker study. Based on these three aspects, flicker
emissions produced by a DFIG are quantified and a rule of thumb and a set of guidelines are
presented for the acceptance of a 10 MW to 14 MW distributed wind farm, compliant to the
allocated flicker emission quota. If the rule of thumb does indeed reveal a problem, both
passive and active flicker mitigation techniques are proposed such that EMC of the power

system is preserved.

i|Page



Résume

Au cours des derniéres années, les éoliennes a base de génératrice asynchrone a double
alimentation (DFIG) connectées a des réseaux de distribution rurale représentent une tendance
émergente en croissance. Le niveau de pénétration plus élevé d'énergie éolienne présente des
avantages intéressants (i.e. écrétement des pointes, la réduction de la congestion, la réduction
des pertes, etc.) mais il souléve d'importantes questions liées a la qualité de I'énergie livrée aux
consommateurs. Cette these étudie les limites techniques liées a l'intégration des grands parcs
éoliens dans les réseaux de distribution existants au niveau du scintillement. Cette thése
comprend, premiérement, une vue d'ensemble des normes applicables sur la compatibilité
électromagnétique concernant la mesure et I'évaluation des émissions produites par des parcs
éoliens connectés a des réseaux de distribution. Deuxiemement, I'aérodynamisme, la turbine et
les caractéristiques du réseau de distribution sont étudiés pour leurs influences sur le
scintillement. Troisiemement, le niveau de la modélisation requis pour mener une étude de
pré-connexion sur le scintillement est évalué. Sur la base de ces trois aspects, les émissions de
scintillements induites par les éoliennes DFIG sont quantifiées. Une méthode empirique et un
ensemble de directives sont présentés pour l'intégration d'un parc éolien de 10 MW a 14 MW
afin d’assurer une conformité au quota alloué pour I'émission de scintillement. Si la méthode
empirique révele un probleme, des techniques passives et actives d'atténuation de
scintillement sont proposées afin que la compatibilité électromagnétique du réseau électrique

soit préservée.
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Chapter 1: Introduction

Chapter 1:
Introduction

1.1 Proliferation of wind energy

In recent years, the proliferation of wind power has been mainly driven by the
deregulation of the power industry, technological advancements and the continuing push for
cleaner energy sources. According to the Global Wind Energy Council, the total installed wind

power capacity now operating stands at 237,669 MW; refer to Figure 1-1 [1].

Canada reached a record year in 2011, installing 1,267 MW of wind power. Heading in
the right direction to meet the industry-set target of 10 GW by 2015, up to 1,500 MW s
scheduled to be installed in 2012, adding to Canada’s current total installed capacity of 5,265
MW [2].

Provincially, Hydro-Québec has signed contracts for a total of 3,000 MW, as a result of
two tender calls for the purchase of wind power, dated February 2005 and June 2008. In April
2009, two additional calls for tenders for the purchase of 500 MW of wind power were issued.
Thus, by 2013, 3,500 MW of wind power will be under contract as a result of the Hydro-

Québec’s tender calls [3].

10700100 J

1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011
6,100 7600 10,200 13,600 17400 23,900 31100 39431 47620 59,091 74,052 93,820 120,291 158,864 197,637 237669

Figure 1-1 Global cumulative installed wind capacity [1]
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Chapter 1: Introduction

The large-scale integration of wind power, particularly that which is distribution-
connected, projected to be as high as 30% of all new generation [4], however, gives rise to new
challenges for the power system. The highly fluctuating nature of the wind constitutes the main
challenge towards a harmonious integration of the wind power [5], yet regional grid code
requirements must be abided. Thus, as the penetration levels of distribution-connected wind
power increases, it becomes necessary to ensure that the proper studies and measures are

taken such that power system operates smoothly.

1.2 Wind turbine technologies

1.2.1 Overview

Wind Turbine Generator (WTG) designs have progressed mainly with regards to the
rotational speed, Power Electronic Converter (PEC) and drive train components. Referring to
the rotation speed, WTG topologies can be classified into Fixed Speed (FS), limited variable
speed and Variable Speed (VS) [8]. VS wind turbines, which include a PEC in their topology, can
be further classified into WTGs with a partial-scale and a full-scale PEC, based on the relative
rating of the PEC to the WTGs generation capacity. Furthermore, referring to the drive train
system, the WTG topologies can be classified into geared-drive and direct-drive wind turbines

[6]-[8].

WTGs are commonly classified as Type 1, Type 2, Type 3 and Type 4 [8],[31]. Type 1 and
Type 2 WTGs consist of FS and limited variable speed topologies. Whereas, Type 3 and Type 4
WTGs consist of VS topologies and represent the dominant modern day design and hence, will

be further discussed.

1.2.2 Variable speed configurations

A Type 3 WTG, as illustrated is figure 1-2, corresponds to a VS wind turbine with a
Wound Rotor Induction Generator (WRIG) and a partial-scale PEC on the rotor circuit [8]. This
configuration is also known as the Doubly-Fed Induction Generator (DFIG) topology and is
widely used in wind power generation. In this topology, the stator is directly connected to the

grid, whereas the rotor is connected through a cascade of two Voltage Source Converters (VSC),
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Chapter 1: Introduction

typically rated 30% of the machine power. The Rotor Side Converter (RSC) excites the generator
rotor winding at variable frequency, thus permitting the WTG to operate at a variable rotational
speed. The WTG is able to support a wide speed range operation which is typically + 30%

around the synchronous speed [6].

Partial scale
frequency converter

Figure 1-2 Type 3, Variable speed WTG with partial-scale PEC [8]

For Type 4, WTGs, as illustrated is Figure 1-3, the generator is entirely decoupled from
the grid via a full-scale PEC. In this case, the PEC handles the total generated power delivered to
the grid. Therefore, the PEC must be fully rated, resulting in an increase in cost, power losses
and harmonic emissions compared to the DFIG topology [7]. The generator can be a Permanent
Magnet Synchronous Generator (PMSG), Wound Rotor Synchronous Generator (WRSG), or
WRIG [8].

PMSG/ WRSG/ WRIG

Full scale
e frequency converter
I :_'ﬁi- —
f s (O

Figure 1-3 Type 4, Variable speed WTG with full-scale PEC [8]

1.3 Impact of large distribution-connected wind farms on the
power system

Distribution networks were not designed to deal with the large fluctuating power
injections produced by wind farms, hence, the proliferation of wind power on the power
system results in a number of adverse impacts. A subset of these impacts include voltage
variations, degraded protection, altered transient stability, and bi-directional power flow

[9],[10]. At the distribution level, voltage variations which induce flicker are considered to be
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one of the main power quality problems associated with large penetrations wind power. These
voltage variations are mainly due to the stochastic and non-dispatchable nature of the local
wind resource by which the typical 25 kV North American rural distribution feeder is less

suitable to handle, due to network characteristics, leading to objectionable flicker levels.

Generally, the normal tolerances of feeder voltage levels are +10%, however, rapid
voltage variations become a nuisance at levels as low as 0.3%, in weak feeders which are often
located in rural areas where the wind farms are connected [11]. This nuisance is termed as
flicker, which is defined as a subjective phenomenon that is experienced by human beings
when exposed to the fluctuating luminous flux of light sources. Utility surveys have shown that
most people are tolerant to an occasional light flicker event, but when light flicker is frequent
and/or continuous, consumers are annoyed and start to complain [12],[13]. Hence, light flicker
can be the limiting factor determining the amount of wind power which can be connected to a

distribution feeder and thus, the phenomenon must be studied.

1.4 Description of the light flicker phenomenon

1.4.1 Voltage fluctuations and flicker
Voltages fluctuations and flicker are linked terms and are commonly used indistinctly.
Nonetheless, these terms are defined differently, although they frequently can occur at the

same time [14]. Therefore, it is essential to clearly differentiate these two terms:

Voltage fluctuations are defined entirely from an electrical point of view and are
described as variations of the voltage waveform whose amplitudes are bound to +10% of the
nominal voltage level. The magnitude of these voltage fluctuations are typically well below the
thresholds of sensitivity of most electrical equipment and are not likely to result in operating
problems [14],[16]. However, for some specific cases, voltage fluctuations can induce variations

in the luminous flux of light sources, hence, affecting the light bulbs operation [14].
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Luminous flux \
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Figure 1-4 Change in luminous flux resulting from a temporary voltage change, (informative, not to scale) [13]

The International Electrotechnical Commission (IEC) standard IEC 61000-3-7 [48],
defines flicker as an impression of unsteadiness of visual sensation induced by a light stimulus
whose luminance or spectral distribution fluctuates with time. Essentially, flicker corresponds
to the visual discomfort experienced by a person, when exposed to variations in the luminous
flux of light sources. These luminous flux variations are induced by voltage fluctuations, as can
be seen in Figure 1-4, thus, there is a clear connection between flicker and voltage fluctuations.
However, a human factor is involved in the definition of flicker, while voltage fluctuations are
defined entirely from an electrical point of view [14]. This implies that in order for a flicker
problem to occur, the following two factors are required: 1) voltage fluctuations causing
variations in luminous flux, defined as the objective factor and 2) a person exposed to these
luminous flux variations, defined as the subjective factor [14],[16]. Thus, as the human
physiological process has a significant influence in quantifying the flicker disturbance, thorough

knowledge of the human visual perception is essential for the measurement of the flicker.

1.4.2 Physiology of flicker perception

As mentioned in the previous section, flicker is basically a physiological phenomenon
that can at certain severity levels cause significant discomfort to the person exposed to it. The
work conducted by de Lange [18], in the 1950s and Rashbass [19] in the 1970s, demonstrated
that the response of the human eye has the behavior of a band-pass filter between 0.5 Hz and
42 Hz, with the highest sensitivity to the luminous flux at a frequency around 8 to 9 Hz.

Physiological effects also depend on several other key factors (i.e. the amplitude of the
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fluctuations, the duration of the disturbance, the activity/state of the person and the color of
the lighting source). They also concluded that the brain response to light stimulus has a
memory effect with a time constant of around 300 ms, implying that slow changes in luminous
flux are more noticeable than fast changes in luminous flux which are smoothed out
[14],[18],[19],[53]. Based on these results, the IEC Flickermeter was progressively developed to
simulate the human physiological process in order to quantify the flicker disturbance and will

be discussed in chapter 2.

1.5 Factors influencing flicker

1.5.1 Overview

The connection of a large wind farm to a distribution network may greatly influence the
flicker level in the supply voltage provided to utility customers. The main factor contributing to
the deterioration of voltage quality are the rapid variations of the wind farm’s output power,
which induce fluctuations in the feeder’s voltage, attributing to flicker [78]. Flicker emissions
arise in consequence of the fluctuating nature of the wind farm’s output power which is
composed of both deterministic components (due to tower shadow and wind shear) and
stochastic components (due to wind gusts, wind turbulence and wind speed variability)
[11],[20]-[31],[78]. Furthermore, network characteristics such as the short circuit capacity, grid
impedance angle and the local load will be the determining factors attenuating or aggravating

the feeder’s flicker level [21]-[26].

1.5.2 Wind flow and local characteristics
Flicker emissions produced by a distributed wind installation during continuous
operation are in most part induced by power fluctuations originating from variations in the
rotor torque. Aerodynamic factors influencing variations in rotor torque of the WTG,
contributing to increased amounts of flicker emissions, initiate from three main sources:
o Mean wind speed

o Wind gusts and turbulence intensity
o Blade passing effects
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Site characteristics, notably the annual mean wind speed and turbulence intensity
influence the quantity of flicker emissions produced by the WTG. Typically, the flicker emissions
produced by the WTG will increase linearly with respect to the mean wind speed and
turbulence intensity in the range below the WTG rating [22],[24]. On another note, gust
components present in the wind resource, which are defined as rapid changes in the wind

speed, have a direct influence on the flicker level produced.

Aerodynamic factors which influence the flicker level produced by a WTG and are not
present in the wind resource include wind shear and tower shadow. These two deterministic
effects are an inherent characteristic of any wind turbine and will result in periodic fluctuations
in rotor torque. Wind shear is defined as the variation in wind speed with height. Hence, the
WTG's blades will experience a greater wind speed facing upwards and a reduction in wind
speed facing downwards during a revolution. Tower shadow is defined as the reduction in wind
flow due to the presence of the tower. Thus, when the turbine blade crosses the tower, the
WTG experiences a reduction in wind flow. Consequently, these 3p frequencies, typically in the
range of 0.5 Hz — 2 Hz, result in fluctuations in the supply voltage at the Point of Common

Coupling (PCC) [30] and contribute to the total amount of flicker produced by the WTG.

1.5.3 Wind turbine topology and wind penetration
The smoothing of these wind power fluctuations originating from aerodynamic

variations fed to the distributed wind farm are highly dependent on:

o Type of wind turbine and associated reactive power control
o Rated capacity of the wind farm

1.5.3.1 Type of wind turbine and associated reactive power control

The WTG technology applied has a great influence on the magnitude of output power
fluctuations produced by the distributed wind installation [22]. The use of PECs utilized in Type
3 (partial-scale converter) and Type 4 (full-scale converter) variable speed turbines to interface
with the grid, provides better performance related to flicker emissions in comparison with their
fixed speed, Type 1 and Type 2 counterparts [28]. The main reasoning is that in the Type 3 WTG

topology, the incoming power fluctuations can be attenuated by slightly changing the turbine
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rotor speed, hence, using the VS operation of the machine to smooth power fluctuations
[22],[26]. On a similar note, Type 4 WTGs are fully decoupled from the grid via a PEC, hence the
energy stored in the DC-link of the PEC provides a buffer to smooth out power fluctuations.
Furthermore, for Type 3 and Type 4 WTGs the output active and reactive power can be
controlled independently. Thus, the reactive power can be controlled to reduce the voltage
fluctuations caused by active power fluctuations as opposed to operating the WTG at a unity

power factor [27].

1.5.3.2 Rated capacity of wind farm

As the wind farm capacity increases, the flicker emissions produced by the distributed
wind installation at PCC will tend to increase as well. A measure of the distributed wind
penetration is the Short Circuit Ratio (SCR) defined by:

SCR = S‘SC—C (1.1)

n

Where S,, is the rated apparent power of the wind farm. Thus, as the rated apparent
power of the wind installation increases, the SCR will decrease, indicating an increased relative
penetration and increased level of flicker emissions. In fact, it is well noted that the flicker level
is inversely proportional to the SCR [21]-[24]. Factors that influence the SCC at a particular node

in the distribution feeder will be discussed in the next section.

1.5.4 Distribution feeder characteristics

The inherent characteristics of a weak rural distribution feeder represent a bothersome
concern that a utility may have prior to the connection of a large embedded wind farm. The
reasoning is that the wind farms highly fluctuating power injections, associated with the
turbines mode of operation, in combination with distribution feeder parameters, may cause
significant fluctuations in the feeder voltage which may lead to objectionable flicker levels. The
relative voltage change due to a fluctuation in power flow on a distribution feeder can be

approximated using eqn. (1.2).
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Substation Line Impedance WTG

Figure 1-5 Voltage change over a distribution network with wind power

, APg—jAQg |
AV = Vy = Vi = Zypialy = (R + %) (F522%)

— RLAPg-i-XLAQg + ] XLAPg—RLAQg
Vo Vg

AV
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AV = AV, + jAV,

Whereby, AV is the change in voltage, AF; is the change in active power, AQy is the
change in reactive power, R; and X; are the distribution feeder line resistance and reactance
respectively. In the case of distribution networks, it is common to ignore the imaginary term
JAVg, assumed negligibly small [32], and thus, eqn. (1.2) simplifies to:

_ RLAPg +XLAQg
Vg

AV (1.3)

1.5.4.1 Impact of the network impedance angle (X/R ratio)

The X/R ratio is a significant parameter in terms of its influence on voltage flicker due to
the fact that it determines whether the active or reactive power will dominate voltage
fluctuations at the PCC. Depending on the network impedance angle denoted by eqgn. (1.4), the
ability for the network to attenuate flicker emissions will vary.

Qgrig = tan™? (%) (1.4)

L
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The determining factor that influences the severity of flicker emissions is the difference
between grid impedance angle and the wind turbine power factor angle ¢, [24]. This can be

shown analytically with the reformulation of eqn. (1.3):

AV = RLAPg cos(@pr—@grid) (1.5)
Vg cos(@pf) cos(@griq)

Usually the DFIG wind farm is set to operate at unity power factor, which implies that no
reactive power is supplied to or absorbed from the feeder [22]. In this scenario, the line
resistance, typically high for distribution feeders, is the determining factor that influences the
flicker emissions produced by the wind farm. Thus, for higher grid impedance angles, implying a
higher X/R ratio, a reduction in flicker emission is observed. When the difference between the
grid impedance angle and the power factor angle approaches 90 degrees, flicker emissions are

minimized [22],[24], as can be verified by eqn. (1.5).

1.5.4.2 Impact of network short-circuit capacity

The short circuit capacity is a relative indicator of the voltage stiffness of a particular
node in the distribution feeder. The higher the SCC, the higher the voltage stiffness of that
node, and hence, flicker levels should be relatively low. Stated otherwise, the SCC is a measure
of the feeder’s ability to absorb voltage fluctuations and although not directly a parameter of
voltage quality, has a great influence [11]. It has been noted that the flicker level is
approximately inversely proportional to the short circuit capacity at the PCC of the distributed

wind farm [24].

Distribution feeder characteristics that primarily influence the SCC at the PCC are the

voltage interconnection level and the grid impendence.

2
SCC = 2 (1.6)

R2+Xx?

H

With reference to eqgn. (1.6), the higher the interconnection voltage level and the lower
the grid impendence at PCC, the greater the SCC. The equivalent grid impedance determined by

looking back into the distribution feeder from the PCC and is dependent on multiple factors,
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including the size of the substation transformer, distribution conductor type and distance from

the substation [20],[39].

1.5.4.3 Load Type

Fluctuating industrial loads of substantial size connected to the distribution feeder can
cause severe flicker levels to other customers connected to the same feeder. Typical flicker
emitting loads consist of electric arc furnaces, electric boilers, frequently starting and stopping
induction motors, and welders [14],[33]-[36]. If these loads are connected near or at the PCC of
the distributed wind installation, the summation of flicker emissions originating from different
sources may reach to objectionable levels. Hence, the load type connected at or near the PCC
may be a serious technical limitation to the quantity of distributed wind to be installed,
especially if the occurrences of emissions are simultaneous and/or within the same frequency

range.

1.6 Flicker mitigation

Several solutions are available to mitigate the flicker emissions caused by distribution-
connected wind turbines. The most widely adopted techniques are based on reactive power
compensation; however, other methods are possible and include reducing the line impedance

and the use of an Energy Storage System (ESS).

The passive flicker mitigation measure to reduce the line impedance, with the intent to
strengthen the SCC at PCC, is not common, but can be done in the two following manners. The
reduction of the line impedance can be achieved by physically moving the PCC closer to the
substation transformer or by reinforcing the existing distribution network [20],[32]. However, it
may not always be possible to relocate the wind farm closer to the substation transformer as
these areas are typically more densely populated and may violate municipal legislation.
Moreover, the reinforcement of the distribution feeder is likely to render the wind farm project
infeasible from a financial standpoint, as the costs of re-conductoring sections of the feeder will

be fairly significant [32].
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Flicker mitigation techniques utilizing an ESS connected at the DC-link of the WTG PEC,
for power smoothing can also reduce flicker emissions. The main notion is that flicker emissions
are attenuated by storing or injecting fluctuating active power components at the DC-link of the
WTG. In ref. [37] an ESS is employed to reduce tower shadow and wind shear flicker emissions
while ref. [38] employs an ESS to suppress all flicker components. However, economic feasibility

of these approaches is questionable.

Reactive power based mitigation techniques reduce the flicker level by dispatching
reactive power in the opposite direction to that of active power fluctuations and hence,
reducing AV, refer to eqgn. (1.3). Reactive power compensation can be employed to distributed
wind installations by conventional equipment such as a Static Var Compensator (SVC) or Static
Synchronous Compensator (STATCOM) as mentioned in ref. [20],[39],[40]. The purchase of this
additional equipment, however, raises the project cost considerably and presents an infeasible
solution for distributed-wind applications. Moreover, variable speed WTG topologies have an
inherent ability to control reactive power, therefore, the WTGs PEC can be utilized in a similar
fashion to that of a STATCOM in order to reduce flicker emissions [22]. Thus, reactive power
based, flicker mitigation techniques may be embedded within the WTG and assume the form of

either Voltage Control (VC) or Power Factor Control (PFC).

The voltage control technique involves using the difference between the voltage
measured at the WTG terminal to a reference voltage, in order to set the reactive power
needed to be absorbed or supplied by the machine. This in consequence reduces voltage
fluctuations and hence, the flicker level. However, distribution networks containing an On-Load
Tap Changing transformer (OLTC) and capacitor banks, both which are voltage control devices
will require a more sophisticated and coordinated voltage control scheme, if the voltage control
mitigation technique embedded in the WTG is employed [20],[41]. The main reasoning is such
that the multiple voltage control devices within the network are not “chasing” each other,
stimulating excessive switching occurrences, resulting in distribution equipment degradation,

particularly the OLTC and circuit breaker [41].
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The main notion of the PFC mitigation technique is based on eqgn. (1.5). Essentially the
PFC technique adjusts the power factor angle ¢, ¢, such that (¢, :—@g4riq) is equal to 90° by
controlling the reactive power output [22],[23],[37],[38],[42]-[44]. Nevertheless, the PFC
mitigation technique shows its limitations when the grid impedance angle is low, inherent to
weak rural distribution networks which tend to be much more resistive that transmission
networks [22]. If the total reactive power required to mitigate flicker is in excess of the WTG
ratings, the flicker level may still stand at objectionable levels. Active power curtailment is one
technique applied to provision for a reactive power margin in the case when the power limits of
the converter may be exceeded in order to mitigate flicker by absorbing reactive power [31].
Yet, curtailing active power has unfavorable financial implications as the power sent to the grid
is decreased. Moreover, for weak distribution networks, the PFC mitigation technique will
require the WTG to operate at very poor power factors which may not meet local grid code
requirements and may in fact bring upon new problems to the distribution network with regard

to reactive power supply.

In a more practical scenario of the PFC implementation, manufacturers provide
electrical WTG ratings 10% in excess of their prospective active power rating [75]. This allows
the WTG to operate constantly at a slightly leading power factor, (i.e. absorbing reactive power)
and still reduce flicker emission levels without the need for active power curtailment. Although,
WTG flicker emissions may not be reduced to their minimum levels, this method provides a way to
reduce the flicker level and comply with grid codes. Yet, operating at a constant power factor, other
that unity, implies continuously absorbing significant amounts of reactive power, which comes at a

dollar cost and increases the burden on network reactive power sources.

Thus, there is a need for a reactive power based mitigation technique which directly
addresses flicker emissions, such that reactive power is used efficiently, rendering the
technique practically viable. An improved flicker mitigation technique based on reactive power
which operates within a specified power frequency band is explored in chapter 4 of this

dissertation.

13| Page



Chapter 1: Introduction

1.7 Problem statement & project description

The quantity of flicker emissions produced by a distribution-connected wind farm is a
bothersome issue for utilities. In order to make the most efficient penetration of wind energy
into rural distribution feeders without compromising EMC of the power system, the utility must
be able to assess the dependence of voltage flicker on site characteristics, wind turbine
characteristics and feeder characteristics which were all discussed in the previous section. Thus,
a set of guidelines and a rule of thumb for the design and interconnection of a large distributed

wind installation, with regard to flicker, will be of great benefit.

In order to determine if a distributed wind installation will impose technical limitations
with regard to flicker, a parametric study will be conducted, in accordance to factors that
influence flicker in order quantify and assess emissions. Flicker studies tend to be
computationally expensive, due to the 10 minute voltage sampling period and 50 us simulation
time step, thus, the modeling will be oriented for a flicker study and the parameters which
influence flicker will only be tested within a logical and practical range. Moreover, based upon
these studies, a subset of factors which are deemed to greatly influence voltage flicker will be

further studied for the development of a generalized rule of thumb.

These studies will serve as guidelines on how flicker is influenced from individual
characteristics and later used to develop rule of thumb with appropriate mitigation
corresponding to flicker level, grid characteristics and applicable regional grid codes. Thus, the
overall goal of this research is to aid in the design and interconnection of a large distributed
wind installation with a certain degree of confidence, without the need for a detailed network

simulation.
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1.8 Thesis outline

The remainder of the thesis is organized as follows:

Chapter 2 details flicker evaluation, measurement and modeling. This includes a revision
of applicable standards, notably IEC 641000-4-15, IEC 61400-21 and IEC 61000-4-7 which cover
the Flickermeter instrument, flicker measurement guidelines for wind turbines, summation of
flicker originating from multiple sources as well as compatibility, planning and emission levels

for flicker in MV networks.

Chapter 3 details the level of modeling required to conduct a flicker study. This entails
assuring that factors which influence flicker are incorporated and may be adjusted in the
modeling such that emissions are well quantified. Both, the modeling requirements of the wind

speed model as well as the wind turbine model are discussed in this chapter.

Chapter 4 quantifies and analyses the behavior of wind farm flicker emissions according to
factors that are known to influence flicker. This includes the influence wind, aerodynamic and
grid parameters on DFIG induced flicker emissions. Moreover, the effectiveness of reactive

power based mitigation techniques are compared in terms of reactive power use and viability.

Chapter 5 details a flicker study conducted on a real distribution network, using the Opal-
RT® real time simulator. Varying levels of wind penetration are connected at several PCCs and
flicker behavior is studied and quantified. The interaction between flicker emitting loads and
the wind farm are also studied. Finally the effectiveness of reactive power based flicker

mitigation is tested.

Chapter 6 presents the formulated rule of thumb for flicker assessment in a pre-

connection study and summarizes the main conclusions drawn from this thesis.
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Chapter 2:
Flicker Evaluation, Measurement
and Modeling

2.1 Overview

This chapter presents two methods for quantifying flicker emissions produced by a
distribution-connected wind farm during a pre-connection phase, as specified in [46]. Both
methods entail the use of the IEC Flickermeter, which is detailed. The first method involves a
detailed simulation, involving the network under study, the wind farm and the measurement of
flicker at the node of interest, using an IEC Flickermeter emulator. The second method uses
universally applicable flicker tables provided by the WTG manufacturer compliant to the IEC
61400-21 standard [47] to quantify flicker emissions at the desired PCC. Also mentioned, is how
flicker is summed when originating from multiple sources and the flicker emission limits

provided by the IEC 61000-4-7 standard [48].

2.2 Perspective, description, limitations and modeling of the
IEC Flickermeter

2.2.1 Perspective and description of the IEC Flickermeter

Currently, the most prevalent and widely accepted standard for flicker is IEC 641000-4-
15, also referred to as the IEC Flickermeter. The IEC Flickermeter standard specifies the function
and design of a flicker instrument based on human perception to the luminous flux variations of
a standard 60W incandescent light bulb induced by voltage variations. The major advantage of
the IEC Flickermeter is that it automatically incorporates the contributions of numerous flicker
disturbances and non-standard (i.e. not square or sine wave) modulating waveforms [16] into
unified and comparable flicker measure, which was considered a major shortcoming of the

historical GE flicker curves [16],[40].
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The IEC Flickermeter essentially processes the input voltage measurement at the node
under study and outputs two main indices, notably, the short term flicker severity, Py, and the
long term flicker severity, P;;. These two main indices are derived statistically from the level of

perceptible flicker over periods of 10 minutes and 2 hours respectively.

2.2.2 Limitations of the IEC Flickermeter instrument

The IEC Flickermeter specifies a measurement instrument based on human perception
to a 120V, 60W incandescent lamp supplied with a fluctuating voltage waveform.
Controversially, some governments are considering stronger measures to entirely remove
incandescent lamps from the market. These measures include taxation or bans on the
production of incandescent lamps that do not meet energy efficiency requirements [49]. It is
important to note, the IEC Flickermeter standard specifically states that the characteristics of
discharge lamps are totally different than incandescent lamps and that substantial
modifications to this standard would be necessary if they were taken in account. Thus, the IEC
Flickermeter has limitations with regards to accessing flicker in modern lighting which is based
on a different technology than the incandescent lamp and sought to be less sensitive to voltage
fluctuations inducing flicker. Recently, studies [11],[50]-[54] have been demonstrated that
inter-harmonics originating from the supply voltage can also cause both incandescent and
fluorescent lamps to flicker. However, the mechanisms and the involved frequency ranges, as

well as light flicker amplitudes, are quite different.

2.2.3 Modeling and implementation of the IEC Flickermeter instrument

2.2.3.1 Overview

In order to conduct a flicker study, without the use of flicker tables provided by the IEC
61400-21 standard, a flickermeter emulator must be constructed, as in [70]-[74]. Thus, a
discrete time flickermeter, compliant with ref. [15], implemented in Matlab® and to be used for
voltage flicker studies is required. The main objective is to develop a measurement tool which
will output a short term flicker severity Py from a 10 minute input voltage array, generated in
any simulation package. Thus, a script based flickermeter function which takes an input voltage
array V, at a specified sampling frequency f; and specified instrument warm up time (time for
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instrument to reach steady state due to the fact the embedded filters are not initialized) and
outputs the corresponding Py; and Instantaneous Flicker Level (IFL) will be implemented. The
IFL is essentially the measured flicker emissions as a function of time from which the Py, is

statistically computed from.

It is important to note that a minimum sampling frequency f; for compliant results as
well as a minimum warm up time for the instrument filter transients to settle will need to be
reported. Respecting these two conditions will ensure correct usage of the newly developed

flickermeter emulator.

2.2.3.2 Implementation of the IEC Flickermeter Instrument
The structure of the IEC Flickermeter is shown in figure 2-1. The major steps of the
flickermeter algorithm which need to be implemented are 1) input processing 2) eye-brain-

lamp response, 3) statistical analysis of the flicker signal for the computation of the Py level

[16].

Block 1 Block 2 Block 3 Block 4 Block 5

Voltage Demodulator Eye-Brain Lamp Eye Non- d"a"emOW Effect Level
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.Figure 2-1 IEC Flickermeter processing diagram [15]

Please note that ref. [15] describes a physical flickermeter device and not a flickermeter
emulator. Thus, sections regarding transformer sizing, operating temperatures etc. can be
disregarded. In addition, all filter transfer functions in the standard are in s domain. To model
the filters as discrete blocks, as opposed to continuous blocks, it is necessary to express the
filter transfer functions from s domain to z domain. The bilinear transformation, also known as
the Tustin transformation is a well-known discretization method and will be employed. The

transformation is the following:

s szs (g) (2.1)

Whereby, T is the sampling time.
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Block 1: Input voltage adaptor & calibration checking circuit

The input of the first block is a 10 minute time series of the voltage and the node under
evaluation. This block contains a voltage adaptor whose objective is to scale the 1 minute mean
RMS value, updated every half cycle, down to an internal reference level. This step allows for
flicker measurements to be done independently of the input voltage supply level. The output of

this block is the normalized RMS value of the input voltage.

Block 2: Square law demodulator
The function of the second block is to recover the voltage fluctuation by squaring the
input voltage which has been scaled to an internal reference level, thus simulating the light

output behavior of an incandescent lamp which is proportional to its instantaneous power.
Block 3: Weighting filters

Block 3 is composed of a cascade of two filters. The first filter models the sensitivity of
the human eye-brain to light stimulus and incorporates a band-pass filter consisting of a 1%
order high pass filter and a 6™ order Butterworth low pass filter with cutoff frequencies at 0.05
Hz and 42 Hz respectively. The 1° order high pass filter which eliminates the DC component is

given as follows:

Fup(s) = —2£ (2.2)

s Typ+1

Whereby 7yp is the filter time constant given as follows:

1
2 fyp

Typ = (23)

Whereby fyp is the cut off frequency of the high pass filter having attenuation of 3dB at
fup = 0.05Hz. The 6™ order Butterworth low pass filter transfer function can be given in

cascade form as follows:

" T N T

(2.4)
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Whereby a ~ 0.5176, b = 1.4142, ¢ =~ 1.9319 and w;, = 27 f;,,. Whereby, f;,, is the cut off

frequency of the low pass filter with attenuation of 3dB at a frequency of 42 Hz.

The second filter incorporates a weighting function, simulating the frequency response
of the eye-brain and lamp and peaks at a frequency of 8.8 Hz. The decomposition of the IEC
weighting curve of the eye-brain lamp model is obtained by 1) eye-brain response to flicker, 2)
the lamps response to voltage disturbance. The transfer function for the weighting filter is

defined by ref. [15] and consists of these two parts:

Fy(s) = [Eye — brain response to flicker] - [Lamp response to flicker] (2.5)
_ kwis . 1+wi2
Fy(s) = P42As4w? (1+wig)(1+wi4) (2.6)

Whereby, the variables are listed in table 8 of ref. [15].

For illustrative and validation purposes, figure 2-2 plots the frequency response of the
weighting filter for both 50 Hz and 60 Hz systems. As expected, the filter response peaks at
8.8Hz.
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Figure 2-2 Weighting filter frequency response
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Block 4: Squaring & smoothing

Block 4 is composed of a squaring multiplier, first order low-pass filter and a calibration
gain and outputs the IFL. In the first two sub-blocks, the flicker signal is squared and then is
filtered to simulate the memory effect in the brain using the first order low-pass filter with
following transfer function:

N

(2.7)

Fip(s) =

1+sT1p

Whereby 7;p is the time constant of the brains memory effect to light stimulus and is equal to

Tip = 300 ms.

Once again, for illustrative and validation purposes, figure 2-3 plots the frequency
responses of all the filters incorporated in the implementation of the flickermeter for 60 Hz

systems.
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Figure 2-3 Filter frequency responses

The third sub-block takes the filtered signal and then normalizes it. This is done by using
a calibration gain factor to give a maximum value of IFL = 1, for a given modulation frequency
and depth given by ref. [15]. The Flickermeter standard specifically indicates to calibrate the

flicker instrument using a sine wave, modulated input signal with fundamental frequency

f = 60 Hz, a modulation frequency f,,0q4 = 8.8 Hz and a modulation depth AVV = 0.323%.
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Figure 2-4 illustrates the IFL with respect to time for the above mentioned case. As was
previously noted, there is an initial filter transient at the start of the simulation due to the long
time constants of the filters. Thus, part of the voltage signal, which includes the Flickermeter’s
filter start transients must be removed in order to yield correct measurements. The specified

warm up time determined graphically is 15 seconds.
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Figure 2-4 Calibration of flicker instrument & removal of filter start transient

Block 5: Statistical analysis

The function of Block 5 is to evaluate the annoyance to the human eye produced by
fluctuations in luminous flux. This block calculates Pg; by performing a statistical classification of
IFL signal over 10 minutes. First, the IFL is classified within an adequate number of classes as
defined by [15]. From this classification, the Cumulative Distribution Function (CDF) of the IFL is

calculated. The process is visually illustrated in figure 2-5 [17].
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Figure 2-5 The process of CDF evaluation [17]

Finally, the short-term flicker severity index Py; is calculated from the Py percentiles as

follows:

Py = /0.0314P, 1, + 0.0525P; + 0.0657P5 + 0.28P;o; + 0.08Pgo; (2.8)

Whereby P, is the x% percentile (i.e. the flicker level which exceeded for x% of the
time), calculated from the Py duration curve. The subscript "s" denotes the smoothed values,
obtained by averaging the neighboring values of the duration curve. These are obtained from

the following equations:

_ P3o+Psot+Pgo

P5OS - 3
10s — 5
> (2.9)
_ P2_2+P3+ P4_
P3s - 3
_ Py7+P1+ Py
Pls - y,

3

Although, only P levels will be used for this research, the long term severity index P;;

consisting of a combination of 12 P;; measurements is calculated as follows:

3|22, Pori
Py = |HEd (2.10)

Whereby, P,;; are consecutive Py, readings.
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2.2.4 Compliance testing of the IEC Flickermeter instrument

Section 6.1 of the IEC 61000-4-15 standard details the required performance tests to be
completed such that the newly constructed flickermeter can claim compliance. This entails
conducting a benchmark test to verify if, 1) the overall input/output response up to block 4 is

correct and 2) the statistical analysis implemented in block 5 is correct.

2.2.4.1 Compliance test: Block 4

To carry out the compliance test, two tables (respectively sinusoidal and rectangular

amplitude modulation) are reported in the standard with nominal values, at given frequencies
A . . . . . . .
ofVV% which should give a maximum IFL = 1. The flickermeter instrument complies with the

standard if the modulating signals, as specified by the standard, produce a peak IFL of

1.00 + 5%. As can be visually seen by figure 2-6, the developed flicker instrument complies

with both tables 1 and 2 of ref. [15].
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Figure 2-6 IFL vs. modulation frequency (left), Instrument error vs. modulation frequency (right)

2.2.4.2 Compliance test: Block 5

To carry out the compliance test for block 5, table 5 specifies nominal values of a
. . . - AV .
rectangular amplitude modulated signal, at given repetition rates of 7% which should

yield Pg; = 1. The flickermeter instrument complies with the standard if the all specified

modulating signal yield P;; = 14+ 5%. As illustrated in figure 2-7, the developed flicker

instrument complies with table 5 of ref. [15].
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Figure 2-7 Pst vs. repetition rate (left), Instrument error vs. repetition rate (right)

2.3 Flicker measurement guidelines for wind generators

The IEC 61400-21 standard [47] was developed for the testing and the assessment of
power quality characteristics of grid-connected WTGs in a consistent and accurate way [77]. To
compare WTGs of different types, it defines a list of parameters to be measured and reported.
Of interest, is the section detailing flicker in continuous operation and due to switching
operations. IEC 61400-21 also refers to other IEC standards, for example, flicker measurements

have to take into account IEC 61000-4-15.

The procedure to evaluate the flicker emissions produced by a WTG during continuous
operation is two-part, consisting of a “testing stage” for a single specific WTG and followed by
an “assessment stage” on a particular site. During the WTGs testing stage, flicker coefficients
c(Yy,v,) are obtained for four grid impedance angles ¥, = (30°,50° 70° and 85°) and four
mean wind speeds v, = (6,7.5,8.5,and 10) ? Once the look-up table of flicker coefficients
c(Yy,v,) from the WTG under test has been completed, one can assess the flicker emission
from a WTG of the same type, installed at a specific site, described by short circuit power Sy,
Yy , and v, . The flicker emissions can then be assessed with eqn. (2.11), by linear interpolation

of the flicker look-up table, given the site characteristics ¥}, and v,,.
Sn
Py = Py = c(Py, va)g (2.11)

Whereby, S,, represents the rated apparent power of the wind turbine.
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Moreover, the above mentioned IEC standard defines a method for assessing the flicker
emissions from a number of wind turbines based on the measurements on a single wind

turbine. The flicker emission from a wind farm can be assessed as follows:

Pgs = i\/zﬁvjf(ci(wk, va)Sn,i)Z (2.12)

Whereby, N,,; corresponds to the total number of wind turbines at the PCC and S,;
corresponds to the rated apparent power of the individual wind turbine. If all wind turbines are

identical, egn. (2.12) equates to:

Pty = P/ Nyt (2.13)

2.4 Summation law of flicker originating from multiple sources
IEC 61000-3-7 [48] provides rules of thumb to consider the summation effect of flicker
emissions produced by multiple flicker sources. The Py resulting from several fluctuating

installations operating simultaneously can be obtained from the following expression:

Py = “/Zif;"éi (2.13)

Whereby P, are the individual flicker levels emitted by each of the flicker sources. The

value of the coefficient @ depends upon how the fluctuating load or generator is characterized.

Generally a is classed into the following four categories:

o a= 4: This value is used uniquely for the summation of flicker when coincident
fluctuations are very unlikely.

o a = 3: This value used is when the probability of coincident voltage fluctuations are
small. The majority of the studies combining the effect of unrelated flicker sources
belong to this category.

o «a = 2:This value is used when there is coincident voltage fluctuations are likely to occur.

o a = 1: This value must be used when there is a high probability of coincident voltage

fluctuations.
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2.5 Compatibility, planning and emission levels for flicker

The IEC 61000-4-7 standard defines the assessment of flicker emission limits for the
connection of fluctuating installations to Medium Voltage (MV), High Voltage (HV) and Extra
High Voltage (EHV) networks. The standard uses two reference values, notably the Planning
Level (PL) and Compatibility Level (CL) to coordinate the flicker emissions produced by
fluctuating network devices and to ensure that EMC of the power system is preserved. Figure 2-
9, taken from ref. [48], illustrates the relation between the PLs and CLs. The planning levels are
typically set lower than the compatibility levels and are used as reference values for setting

flicker limits at different voltage levels.

Compatibility level -~
Planning .-'( \

I
JAR level
[\ Assessed

\level

Probability Ly | \
density (| \
/ \ |
. \ /
[site \ / Loca_]l A
/ disturbance / eauibmenty,
/ level immunity
/ - level

Disturbance level
IEC 092/08

Figure 2-8 Electromagnetic compatibility [56]
The IEC 61000-3-7 standard gives both PLs, the total flicker level which must not be

exceeded and emission levels, the flicker level from an individual installation which must not be

exceeded. The recommended values specified by the standard are given in table 2-1 [56].

Flicker Planning Emmission
severity factor levels levels

MV | HV MV and HV

Table 2-1 Flicker planning and emissions levels [57]
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However, the specified emissions limits may hinder the installation of a large
distribution-connected wind farm and may be viewed as overly restrictive. In fact, the
maximum theoretical flicker level that a distribution-connected wind farm can produce while
complying with PLs and preserving EMC in the system is defined by eqn. (2.14) [56]. Although
this theoretical emission limit may be in violation of applicable grid codes and standards, EMC

of the system will be preserved and flicker related complaints are not likely to occur.

Pst max = Ci/L%st,MV - TPast,UM * Lgst,US - Bgst,MV (2.14)
Whereby:

O Pgt max: is the theoretical maximum flicker contribution produced by the wind farm that
will preserve EMC of the system

o Lpg my is the planning level for flicker in the MV system

0 Lpg ys: is the planning level for flicker in the upstream system

o Tpstym: is the transfer coefficient of flicker from the upstream system to the MV system
and generally taken as 0.9
Bt my :is the background flicker produced by other installations on the MV feeder
o a: isasummation law exponent and generally taken as 3
On a similar note, the French grid code enforces IEC 61000-3-7 for Distributed Generators
(DG) up to 5 MW, but allocates a linear increase in flicker emissions to the fluctuating
installation, with an upper limit of P;; = 0.44. The flicker emission limit as a function of the
DGs power is shown in figure 2-9 [56]. Thus, the re-allocation of emission limits to favor the

installation of a wind farm is possible and is subject to utility policy and strategy.

05
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Figure 2-9 Flicker emission limit for DG connection [56]
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Chapter 3:
Flicker Oriented Modeling

3.1 Overview

The goal of this chapter is to detail the level of modeling required to conduct a flicker
study. This entails assuring that factors which influence flicker are incorporated in the modeling
such that emissions are well quantified. Both, the modeling requirements of the wind speed

model as well as the wind turbine model are discussed in this chapter.

3.2 Wind speed modeling

3.2.1 Description of the equivalent wind speed model

The modeling of the wind resource is imperative in order to simulate and obtain
representative power fluctuations produced by a wind farm. Thus, an appropriate
representation of the wind resource must be used. Typically, when performing large time scale
studies in the range of days, weeks and years, the wind is normally modeled to fit a Weibull or
Rayleigh (simplification of Weibull) distribution in order to take into account the long term
seasonal components of the wind [57]. However, when performing studies in the range of
minutes, such as in the case of a flicker study, long term components are irrelevant and only
short term wind speed fluctuations are of particular interest. These short term fluctuations are
typically described by a Power Spectral Density (PSD). Both, Von Karmon and Kaimal spectrum
models, refer to eqn. (3.1) are commonly used to simulate the stochastic behavior of the wind
[58], which are then superimposed onto a mean wind speed assumed constant on the scale of

the 10 minute flicker measurement timeframe.

2L
St,Kaimal(f) =——

5 (3.1)
v(1+6f§)3

40%L
St,Von karmon(f) =

v(1+70.8(f§)2)

w| U]
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Flicker emissions produced by a wind farm can be divided into two categories, flicker
originating from: 1) stochastic variations of the local wind speed profile and 2) aerodynamic
deterministic blade passing effects (i.e. tower shadow, wind shear). Thus, for a flicker study to
be comprehensive, both components must be incorporated in the equivalent wind speed

model.

The equivalent wind speed that will be fed to each individual wind turbine has three
components. The first v.4o, the equivalent hub height wind speed, the second v , the
equivalent wind shear component, and the third v, , equivalent tower shadow component.
The first component v, is considered to reflect the stocastic variations in the wind while the
second and third components incorporate the deterministic aerodynamic blade passing
phenomenon. Thus, the equivalent wind speed as a function of time t and blade position ¢, can

be written as follows:

Veq t¢) = Uer(t) t Veqys t, ¢) + veqts(t: @) (3.2)

3.2.2 Description of the stochastic component
The equivalent stochastic wind speed vgq0(t) at the hub height of the turbine is
considered to be of the form:
Veqo(t) = Vmean + V¢ (£) (3.3)
Whereby V.4, represents the mean wind speed component and v,(t) represents the
turbulence component. For the purpose of flicker studies, the site specific wind speed profile is
defined for a fairly short period of 600 seconds, thus, the corresponding turbulence component
is computed based on the assumption that v,,.,, remains constant. The frequencies of the
turbulence component v,(t) corresponding to realistic variations in the wind are generated

using the Kaimal shaping filter, refer to eqgn. (3.4).

Hp(s) = ——E

(3.4)

5
3

L
(1+s )
Ymean

The Kaimal shaping filter’s coefficients depend on v,,.4n, and the turbulence length

scale L. The gain factor K is adjusted such that the output of the filter, referred to as the

colored noise, has a standard deviation equal to one.
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3.2.3 Implementation of the stochastic component
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Figure 3-1 Implementation of the stochastic component
Figure 3-1 illustrates the Simulink® implementation for the generation of the equivalent
wind speed Vg4 (t) at the hub height of the turbine, similar to [57]-[61]. The algorithm for

stochastic wind speed generation is as follows:

White noise is generated with a sampling period of 20Hz.
White noise is passed through a low pass Kaimal shaping filter and outputs a colored
noise representing the Kaimal PSD.

3. Colored noise is scaled to correspond to the desired turbulence intensity [,,.
Equivalent wind speed v,q0(t) is computed via the addition of the mean wind speed
component V.4, and turbulence component v, (t).

5. Sampling frequency converter is used to interface with other modules (not shown in
figure 3-1).

Figure 3-2 illustrates a sample wind speed profile generated with a mean wind speed of

13m/s and turbulence intensity of 15%.
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Figure 3-2 Stochastic wind speed profile
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3.2.4 Description of the deterministic component

3.2.4.1 Description of the tower shadow & wind shear component

The inclusion of blade passing effects (i.e. wind shear and tower shadow) as part of the
equivalent wind speed model in order to represent the periodic oscillations of turbine torque is
essential. The blade passing effect model, as specified in [29],[30], incorporates the
components corresponding to: 1) torque variations due to wind shear and 2) torque variations
due to tower shadow. The equivalent deterministic wind speed components v,,, (t, ¢) and

Veg,,s (£, @), mainly influenced by the mechnical structure of the turbine are considered to be of

the form:
_ Meqo(t) @3 a? R?sin? ¢ 2a2R?
veCIts(t' ¢) - 3;;2 Zb:l [sin2¢ln( X2 + 1) Y sin2 ¢+x2 ]\I
(a-1) (R\? | a(a-1(a-2) (R)3
Veqs (6 ®) = Veqo () |2 () + “ED (1) cos (39| I} (3.5)
a(a—1)R?
m=1+ = }

Whereby R represents the blade radius, H the hub height, a the tower radius, x the

blade origin from the tower midline and a the wind shear component.

3.2.5 Implementation of the deterministic component
Figure 3-3 illustrates the Simulink® implementation the wind shear and tower shadow
module. The algorithm to compute the contribution of wind shear and tower shadow
components is as follows:
1. Convert the rotational speed of the turbine shaft from pu to rad/s.
Integrate the rotational speed to find the relative blade position.

3. Compute the wind shear and tower shadow component in accordance with the above
mentioned functions given the blade position and mechanical turbine parameters.

‘ wr }—{ Gain H Integrator} Azimuthal angle Vequs(t,®) + Veqrs(t,d) Tower Sh:(;jrg\goﬁ(;’r\mltmd shear

Convert Intergrate to

. e Tower shadow & Wind shear
putorad/s find position

function
Veqo(t)

Stocastic wind

Figure 3-3 Implementation of the deterministic components
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As illustrated in figure 3-4, the wind shear and tower shadow components oscillate 3
times per cycle. Thus, every 120° there is a drop in the relative wind speed. Note that the tower
shadow component is much more pronounced that the negligibly small wind shear component.
2 T T == - — T

/ \ f \ Tower shadow 1

Wind shear B
Tower shadow + Wind shear ||
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Figure 3-4 Blade passing effect components

Figure 3-5 demonstrates the effective torque and power oscillations that are resultant
from a dip in wind speed 3 times per turbine shaft rotation given a fixed wind speed of 12.2%.
It is clear that this module produces oscillations at approximately 1.2 Hz which is the equivalent
3p frequency of this turbine. On another note, although the oscillations are pronounced in the
turbine torque, the converter control and large machine inertia greatly damps the resulting

fluctuations in the output power of the turbine.
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Figure 3-5 Resulting torque and power fluctuations
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Figure 3-6 illustrates first the equivalent stochastic wind speed v, (t) at the hub height
of the turbine, secondly the the equivalent wind speed model v,,(t, ¢) with deterministic
blade passing effects included and thirdly a comparision of the power spectral densities of the
wind with and without the inclusion of blade passing effects. The power spectral density of the
equivalent wind speed model clearly demontrates the addition of the 3p, 6p and 9p

components to the wind.
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Figure 3-6 Time and frequency domain representation of the deterministic component
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3.3 Wind turbine modeling

3.3.1 Overview
This section of chapter 3 details the main components and controls of the wind turbine
model, notably the aerodynamic model, mechanical model, generator model, converter model,

speed and pitch controller. The specifications of the WTG modeled are listed in the Appendix.

3.3.2 Aerodynamic model
The mechanical power of the wind turbine is obtained from the energy drawn from the

wind and can be expressed as follows:

P = 5 pAVCo (2, B) (3.6)

Whereby P,, is the mechanical power extracted from the wind, p is the air density in
k . . . . . .
m—gg, Ais the area swept by the rotor blades in m?, v is the wind speed in % Cp is the power

coefficient, [ is the blade pitch angle and 1 is the tip-speed ratio. The tip-speed ratio Ais
defined by:

2=k (3.7)

v

Whereby wr is the rotational speed of the wind turbine (%) and R is the rotor radius

(m). The power coefficient Cp is a highly nonlinear function and depends on the aerodynamic
characteristics of the wind turbine as well as the turbine rotational speed and the wind speed.

Cp(A, B) is defined as follows:

¢s

CP(A, ﬁ) = C1 (;‘_21 - Cgﬁ - C4) e_l_i + C6A (38)

1 1 Cg

A Atc, B B3+l

(3.9)

Figures 3-7 and 3-8 illustrate the C, curves associated with the aerodynamic model.

With reference to figure 3-7, one notes that the C, reaches it maximum value of 0.5 at a A =
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9.9495. With reference to figure 3-8, the A* occurs at a wind speed of 11%, with f kept

constant at its optimal value of 0°.
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To conclude, the aerodynamic block implemented, shown in figure 3-9, consists of four

main modules:

1. Tip speed ratio A computation

2. Power coefficient Cp(4, ) computation

3. Mechanical power computation

4. Aerodynamic torque computation

A(Veq,r) -2

C

wT Compute A Cp()\,B) p

B Compute C, P(Cp,Veq) power T
Veq Compute power

wT

Figure 3-9 Aerodynamic model

3.3.3 Mechanical Model

The mechanical model illustrated in figure 3-10 essentially consists of a 2-mass model
representing the turbine drive train system in terms of two inertias. The two masses
correspond to the large turbine inertia constant Hy, representing the turbine blades and small
inertia constant H; representing the generator rotor. These two masses are linked by the shaft

modeled as a spring with stiffness K¢y 4¢; and damper with mutual damping Dy, [62].

Kshaﬂ

W Tr 67, wr

]
]
D

Generator

Turbine

Figure 3-10 Mechanical model
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The dynamic equations can be written as follows:

d
2Hy =L = Tr = Kpage(Or — 6,) — Dyp(wr — @;)

dwy
2H; ;; =-T,— Kshaft(er — 07r) — Dy (w, — wr)

(3.10)

Whereby, Tt is the turbine torque, T, is the generator torque, wr & w, are the turbine
and generator rotor speed respectively and 8 & 8, are the turbine and generator rotor angle

respectively.

With respect to flicker, the mechanical dynamics of the wind turbine filter out the high
frequency power variations, which lead to flicker attenuation. As the inertia constants increase
given a fixed turbine rating, the cut-off frequency of the mechanical low pass filter will decrease

leading to a reduction in flicker emissions.

3.3.4 Generator Model

The basic equations governing the dynamic model of the DFIG machine behavior are
taken from [76], listed below in the dgq0 frame with subscripts d and g denoting the d-axis and
q-axis vector components and subscripts r and s denoting the rotor and stator quantities.

Please note that the rotor quantities are referred to the stator side.

. d
Vqs = Rslqs + Elpqs + Wy )

. d
Vas = Rsligs + Elpds - wslpqs

! r:r d ! ! (3.11)
Vqr = erqr + Elpqr + (ws — W )Pgr
! I = d li
Var = Rylgy + Ell}éir — (w; — wr)l/)qrj
The stator and rotor fluxes can be expressed as:
Yas = Lgigs + Lmiéir )
= Lyigs + L,
Vs = Llgs * Lmiar 3.12)
Yar = Lyigr + Linigs
711}(,15 =Ly i(,1r + Lmiqu
Whereby the total stator and rotor inductance are calculated as follows:
Ls=L+1L
P "’} (3.13)
L, =1L+ Ly
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Finally the electromagnetic torque can be calculated as follows:
T, = _1-5p(l/)dsiqs - l/)qsids) (3.14)

3.3.5 Converter model

Flicker studies focus on low frequency voltage fluctuations in the range of 0.5-42Hz.
There is no interest in harmonic content nor high frequency voltage fluctuations. Hence, the
average model is a great method to model the PEC compared to a detailed Insolated Gate
Bipolar Transistor (IGBT) switch model and is used with the intent to significantly improve

computational speed performance.

In the average model, the IGBT converter switches are replaced by controlled voltage
sources. These voltage sources are controlled by the modulating voltage references typically
fed to the Pulse Width Modulation (PWM) converters. The average model is built on the energy
conservation principle between the DC and the AC side [63]. The DC capacitor voltage variations
are also reflected in this converter model, since the instantaneous power is kept equal on both

sides. The DC capacitor power can be expressed as:
Py = By — P (3.15)

Whereby P, represents the DC capacitor power, F, represents the Grid Side Converter

(GSC) power and P. represents the RSC power. The DC capacitor current can be expressed as:
— Pac
Ijc = - (3.16)

Whereby V,. is the capacitor voltage. The capacitor voltage is recursively computed

based on the capacitor current as follows:
1
Vac = Efldc (3.17)

Whereby C is the capacitance of the DC bus capacitor. Thus, according to eqn. (3.15) to
egn. (3.17), the DC bus voltage variations will be represented based on current variations
corresponding to the differences in power between both AC sides. Finally, in order to regulate

the DC bus capacitor voltage, the GSC output power will be controlled.
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3.3.6 Associated MPPT controls

3.3.6.1 Speed Controller (power optimization)
The WTG speed is controlled in order to follow a pre-defined power-speed characteristic

curve, named the Maximum Power Point Tracking (MPPT) curve. The MTTP curve is illustrated

in figure 3-11.
12 T T T T T T —
—+— MPPT cune
VW= mls
1~ v, = 9m/s
VW: 11m/s
0.8 VW: 12.2m/s -
VW= 13m/s

0.6~ -
04— -
e /

‘[/ r r

0.6 0.7 0.8 0.9 1 11 1.2 1.3
o, [py]

P, [Pl

Figure 3-11 Maximum power point tracking curve
Figure 3-12 illustrates the incorporated speed controller. A power measurement is used
as the input of the tracking curve to set the rotor speed. Optimal tracking will occur up to wind
speed of 11% and a measured power of 0.75pu. For wind speeds and power measurements
above this level, the rotor speed will be set to 1.2pu. The saturation block ensures that the
rotor speed reference stays between 0.7pu and 1.2pu. The W, ¢rror Which is defined as the

difference between the measured and reference speed is then sent to a Proportional Integral

(PI) controller to set the d-axis rotor current.
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Wr meas Pl lrg
Pl controller
Pmeas / ‘ | \
Tracking curve Saturation LPF

Figure 3-12 Speed controller

3.3.6.2 Pitch controller (power limitation)

Wind turbines are also equipped with a pitch controller in order to protect itself in high
wind periods. Figure 3-13 illustrates the pitch controller implemented. This pitch controller
utilizes the difference between the measured rotational speed of the machine w; ;045 and a
reference value w,. ¢ of 1.2pu to set the pitching of the blades. One can note that the pitching
of the blades will only occur once the reference speed of 1.2pu has been exceeded. Cases
where W, meqs < 1.2pu, the pitch angle f is set to its optimal value of 0°. The dynamics of the
pitch actuator is modelled by three blocks, the rate limiter, which limits the rate of change of
the pitch angle to +10°/s, the saturation block limits the pitch angle from 0° to 27° and the low

pass filter which represents the time constant of the pitch mechanism.

m wr,error P I ‘ Bref m BSI'I'OI' ‘ ‘ [

Wr meas + ‘ + A ‘ B
PI controller Saturation Brmeas Rate limiter  Saturation LPF

Wrref=1.2 pu

Pitch actuator dynamics

Figure 3-13 Pitch controller
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Chapter 4:

Quantification of DFIG Flicker
Emissions & Potential Mitigation
Techniques

4.1 General methodology and approach

In order to develop guidelines and a rule of thumb for the selection of a distributed
wind installation with respect to flicker, a parametric study will be conducted, in accordance to
factors that influence flicker, as detailed in chapter 1, in order determine and quantify their
level of severity. Flicker studies tend to be computationally expensive, due to the 10 minute
voltage sampling period and 50 us simulation time step required for a WTG flicker
measurement. Thus, the parameters which influence flicker will only be tested within a logical
and practical range pertaining to distribution networks. Based upon these studies, a subset of
parameters were deemed to greatly influence voltage flicker will further studied in order to
help formulate a generalized rule of thumb. In addition reactive power based flicker mitigation
techniques mentioned in chapter 1, will be implemented to get a measure of their flicker

reduction performance and associated reactive power demand.

For the purpose of simplicity and universal applicability, these studies will be conducted
for one 2 MW DFIG wind turbine, on a test network, represented by a Thevenin equivalent

impedance, as described in the next section.
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4.2 Test network topology

A test network, as illustrated in figure 4-1, has been used for the parametric study and is
commonly used in the literature for voltage quality studies [22]-[24]. The Thevenin equivalent
representation is an appropriate benchmark network when no specific distribution feeder is
provided and generalized conclusions are sought [24]. The main components of this test
network are:

Grid (vary voltage level)
Equivalent Thevenin network impedance (vary SCC & X/R ratio)
Wind speed profile generator (vary mean wind speed & turbulence intensity)

MV/LV distribution transformer
DFIG wind turbine

0O O O O O

The goal of the test network is to provide the flexibility and ease to change key
parameters for the assessment and quantification of flicker emissions. For instance, the
evaluation of flicker emissions under different system conditions such as short circuit capacity

and X/R ratio and wind variability. The base case parameters are given in Table 4-1.

S

) 25 kV/575 kv WTG
25kV Grid 2.5 MVA 2 MW DFIG
Figure 4-1 Parametric test network
Mean wind speed 13m/s
Turbulence intensity 15 %
Grid line-to-line voltage 25 kV
Short circuit capacity 20 MVA

X/R ratio 3

Table 4-1 Base case parameters
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4.3 Sensitivity analysis based on factors that influence flicker

4.3.1 Influence of wind and aerodynamic effects on flicker emissions
4.3.1.1 Overview

Flicker emissions produced by the distributed wind installation during continuous operation
are in most part induced by power fluctuations originating from variations in the rotor torque.
As mentioned in chapter 1, aerodynamic factors influencing variations in the rotor torque of the
WTG, contributing to increased amounts of flicker emission, initiate from 3 main sources:

o Mean wind speed
o Turbulent and gusty winds
o Blade passing effects

4.3.1.2 Mean wind speed

In the case of DFIG WTGs, the flicker emissions will vary according to changes in the
mean wind speed. Referring to figure 4-2, at low wind speeds, flicker emissions are minimal,
due to a small amount of output power injected at the PCC. At higher wind speeds, ranging
beyond cut-in but until the nominal speed, flicker emissions increase with an approximate
linear relation to mean wind speed until the rated wind speed of the turbine, whereby the
flicker emissions are at their maximum. The flicker emissions increase at the PCC in this region
due and increase in the power delivered and due to the fact that increases in the mean wind
speeds are associated with increases in turbulent components, as the turbulence intensity is

fixed at 15%.

o Y
| d T \\
0.045 / \§

0.04

st
o
o
a

0.035
0.03

0.025 /

0.02 /.,
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Short term flicker severity index P.

6 7 8 9 10 11 12 13 14 15
Mean wind speed [m/s]

Figure 4-2 Flicker emissions due to changes in mean wind speed
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For wind speeds above the nominal wind speed of the wind turbine, the flicker level
tends to decrease. The reason is that the combination of the pitch control and the variable
speed operation of the WTG can effectively attenuate stochastic fluctuations in the output

power, hence, limiting the flicker emissions produced.

4.3.1.3 Turbulence intensity
The turbulence intensity of the wind has a significant influence on the flicker emissions

produced by the distributed-connected WTGs due to the magnitude of its stochastic pulsations
on the rotor torque. Turbulence intensity is defined as, I,, = Afwhere Avis the wind speed

standard deviation and v is the mean wind speed. Thus, as the turbulence intensity of the wind
increases, the magnitude of the stochastic pulsations on the rotor torque increases. As a
consequence, the flicker emissions produced by the WTG are aggravated. Figure 4-3, illustrates
flicker emissions due to changes in mean wind speed and turbulence intensity. As expected, the

higher the turbulence intensity, the more pronounced the WTG flicker emissions.

f f /e\é\
0.055[~1 —e— Turbulence intensity = 5% /‘ \

0.05 [~| —©— Turbulence intensity = 10%

0.045 — —©— Turbulence intensity = 15% / Py \

' Pl N $

0.04
0.035 o \

/

0.03 / / S
0.025 7 /é,‘ ‘\ \
0.02 /://;/g' \

0.015 > —£
o N

st

|

Short term flicker severity index P

0.005 \g
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Mean wind speed [m/s]

Figure 4-3 Flicker emissions due to changes in mean wind speed and turbulence intensity
4.3.1.4 Blade passing effects
Blade passing frequencies are referred to as the np frequencies, where p is the

rotational frequency and n is the number of blades. As mentioned in chapter 1, these

deterministic frequencies are induced by variations in rotor torque due to two phenomena
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known as wind shear and tower shadow. Consequently, these 3p frequencies result in the
addition of periodic components to the feeder’s voltage at the PCC of the WTG and contribute
to the total flicker level. Figure 4-4 illustrates the contribution of flicker emissions, with and
without blade passing effects over a range of wind speeds. Flicker emissions originating from

blade passing effects account for roughly 10% to 15% of the total flicker level produced by the

WTG.
0.06 T T I
0.055 —| —©— Blade passing effect included
—©— Blade passing effect excluded
o® 0.05
: // \ \
2 0045 N
B} \
S 0.04
s N
2 0035
[}
3
€ 0.03 / / v
£ 0025 :
£ |
S /
5 002 /
0.015 : o

6 7 8 9 10 11 12 13 14 15
Mean wind speed [m/s]

Figure 4-4 Flicker emissions due to changes in mean wind speed and the inclusion of deterministic blade passing effects

4.3.1.5 Mode of operation

The wind turbine has two main modes of operation: 1) power optimization mode and 2)
power limitation mode. It would be interesting to assess flicker emissions from the turbines
mode of operation and thus the IFL measurement is deemed to be more appropriate for this
test. With reference to figure 4-5 once can note that in the power limitation mode, the IFL is
greatly reduced. Also, one can note that gust components, characterized by rapid changes in

wind speed generate spikes in the IFL chart.
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4.3.2 Influence of grid parameters on flicker emissions
4.3.2.1 Short circuit capacity

As mentioned in chapter 1, the short circuit capacity is a relative indicator of the voltage
stiffness of a particular node in the distribution feeder. The higher the SCC, the higher the
voltage stiffness of that node, and hence, flicker levels should be relatively low. With regard to
figure 4-6, the flicker level is approximately inversely proportional to the SCC at the PCC of the
distributed wind farm. As expected, flicker levels are more pronounced in weak networks,

characterized by low SCCs, than in stronger networks, characterized by high SCCs.

"
—©— X/R ratio = 3
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Figure 4-6 Influence of short circuit capacity on flicker emissions

4.3.2.2 Network impedance angle (X/R ratio)
The X/R ratio is a significant parameter in terms of its influence on voltage flicker, due to
the fact that it determines whether the active or reactive power will dominate voltage

fluctuations at the PCC. Depending on the network impedance angle denoted by 6,4 =

X . . .

tan~! (R—L), the active power flow may be offset by reactive power flow. As previously
L

mentioned, the determining factor that influences flicker emissions is the difference between

APRLCOS(pr—Bgn'd)

Veos(8pf)xcos(0gria) |

grid impedance angle and the WTG power factor angle, i.e. AV =
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Figure 4-7 Influence of grid parameters on flicker emissions

Since the DFIG wind turbine is set to operate at a unity power factor in this study, only
the grid impedance angle, which is relatively fixed, will determine the level of flicker produced
by the WTG. Thus, for feeders characterized by a high impedance angle, implying a high X/R
ratio, flicker emissions measured are relatively low compared to a feeder characterized by a
lower impedance angle; refer to figure 4-7. Figure 4-7 also graphically illustrates how flicker is

influenced from both the SCC and the X/R ratio combined.

4.3.2.3 Voltage level

The voltage level is another important characteristic that plays a role is the attenuation
of flicker emitted from a distributed wind installation. Typically, higher voltage levels are
associated with higher short circuit capacities and the X/R ratios, thus, implying a greater ability
of the grid to absorb voltage fluctuations. As illustrated in figure 4-8, it is important to note that
given a fixed short circuit capacity and X/R ratio, flicker emissions remain constant regardless of

the voltage level.
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4.5 Flicker mitigation via reactive power control

4.5.1 Overview

Chapter 1 had detailed flicker mitigation techniques via reactive power compensation.
The objective of this section is to implement these embedded controls and get a quantifiable
measure of their flicker mitigation performance and reactive power usage. A sensitivity analysis
will also be conducted to understand how reactive power can be used in a more efficient
manner to mitigate flicker. Furthermore, an improved reactive power based technique is
developed to directly address power fluctuations generating flicker, which allows for a practical

implementation.

4.5.2 Power factor control

4.5.2.1 Concept

Power factor control is a reactive power based flicker mitigation technique. As
previously stated, the general concept is that the wind farm’s flicker emissions are reduced by
operating the wind farm at a leading power factor such that power factor angle ¢, and the
grid’s impedance angle ¢g,4 differ by 90°. In accordance to eqn. (4.1), this should result in

AV — 0, thus implying a reduction in flicker emissions.

_ PRL+QX, PRy cos(Ppf—Pgrid)

AV
14 V cos(@pr) cos(@gria)

(4.1)

4.5.2.2 Setting the WTG power factor or Q,..s

The WTG will operate at a constant power factor, which will be controlled by modifying
the RSC’s control loop, from constant Q control, inherent of the design provided in Simulink®,
to PFC, in accordance to figure 4-9. Essentially, Q,..s is set by a pre-determined power factor
and compared to the measured WTG output reactive power Q,,.qs- The difference between
both quantities is defined as the error signal, which is feed to a Pl controller to set the

guadrature-axis rotor current. The WTGs power factor is set in accordance to eqgn. (4.2).
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‘ Pmeas H-sqrt(l/PFz-l)} Qres -\+/ } PI H IQFref

Figure 4-9 Power factor angle controller, version 1
Power Factor = cos(90° — @gyi4) (4.2)
Figure 4-10 illustrates a similar controller applying the identical concept based on eqn.

(4.1). In this controller, @, is set by eqn. (4.3). Both controls will yield identical results since

Qres is the equal in both cases.

Prneas Ry/X, [ e <) Pl Iqre
+

Figure 4-10 Power factor angle controller, version 2
Qref = ——=P (4.3)
4.5.2.3 Example

Test network

The test network, illustrated in figure 4-1, utilizes a Thevenin equivalent network with
feeder characteristics listed in table 4-2. The wind speed profile feed to the WTG will be
characterized by a Kaimal PSD with a mean wind speed of 13m/s and a turbulence intensity of
15%, as described in chapter 3. This network will serve as a benchmark to observe the

effectiveness of the flicker mitigation technique.

Short circuit capacity 20MVA
X/R ratio 3
Grid impedance angle @g,iq tan"1(3) = 71.56°

Table 4-2 Test network properties
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With reference to eqn. (4.2), the wind installations power factor is set, refer to eqn.
(4.4), to its optimal value of 0.95 leading which implies it is absorbing reactive power from the
grid.

Ppr = 90° — @griqg = 90° — 71.56° = 18.44°
(4.4)
Power Factor = cos(18.44°) = 0.95

Simulation & sensitivity analysis
Figure 4-11 illustrates the fluctuating power profile of a one, 2 MW DFIG unit. In order
to mitigate the power fluctuations which lead to voltage fluctuations and consequently flicker,
reactive power is absorbed from the grid, for different power factors, as seen in figure 4-12.
One can easily note that large amounts of reactive power are needed to mitigate flicker. This is
mainly due to the large DC component present, which has no impact in mitigating flicker,
leading to an unrealistic practical implementation of the mitigation scheme. Thus, the flicker
mitigation technique shows its limits, particularly when the grid impedance angle is low, which

requires operating at a poor power factor.
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Figure 4-11 Wind installations real power produced
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Figure 4-12 Reactive power absorbed from the grid in order to mitigate flicker

With reference to figures 4-13, 4-14 and table 4-3, one can note that the flicker
mitigation scheme does indeed work as flicker emissions are reduced from P;;, = 0.0588 to
P, = 0.0250. This represents a 57.5% reduction in flicker emissions. However, there is a
marginal difference in the reduction of flicker emissions when operating the turbine at a power
factor of 0.975 as opposed to 0.95, this is similar to what is noted in [64]. This implies that much
less reactive power needs to be absorbed from the grid, reducing the network technical
limitations and cost related to the reactive power supply. Thus, the utility can operate the
turbine at a slightly leading power factor as opposed to the optimal power factor (i.e. when the
angle difference between @,r & @griq is 90°, as shown in figure 4-14) in order to partially
reduce flicker emissions. This mitigation technique may be a pragmatic and brute-force solution
to solve a potential flicker problem. It is important to note that if the WTG operates at a power
factor poorer that the optimal power factor, power fluctuations will be compensated in excess

and the flicker level will be aggravated.
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Figure 4-13 Influence of turbine power factor on flicker
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Figure 4-14 Influence of the angle difference between the ¢,r and @ 4,4

Power Factor 0.9 0.925 0.95 0.975 1
Angle Difference 97.4° 93.89° 89.75° 84.4° 71.56°
Py 0.0374 0.0290 0.0250 0.0295 0.0588

Table 4-3 Sensitivity analysis
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4.5.3 Improved controller for flicker mitigation
4.5.3.1 Concept

The improved controller developed is similar to the reactive power based flicker
mitigation technique previously mentioned; refer to figure 4-15. The difference is that a
specified bandwidth is associated to the controller and the power factor is not maintained
constant. This technique based on operating only within a frequency band is similar to [44]
which uses average value deviations in the power to set the amount of reactive power needed
to be supplied/absorbed by the WTG to attenuate the flicker level. Ultra low frequencies
present in the power fluctuations are filtered out by a second order Low Pass Filter (LPF) as
they do not influence flicker emissions. The second order LPF is characterized with a cut-off
frequency and damping factor equal to 0.05 Hz and 0.707 respectively. The upper limit of
frequencies present in the fluctuating power waveform is set by the mechanical filters of the
turbine and is much lower that the upper limit of the flicker frequency range of 0.5 Hz to 42 Hz.
Hence, the objective of the improved controller is to operate within a specific frequency band,
targeting solely flicker emissions, such that the intake of reactive power is deeply reduced.

Hence, the efficiency of reactive power to mitigate flicker would be greatly increased.

In order for the controller to be more flexible, Q,.r will be composed of two
components. The first component Qpg:, will dispatch the reactive power needed to be
absorbed or supplied in order to minimize flicker emissions. The second component Qg will
handle the steady state reactive power level that the WTG is required to provide.

o ) R TN
Pmeas ‘\4 \/‘ Pfiuctuations _K* RL/XL QPst ‘\4 \‘ Qe “_/ \j—‘ Pl H |qrref
N

/ N+ oy

g

LPF

Figure 4-15 Improved reactive power based flicker mitigation controller

4.5.3.2 Example
The same test network, as illustrated in figure 4-1, utilizing a Thevenin equivalent

network with feeder characteristics listed in table 4-2 is used to observe the performance of the
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improved mitigation scheme. Figure 4-16 illustrates the reactive power supplied and absorbed
by the turbine installation in order to mitigate flicker, i.e. Qpg:. In this case, Q¢ = 0. One can
note that the reactive power absorbed and supplied by the WTG solely targets the frequency
band of power fluctuations linked to flicker emissions, thus resulting in a more efficient use of
reactive power. Table 4-4, benchmarks three scenarios: 1) No mitigation scheme, 2) PFC
mitigation scheme and 3) Improved mitigation scheme. One can note that not only does the
improved mitigation scheme utilize substantially less reactive power but also further reduces

DFIG flicker emissions compared to the PFC mitigation scheme.
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Figure 4-16 Reactive power absorbed/supplied by the installation to mitigate flicker emissions (i.e. Qp;)

No mitigation Power factor control Improved controller

Py, 0.0588 0.0250 0.0240

Table 4-4 Summary of results

4.5.3.3 Sensitivity analysis

With reference to figure 4-17, table 4-5 and egn. (4.6), one can observe the changes in
flicker emissions, subject to changes in the gain constant K. Once again, some cases present
marginal differences in flicker emissions for large changes in reactive power supply and
absorption. For instance, for K = 1, the optimal gain, P;; = 0.0240, yet for K = 0.75, which

implies 25% less use of reactive power, P;; = 0.0271. Note, for K > 1, power fluctuations are
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over compensated and thus, flicker is aggravated as opposed to attenuated. Thus, by slightly
reducing K from its optimal value of K = 1, emissions can be partially reduced to achieve a

desired level, to have less of a burden on reactive power sources present in the distribution

network.
* _ R,
QPst - _KX_LPfluctuations (4-6)
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Figure 4-17 Sensitivity analysis
K 0 0.25 0.5 0.75 1 1.25 1.5
P, 0.0588 0.0467 0.0355 0.0271 0.0240 0.0269 0.0346

Table 4-5 Sensitivity analysis
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Chapter 5:
Flicker Study on a Real Distribution
Feeder

5.1 Overview

The goal of chapter 5 is to conduct a flicker study on a real distribution feeder using the
Opal-RT® real time simulator. This will allow for a more comprehensive flicker study on a
distribution feeder scheduled for the interconnection of a large embedded wind farm
installation, executed in real time. Flicker emissions will be quantified and assessed under the

following scenarios:

Sweeping the level of wind penetration
Changing the interconnection point
Adding flicker emitting loads

o
o
o
o Using a reactive power based flicker mitigation technique

5.2 Description of the distribution feeder under study

The balanced rural distribution feeder under study has a nominal line-to-line voltage of
25 kV at 60 Hz and supplies an 11 MW, 2.5 MVar load, being dominantly of residential nature,
yet some industrial loads are present. With reference to figure 5-1, the substation generator is
connected to the HV/MV transformer through a grid impedance modeled by a resistive
inductive line. The HV/MV transformer is delta-connected at the 120 kV source side and wye-
connected on the 25 kV feeder side. The network also contains an in-line voltage regulator
located between bus 8 and bus 10, modeled as a fixed tap transformer and a 1200kVar shunt
capacitor bank at bus 15. Both are used to provide compensation for voltage drops toward the
end of feeder length. Unless otherwise specified, distribution feeder loads are represented as
constant impedances and do not contribute to flicker emissions. The network is represented in

Simulink®, maintaining grid, line and transformer parameters.
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The distributed wind installation, consisting of 2 MW DFIG units, will be connected to
the feeder through a delta-connected transformer at the 575 V generator side and wye-
connected on the 25 kV feeder side. Buses 1, 8, 9 and 18 will be the studied distributed wind

farm interconnection points. For more details on the distribution feeder, refer to the Appendix.

Bus 1 Bus 2 Bus3 Bus4 Bus5 Bus6 Bus7 Bus 8 Bus10 Bus1l Bus12 Bus13 Bus16 Bus17 Bus18

114.3kV/26.4kV
Substation 15MVA

Figure 5-1 Distribution feeder under study

5.3 Grid characteristics at potential interconnection points

As previously stated buses 1, 8, 9 and 18 have been selected as potential points of
common coupling. Table 5-1 lists the grid characteristics, notably short circuit capacity and X/R
ratio of these selected points. Grid characteristics were obtained by measuring the equivalent
impedance at 60Hz for each of the potential points of common coupling using Simulink®’s
impedance measurement tool. The short circuit capacity and X/R ratio were calculated from the

equivalent impedance using eqn. (5.1) and (5.2).

2
Vil

Short circuit capacity = Tt (5.1)
. X
X/R ratio = = (5.2)
Point of cc_)mmon Short circuit capacity X/R ratio
coupling
Bus 1 148 MVA 5.85
Bus 8 49 MVA 2.25
Bus 9 36 MVA 2.5
Bus 18 35 MVA 1.8

Table 5-1 Distribution feeder grid characteristics
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5.4 Decoupling of the distribution feeder using RT-LAB

The Opal-RT® real time simulator allows for a distribution feeder model to be
distributed over a cluster of processors running in parallel to achieve a significant improvement
in computational speed performance. RT-LAB® is Opal-RT®’s software application that allows
one to readily convert Matlab®/SPS models to a real-time model to be distributed over a cluster
of processors. In order to decouple a distribution feeder into sub-networks, one must use the
provided ARTEMIS® library line blocks (i.e. stublines). The stubline block permits the decoupling
of state-space system equations of the feeder on both sides where the stubline is inserted.
Essentially, this method takes advantage of the natural propagation delay of the line to buffer
the communication time required between two processors. Consequently, it is possible to
distribute smaller portions of the large impedance matrix pertaining to the feeder amongst a
cluster of processors, to be solved in parallel [79]. Solving a reduced impedance matrix as
opposed to a large impedance matrix greatly decreases the computational effort allowing for a

significant improvement in simulation speed. However, in order to permit the insertion of a

stubline, the following condition must hold: T = VLC [80]. Whereby, 7 is the simulation time
step and L & C are the line inductance and capacitance respectively.
With reference to figure 5-2 the distribution feeder under study is separated into three
sub-networks. Each sub-network runs on a dedicated processor allowing computational speed-
ups via parallel processing. These three networks are connected by two stubline blocks which

are located between bus 7 and 8 and between bus 8 and 9 and are represented by green lines.

Sub-network 1
Bus1 Bus 2 Bus3 Bus4 Bus5 Bus6 Bus7 s 8 Bus10 Bus1l Bus12 Bus13 Bus16 Bus17 Bus18

Bu:
1200V 114.3kV/26.4kV J 'FI J rl rl J J vrl
Substation 15MVA

S Bus 14
.
575V/24.94kV
2.5*Nyais MVA
p— 5575V I
Sub-network 3|

Distributed Wind Installation
2MW DFIG Units

Sub-network 2

Figure 5-2 Decoupled distribution feeder
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5.5 Flicker study using the detailed distribution feeder model

5.5.1 Influence of varying levels of distributed wind penetration

In the base case study, varying levels of wind penetration, ranging from 2 MW to 14 MW
are interconnected at bus 9. If each 2 MW WTG to be incorporated in the wind farm were to be
feed identical wind speed profiles, flicker emissions would most likely be highly overstated. The
main reasoning is that power fluctuations originating from the stochastic nature of the wind
and deterministic blade passing effects would be fully synchronized, not representing realistic
occurrences. Thus, for this study, flicker emissions produced by the distribution-connected wind
installation are measured under two scenarios. Scenario 1, all turbines are feed identical wind
speed profiles characterized by a Kaimal PSD with a mean wind speed of 13m/s and a
turbulence intensity of 15%. Scenario 2, the wind turbines are assumed to have a geographical
spacing of 5 times the rotor diameter. In our case, this evaluates to wind speed profiles,
identical to that of scenario 1, time shifted by 30 seconds between turbines. With reference to
figure 5-3, the influence of increasing the penetration of wind power, thus decreasing the SCR is
inversely proportional to flicker emissions and is consistent with the literature [21]-[24]. It can
be noted that flicker emissions are more pronounced at lower SCR’s, specifically when the

SCR < 4. This observation is coherent with ref. [65].

I I I
0.4~ —©— |dentical wind speed profiles
—©— Time shifted wind speed profiles

st

0.3~

Flicker severity index P

2 4 6 8 10 12 14 16 18

Short circuit ratio
Figure 5-3 Influence of Short circuit ratio on flicker emissions
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With reference to figures 5-3 and 5-4, by time shifting the wind speed profiles, power
fluctuations are unsynchronized, which results in a more realistic wind farm flicker emission

measurement.
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Figure 5-4 Time shifted wind speed profiles and associated output power waveforms

5.5.2 Influence of changing the interconnection point

Given the choice of four potential interconnection points, notably bus 1, 8, 9 and 18,
flicker emissions for different wind penetration levels ranging from 10MW to 14MW are
measured. Each turbine in the wind farm is represented and feed a time shifted wind speed
profile identical to the previous section. With reference to figure 5-5 and table 5-2, given the
grid characteristics at each of the potential points of common coupling, one can note that

stiffer connections points characterized by a bus 1 and 8 result in much lower flicker emissions
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compared to geographically distant bus 9 and 18. Bus 1 located at the distribution HV/MV
transformer terminals has the stiffest point of common coupling, whereby, flicker does not
seem to impose any technical limitation. In fact reference [11] claims that up to 40 MW may be
connected at this point if the network infrastructure allows. Conversely, bus 18, located at the
end of the feeder, characterized by a fair short circuit capacity but low X/R ratio is not deemed
cautionary, but is the most aggravated by the installation of a large distributed wind project.
Thus, as the PCC of the wind farm approaches the HV/MV transformer, the SCC and SCR are

increased and flicker attenuates.

0.18 T T T T
|| I 10 MW (5 units) i
0.16 !
[ ]12 MW (6 units)
- 014 M 14 MW (7 units) -
o
5 0.12f -
o
£
> 0.1 -
5
z 0.08F -
[2]
S 006+ -
]
L 0.04- f
n || [ |
1 8 9 18
Bus number

Figure 5-5 Flicker emissions at difference interconnection points

Point of common

coupling Pg; (5 units) Pg; (6 units) Pg; (7 units)
Bus 1 0.0059 0.0064 0.0073
Bus 8 0.0264 0.0284 0.0371
Bus 9 0.0487 0.0938 0.1602
Bus 18 0.0492 0.0968 0.1768

Table 5-2 Summary of flicker measurements

5.5.3 Flicker profile

Also of interest is the flicker profile across the distribution feeder. In other words, how
flicker propagates throughout the MV network. Table 5-2 tabulates the measured flicker
emissions at a subset of buses given the connection of 7 DFIG units (i.e. 14 MW) at bus 9, as
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illustrated in figure 5-6. Once again, this simulation demonstrates that as the fluctuating voltage
waveform approaches the substation transformer, flicker is attenuated. However, for buses not
approaching the substation transformer, flicker is not attenuated and remains constant.

Bus 1 Bus 2 Bus3 Bus4 Bus5 Bus6é Bus7 Bus 8 Bus10 Bus1l Bus12 Bus13 Bus16 Bus17 Bus18

114.3kV/26.4kV
Substation 15MVA

575V/24.94kV
uuuuu

Bus 15

Distributed Wind Installation
2MW DFIG Units

Figure 5-6 Interconnection to Bus 9

Bus 1 Bus 5 Bus 7 Bus 8 Bus 9 Bus 13 Bus 18

P 0.0422 0.0588 0.0698 0.1251 0.1602 0.1251 0.1251
Table 5-3 Flicker profile

5.5.4 Addition of flicker producing loads

With reference to figure 5-6, two flicker emitting loads are introduced to the network at
bus 8 and bus 13. These two loads are identical and consist of a 750 horsepower, frequently
starting motors, represented by squirrel cage induction machines. These motors have switching
events corresponding to 12 motor starts per hour. Please note that switching events between
both flicker producing loads are unsynchronized. In the first simulation, the flicker generated
from these loads is of interest and thus a constant wind speed profile is feed to the wind
installation. The flicker emissions measured, only due to flicker emitting loads corresponds to
Py = 0.1261. In the second simulation, the interaction between the flicker producing wind
farm and loads is studied. The flicker level measured due to all flicker sources combined
equates to Pg; = 0.1945. Figure 5-7 illustrates flicker emissions as a function of time, notably
the IFL due to 1) solely flicker loads, 2) solely the wind farm and 3) both the wind farm and

flicker loads.
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Figure 5-7 Instantaneous flicker emissions due to three scenarios

With reference to figure 5-7, flicker emissions from motor starts occur at distinct times
while emissions from the wind farm are continuous. Also note that flicker emissions from the
more distant frequently starting motor located at bus 13 are less than those generated at bus 8.
This has to do with the fact that flicker is attenuated as it moves upstream the feeder. Flicker
measurements from all three scenarios indicate that flicker emissions due to multiple flicker
emitting loads are not the linear addition of flicker producing loads and generators, refer to

figure 5-8. The relation is consistent with the summation law specified by the IEC 61000-4-7.

0.35 T
I Fiicker loads
0.3!| 0 wind installation .
[ IFlicker loads & wind installation
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p
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Flicker severity index
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Figure 5-8 Influence of flicker generating loads
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5.5 Flicker mitigation via reactive power control

Chapter 4 detailed several reactive power based techniques to mitigate flicker. It would
be interesting to use the improved mitigation technique mentioned in section 4.5.3 which
controls the reactive power absorbed/supplied by the wind turbine to strictly handle power
fluctuations which generate flicker, termed Qpg;. This results in a less abusive use of reactive
power and viable technique to mitigate flicker generated by a large wind farm. With reference
to figure 5-9, four scenarios are presented. The first two scenarios deal with flicker solely
originating from the wind installation, with and without mitigation. The latter two scenarios
deal with flicker originating from both the wind installation and flicker loads, with and without
mitigation. It is important to note that the flicker mitigation technique utilized only mitigates
flicker produced by the wind installation. One can note that the mitigation technique clearly

works under both circumstances.

0.2 T T
0181~ I o mitigation |
' I \vith mitigation
0.16

st

0.14

0.12

0.1

0.08

Flicker severity index P,

0.06

0.04

0.02

Wind installation Wind installation & flicker loads
Figure 5-9 Influence of reactive power based mitigation technique on flicker emissions

With reference to figure 5-10, the reactive power supplied/absorbed by each individual

WTG is plotted. Figure 5-11 illustrates the net reactive power supplied/absorbed at the PCC.

Thus, this mitigation technique is clearly viable as the use of reactive power use is efficient,

manageable and compliant to grid codes.

67| Page



Chapter 5: Flicker Study on a Real Distribution Feeder

0.1 T T T T T T T T T T
0 M%NWMWWWMWWWWWWMW%
0.1t r r r r r r r r r r
50 100 150 200 250 300 350 400 450 500 550 600
0.1~ T T T T T T T T T T
0 WWWWWMWWW
0.1t r r r r r r r r r r
50 100 150 200 250 300 350 400 450 500 550 600
0.1~ T T T T T T T T T T
0 WWWWWMWWNWWWWWW
0.1t r r r r r r r r r r

50 100 150 200 250 300 350 400 450 500 550 600
0.1~ T T T T T T T T T T

Reactive power [pu]
o

0.1t r r r r r r r r r r
50 100 150 200 250 300 350 400 450 500 550 600
0.1~ T T T T T T T T T T
0 WWWMWWWWWWWW
gt r r r r r r r r r r
50 100 150 200 250 300 350 400 450 500 550 600
0.1~ T T T T T T T T T T
0o P P Yy, AR M
01—t r r r r r r r r r r
50 100 150 200 250 300 350 400 450 500 550 600
0.1~ T T T T T T T T T T
0 WWWWMWWWWWW
0.1t r r r r r r r r r r
50 100 150 200 250 300 350 400 450 500 550 600
Time [s]

Figure 5-10 Reactive power supplied or absorbed by each turbine needed to mitigate flicker
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Figure 5-11 Net reactive power absorbed by the wind installation to mitigate flicker

5.7 Summary

Chapter 5 dealt with the interconnection of large wind farms to a distribution feeder,
executed in real time. Flicker emissions were assessed and quantified to a variety of scenarios.
Finally, the effectiveness and viability of the reactive power based flicker mitigation technique

developed in chapter 4 was demonstrated.
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Chapter 6:
Conclusions & Recommendations
for Future Work

6.1 Presentation of the Rule of Thumb

The quantity of flicker emissions produced by a distribution-connected wind farm is
likely to be the limiting factor which determines the greatest level of wind penetration possible.
In order to make the most efficient penetration of wind energy into distribution feeders,
without violating flicker limits and the need for detailed studies, a rule of thumb has been
developed based on figure 6-1 and is presented in figure 6-2. Essentially, figure 6-1 quantifies
the flicker emissions produced by DFIG wind turbines connected to a parametric network, as in
chapter 4, feed identical wind speed profiles characterized by vy,p0n = 13m/s &I, = 15%, and
benchmarks the flicker emissions produced to an emission limit. Events which result in wind
farm emissions above the green plane, notably the emission limit, are in violation of emissions
limits, whereas events resulting in wind farm emissions below the green plane are in

compliance to emission limits.
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Figure 6-1 Wind farms flicker emission plane with reference to the emission limit
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The rule of thumb screens a large distribution-connected wind installation, typically
ranging from 10 MW - 14 MW with regard to flicker, based on grid characteristics, notably the
SCC and the X/R ratio. Compliance is based on the minimum flicker emission limit in accordance

to IEC 61000-3-7, which is equal to P;; = 0.35 for MV flicker producing generators.

| —— p——

X/R Ratio X/R< 2 X/R=> 2 X/R< 2 X/R= 2 ALL
. Detailed Detailed Flicker Flicker No Flicker No Flicker
FIICker ASSESSment Flicker Study Flicker Study Mitigation Mitgation Problem Problem

Required Required Identified Identified

Required

Required

Figure 6-2 Rule of Thumb developed to screen for flicker problems due to large distribution-connected wind farms

The rule of thumb presents three flicker assessment results, 1) No Flicker Problem

Identified, 2) Flicker Mitigation Required and 3) Detailed Flicker Study Required.

In the first scenario, whereby no flicker problem is identified, the desired wind
penetration passes the flicker screening test and can be installed without the need for detailed
studies and the provisioning of flicker mitigation. The fundamental assumption is that a global
flicker analysis on the distribution feeder was conducted and there is indeed an emission limit

of Pg; = 0.35 that can be allocated to the wind farm.

In the second scenario, whereby flicker mitigation is required, a more cautious approach
needs to be taken before the installation of the wind farm. The most universally applicable
approach to render the desired wind penetration possible is to provision for embedded flicker
mitigation. Reactive power based mitigation can be one method that may be provisioned in
order to minimize the likelihood of a potential flicker problem as discussed in chapters 4 and 5.
Moreover, the use of energy storage, capable of removing power fluctuations in the band of 0.1
to 1Hz, commonly used in power smoothing applications, such as in ref [66],[67], can also be a
viable technique, although this has not been deeply discussed in this dissertation. On another
note, eqn. (2.14) detailed the maximum flicker allowance which could be attributed to the wind
farm, while maintaining EMC of the power system. Thus, if a global network flicker analysis is

conducted in the pre-connection study and little or no flicker emitting industrial loads are

70| Page



Chapter 6: Conclusions & Recommendations for Future Work

present in the distribution network, the utility may also choose to allocate a larger part of the
flicker emission allowance to the wind farm, such that the project can be accepted. As specified
in chapter 2, the French grid code allows for a similar measure, allowing a maximum P, = 0.44

for large distribution-connected wind project.

In the third and final case, whereby a detailed flicker study is required, the wind
installation does not pass the screening test and should not be installed, without a detailed
flicker study, even if flicker mitigation techniques are provisioned for. The detailed flicker pre-
connection study to be conducted will involve detailed knowledge of all industrial flicker
emitting loads present, feeder and wind farm components, in order to determine if flicker will
indeed be a problem. The utility also has two other trivial solutions possible; 1) reduce the level
of wind penetration and 2) connect the wind farm at a stiffer point in the network, typically

located at a shorter distance from the substation.

6.2 Summary

In this dissertation, a general methodology to quantify and assess flicker emissions from
distribution-connected wind energy has been detailed. This included a review of the main
applicable IEC EMC standards dealing with the measurement and assessment of flicker
produced from wind energy, notably IEC 641000-4-15, IEC 61400-21 and IEC 61000-4-7. Flicker
oriented modeling was discussed based on factors which influence flicker. This involved an
understanding of which components in the equivalent wind speed model, turbine model and
network model influenced flicker emissions. Based on the flicker oriented modeling, the
behavior and degree in which key parameters affect flicker were reviewed and quantified.
Using Opal-RT®’s real time simulator and associated software tools, a real distribution network
was decoupled to permit computational speed-ups via parallel computing and a flicker study
was conducted. This included a more comprehensive representation of the wind farm using
time shifted wind speeds and the distribution network. The interaction between the wind farm
and flicker producing industrial loads, represented by high powered, frequently starting
induction motors was studied. Furthermore, a reactive power based, flicker mitigation

technique, which dispatches reactive power to handle power fluctuations in the flicker
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frequency range was tested and proven to be potentially be a viable solution. Lastly a rule of
thumb to be used as a flicker screening technique, during a pre-connection study was

formulated.

6.3 Conclusion

Large, distribution-connected wind farms may result in a voltage flicker problem and
thus, limit the greatest level of wind penetration possible. Flicker emissions from a modern day
Type 3 or Type 4 WTG are mainly influenced by turbulent and gusty winds and network
characteristics. In situations where the severity of flicker emissions is anticipated to exceed the
allocated emission limits, the provisioning of flicker mitigation techniques and emission
coordination become essential. Thus, pre-connection studies are required to determine if
flicker amongst other issues will be a limiting technical factor hindering the implementation of a
wind project. The rule of thumb developed for flicker assessment is one tool utilities can now

use to analyze large distribution-connected wind projects.

6.4 Recommendations for further work

Despite the research effort conducted in quantifying and assessing flicker emissions
from distribution-connected wind farms, more work is required to keep up with future revisions
of the IEC Flickermeter instrument, that may eventually consider modern lighting, revised
flicker emission limits provided by emerging grid codes and economically viable flicker
mitigation techniques. This section enumerates some ideas for extending the scope of the

work.

6.4.1 Adaptable reactive power based flicker mitigation technique

There is no need for a flicker mitigation technique to operate and dispatch reactive
power continuously. Flicker emissions from a distribution-connected wind farm will only exceed
emission limits during certain time periods categorized by highly turbulent and gusty winds.
Hence, there are significant opportunities in operating flicker mitigation scheme in an “only
when needed” basis, (i.e. when emission limits allocated to the fluctuation installation are

surpassed). This type of strategy would lead a more efficient use of reactive power. Figure 6-3
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present a modification to the controller presented in section 4.5.3. Essentially, Qpg; is set to

Qpst =0 when flicker emissions are not deemed a problem and set to

R . ..
Qpst = _KX_I;Pfluctuations when flicker emissions are deemed a problem.

. Pl larer

ImN

LPF, feyrorr =0.05Hz

Figure 6-3 Controller diagram

Normal state
Mode selection: Qps= 0

7
Sliding 10 minute Pst measurement > Normal state threshold

—

}No‘ ‘Yes‘

!

Flicker mitigation state
Mode selection: Qps = -K*R/X*Phyctuations

Sliding 10 minute Pst measurement > Flicker mitigation state threshold

Figure 6-4 Supplementary control algorithm

Figure 6-4 describes the algorithm which will select which mode the turbine will operate
in. The first mode, called the “Normal state” does not involve any flicker mitigation. The second
mode, called “Flicker mitigation state” activates the flicker mitigation scheme. The trigger,
which would determine the WTGs operating mode would be a 10 minute sliding flicker
measurement taken at the PCC compared to a flicker emission threshold. There would also be

one threshold associated with each state. Thus, in the normal state with no flicker mitigation,
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flicker would need to be above a certain emission threshold to activate the flicker mitigation
scheme and once the flicker mitigation scheme was activated, emissions would need to be
below a second smaller emission threshold for the turbine to return to its normal state. These
emission thresholds would need to be tuned on a case by case basis in accordance to the
distribution feeder under study and emission limits granted. The implementation and benefits
of the adaptable mitigation scheme would need to be tested for a much longer time frame,

over a range of grid and wind conditions.

6.4.2 Flicker mitigation via energy storage

Recommendations for further work can also be with flicker mitigation techniques
involving the use of ESSs. Currently, energy storage has been mostly used for power smoothing
applications as in [66]-[69]. It would be interesting to investigate the level in which energy
storage can attenuate flicker emissions and if it can be optimally sized to be practically viable.
Hence, this research would involve the design of an embedded ESS, of optimal size to reduce

WTG flicker emissions.
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Appendix A
Parameter Value
Rated power 2 MW
Rated frequency 60 Hz
Rated voltage 0.575 kV
Rated speed 16.7 r/min
Stator resistance 0.023 pu
Stator reactance 0.18 pu
Rotor resistance 0.016 pu
Rotor reactance 0.016 pu
Pole pairs 3
Generator inertia (Hg) 0.8s
Turbine inertia (H) 4.2s
Shaft stiffness (Kgpaft) 1.52 pu
Shaft mutual damping (D) 3.4 pu
Rotor radius (R) 35m
Hub height (H) 80m
Tower radius (a) 2m
Distance from blade origin to tower midline (x) 3m
Empirical wind shear exponent (o) 0.3
Lambda opt (A*) 9.9495
Power coefficient (Cp max) 0.5
Coefficients (c; — cg)
C1 0.6450
c, 116
C3 0.4
Cy 5
Cs 21
Ce 0.00912
7 0.08
Cg 0.035
Air density (p) 1.29 Kg/m®

Parameters of the DFIG WTG
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Transformer Rated Power X/Rratio  Primary/Secondary Voltages

Substation transformer 15 MVA 25 114.3 kV/24.94 kV

DG transformer 17 MVA 10 0.575 kV/24.94 kV

Distribution feeder transformer parameters
Line From To R; (Q) Ro (Q) L, (mH) Lo (mH)
Zgrid HV Substation ~ HV/MV Transformer 6.4438 0.1 5.13 0.3
Distribution feeder grid impedance parameters
. R, Ro L, Lo (o Co
tine  From  To  Lkm) o) (@/km) (mH/km)  (mH/km)  (nF/km)  (nF/km)

TL-1 B-1 B-2 4167 0.1140 0.3774  1.030 3.449 1.011 0.544
TL-2 B-2 B-3 2291 0.116 0.384 1.0478 3.509 11.504 4.812
TL-3 B-3 B-4 2.04 0.1159  0.3838  1.047 3.5077 0.918 0.484
TL-4 B-4 B-5 6.517 0.1155  0.3824  1.043 3.4948 0.975 0.497
TL-5 B-6 B-7 0.97 1.469 1.469 3.649 3.647 1.213 0.603
TL-6 B-7 B-8 8.527 0.1134  0.3753 1.024 3.430 0.897 0.411
TL-7 B-8 B-9 10.67 0.116 0.384 1.0478 3.509 11.504 4.812
TL-8 B-8 B-10 1.59 0.1134  0.3753 1.024 3.430 0.969 0.534
TL-9 B-10 B-11 0.452  0.116 0.384 1.0478 3.509 10.434 4.121
TL-10 B-11 B-13 1.05 0.1157  0.3829 1.0448 3.5 0.983 0.531
TL-11 B-13 B-14 1.21 0.2860  0.5289 1.050 3.2819 0.997 0.476
TL-12 B-14 B-15 0.3 0.851 1.211 1.342 4.154 9.316 4.403
TL-13 B-13 B-16 0.423  0.2437  0.4971 1.065 3.393 0.989 0.513
TL-14 B-16 B-17 2.91 0.2648  0.4822  0.9464 2.943 1.133 0.579
TL-15 B-17 B-18 5.45 0.4238 0.6701 0.9330 2.969 1.138 0.583

Distribution feeder overhead line parameters
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