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Abstract

Inverter-based resources (IBRs) are growing at exponential rates in today’s power systems.

Therefore, a sizable portion of the measurements of relays is expected to come from IBRs. However,

the fault current characteristics of IBRs put the operation of the relays in jeopardy as they are

different than that of synchronous generators’ (SGs) based on which the relays’ operating principles

are developed. Therefore, different countries have progressively revised their grid codes (GCs) to

reduce the likelihood of protection malfunctions and ensure stable and continuous operation of

power systems.

Similar to emerging regional GCs, the recently approved IEEE 2800 Standard mandates that

IBRs generate negative-sequence current during low-voltage ride-through (LVRT) conditions. The

2800 Standard requires that the IBRs’ negative-sequence current lead the negative-sequence voltage

by 90�–100� to emulate SGs and reduce the likelihood of protection malfunction. However,

the limitations of existing doubly-fed induction generators (DFIGs) led the Standard to exempt

the DFIGs from this requirement and allow a wider range for their negative-sequence current

angle. Meanwhile, the 2800 Standard also acknowledged that this exemption had unidentified and

potentially negative impacts on protective relays. This dissertation, for the first time, (i) sheds light

on several so-far-unknown DFIG characteristics that impact the angle of the negative-sequence

current during LVRT, (ii) reveals the impacts of the above DFIG exemption on industrial relays, and

(iii) develops a solution to prevent the need for this exemption in the future revisions of the IEEE

2800 Standard.

This dissertation also investigates the challenges brought about by the DFIGs during the crowbar
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connection and rectification mode of operation, i.e., interrupted control of the DFIG’s converters,

now affecting the performance of distance relays that are installed at a DFIG-based wind farm

substation. The focus is on the relays implemented using the apparent impedance approach and the

commercially developed reactance method. It is revealed that the phase elements of a distance relay

that uses these methods are prone to under-/over-reach in the systems with DFIGs. The exclusive

fault behavior of DFIGs along with different units of a distance relay is scrutinized to identify

the root causes. To address the relay problems, a communication-assisted method with minimal

bandwidth requirement is developed, which provides non-delayed fast tripping over the entire length

of the line.
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Chapter 1

Introduction

The determination to reduced burning of fossil fuels in electric power stations due to the green house

gases has led to increasing share of renewable sources in the global electric market. According

to international renewable energy agency (IRENA) report, renewable resources constitute 38% of

global installed capacity by the end of 2021 [10]. Renewable inverter based resources (IBRs), such

as solar and wind, are the fastest growing types of renewable resources as they participated in an

unprecedented 88% of global renewable additions in 2021 [10].

Doubly fed induction generator (DFIG)-based wind turbines (WTs) constitute a signi�cant

share of IBRs. While other types of IBRs have the similar fault behaviour owing to interface

similarities, DFIGs possess unique fault current characteristics due to deployment of a wound

rotor induction generator (WRIG), crowbar and chopper circuits, and partially rated back-to-back

power electronics converters in their structure. The unique structure, limitations, and complexity

of the DFIG control sometimes resulted in exceptions and/or different de�nitions of low voltage
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ride-through requirements (LVRT) for DFIGs mandated by grid codes (GCs). For example, various

GCs, such as [11], exempt the DFIG from regulating negative-sequence current during LVRT.

Another example is the recently approved IEEE 2800 Standard that mandates the IBRs' negative-

sequence current lead the negative-sequence voltage by 90� –100� to emulate synchronous generators

(SGs) and reduce the likelihood of protection malfunction [12]. However, the limitations of existing

DFIGs led the Standard to exempt them from this requirement and allow a wider range for their

negative-sequence current angle. Meanwhile, the 2800 Standard also acknowledged that this

exemption had unidenti�ed and potentially negative impacts on protective relays. Therefore, it is

critical to comprehensively investigate the operation and control of DFIGs during LVRT to identify

the reason for large deviation of the angle between the negative-sequence current and voltage from

90� –100� as well as reveal the impacts of the above exemption on protective relays. Such study

not only helps protection engineers to design new protection schemes for DFIGs, but it also gives

an insight to control engineers to come up with new control schemes to eliminate the need for the

exemptions made for DFIGs.

The DFIGs' unique structure and control during LVRT introduces some other challenges to

the protective relays that protect their tie-line, especially distance relays. Distance relays are used

as the main and backup protection in transmission lines, and are considered as the backbone of

transmission line protection [13]. Distance relays are designed assuming that SGs are the only

generating units, where the fault signals and sequence circuits have their characteristics. Such

assumption makes these relays prone to maloperation in the presence of DFIGs, especially during

the crowbar connection or recti�cation mode of operation. Therefore, it is important to study
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the fault behaviour of DFIGs to realize their differences with that of SGs, and analyze distance

relays behaviour protecting their tie-line. Such a study would help protection engineers to design a

tailor-made protection for DFIGs.

The following de�nes the problems and reviews the existing solutions with the LVRT and

distance relaying of DFIGs.

1.1 Problem Statement

Due to the rapid growth of IBRs, such as solar photovoltaic (PV), Type III WTs or DFIG-based WTs,

and Type IV WTs, they have become an important part of today's power systems. Non-negligible

portion of power generation from IBRs has led different countries to progressively revise their GCs

to ensure the stable and reliable operation of power systems. One of the main and basic requirements

of the GCs is that the IBRs have to remain connected to the utility grid during grid faults or low

voltage events—known as LVRT requirement. For example, Fig. 1.1 shows the LVRT requirements

of the VDE GC for IBRs [2]. In this �gure,V+
pm is the positive-sequence line-to-line voltage at the

point of measurement (POM). According to this GC, the IBRs must stay connected to the network

as long asV+
pm is above the limit curves represented in Fig. 1.1. In addition to the mandate for

remaining connected to the grid, modern GCs, such as [2] and [11], also require that IBRs generate

positive- and negative-sequence reactive currents at the point of connection (POC). A common

approach to determine the magnitude of sequence currents at the POC is to use theK-factor diagram

of [2]. In this method, the incremental positive- and negative-sequence reactive currents at the

POC,DI �
Q;pc, are determined based on the respective incremental sequence voltages,DV �

pc, using
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Figure 1.1: LVRT limit curve at the POM for IBRs.

Figure 1.2: Reactive current requirements of the VDE GC for IBRs during LVRT [2].

the diagram in Fig. 1.2. The recently approved IEEE 2800 Standard additionally requires that

the IBRs' negative-sequence current lead the negative-sequence voltage by 90� –100� to emulate

synchronous generators and reduce the likelihood of protection malfunction. Such an angle imitates

the negative-sequence current angle of synchronous generators and decreases the probability of

malfunction of protective relays—which rely on the negative-sequence components for various

functions [14].

While the PV and Type IV WTs have similar control systems and fault current characteristics

owing to the interface similarities, DFIGs possess unique fault current characteristics and compli-

cated control system due to deployment of a WRIG, partially rated back-to-back power electronics

converters, namely the rotor side converter (RSC) and the grid side converter (GSC), and limitations
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of the DFIG structure. Optimizing the control of the RSC with the aim of addressing reactive

current requirements of GCs and keeping the angle between the negative-sequence current and

voltage within 90� –100� , as required by IEEE 2800 Standard, makes the control structure of the

DFIG complicated further. The complicated control structure and limitations of existing DFIGs led

the IEEE 2800 Standard to exempt the DFIGs from having a 90� –100� angle between the negative-

sequence current and voltage and allow a wider range. With the 2800 Standard exemption, DFIGs

are permitted to have a phase difference within the [90� , 150� ] range between the negative-sequence

current and voltage during LVRT. Meanwhile, the 2800 Standard acknowledged that this exemption

had unidenti�ed and potentially negative impacts on protective relays. The lack of clarity about the

impacts of this DFIG exemption on protection systems will cause uncertainty about the operation

of relays in the proximity of DFIG-based wind plants. Therefore, the 2800 Standard calls for

the protection engineers to investigate the impacts of the speci�c angle range of [90� , 150� ] on

protective relays. It also requests to consider specifying a more precise control of the angle if it is

not acceptable for proper operation of the protective relays.

Based on engineering judgement, protection functions dependent on negative sequence quantities

may be negatively impacted by the wide range of the angle between the negative-sequence current

and voltage. For example, protective relays include faulty phase selection elements for various

functions, e.g., using the correct distance element and single-pole tripping [15]. Fig. 1.3 illustrates

the operating principle of the widely used current angle-based phase selection method. This method

uses the angle difference between the negative- and positive-sequence currents, i.e.d+ = ] I � � ] I+ ,

and the angle between the negative- and zero-sequence currents, i.e.d0 = ] I � � ] I0, to identify
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Figure 1.3: Fault type zones for (a)d+ , (b) d0 [3].

the fault type [3]. Superscripts+ , � , and0 denote the positive-, negative-, and zero-sequence

components. This method identi�es a certain fault type whend+ andd0 fall in the respective zones

of that fault type in Fig. 1.3. Each zone ofd+ andd0 for a fault type are normally� 30� and� 60� ,

respectively. The zones shown ford0 andd � in Fig. 1.3 are derived based on the negative- and zero-

sequence equivalent circuits of synchronous generators (SGs). Since each of these circuits consists

of a single highly inductive impedance, the angle between the negative-sequence current and voltage,

a � = ] (I � =V � ), and the angle between the zero-sequence current and voltage,a 0 = ] (I0=V0), at

the relay location are both around 90� to 100� . For IBRs,a 0 is impacted only by the impedance of

the interface transformer, and so it follows the same pattern. However, the impact of different DFIG

control schemes and wide range of [90� , 150� ] between the negative-sequence current and voltage

during LVRT ona � needs to be investigated.

The speci�c features of the DFIG mentioned earlier in this section creates more problems

to the protective relays, especially distance relays. The partially rated converters makes DFIGs

susceptible to the voltage dips caused by grid faults. An abrupt voltage dip in the DFIG terminals

causes overcurrents in the rotor winding and overvoltages in the dc-link capacitor. Therefore, if no

countermeasure is taken, the overcurrents and overvoltages can damage the RSC and the dc-link
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capacitor [16], causing WT tripping and failing to comply with the LVRT requirements mentioned

earlier. In practice, DFIGs are equipped with a crowbar and/or a braking chopper that protects the

RSC and the dc-link capacitor from overcurrents and overvoltages [17–19]. A crowbar shorts the

rotor winding through some resistors and so limits the overcurrents in the rotor circuit. The crowbar

is deactivated in a few cycles and the control of the converters is resumed to full-�ll the GC reactive

current requirements. Although the crowbar effectively protects and enhances LVRT capability of

the DFIGs, its operation converts the DFIGs to squirrel-cage induction generators (SCIGs) with

unique fault current characteristics that can cause misoperation of the distance relays that protect

their tie-lines [20].

Through closed-form solutions, [21] and [22] show that an off-nominal frequency component,

whose frequency is similar to the mechanical speed of the rotor,wm, appears in the SCIG's fault

current and decays over time. The off-nominal frequency depends on the slip of the machine.

As SCIGs work with a small slip, the off-nominal frequency is very close to the power system's

rated frequency. However, since the DFIG slip varies in the range of� 30%, wm adds a frequency

component in the range of 42� 78 Hz to the fault current of a DFIG in a60 Hz system [20, 23].

Several closed-form solutions for the fault current of the DFIG during the crowbar connection

is derived in the literature that veri�es the existence of the off-nominal frequency component in

the DFIG fault currents [22–25]. It is unveiled in [20] that the DFIGs's off-nominal frequency

components during balanced faults can cause misoperation of the distance relays that protect their

tie-lines.
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1.2 Existing Solutions

Multiple studies have developed control schemes for the positive- and/or negative-sequence current

of DFIGs. An optimized reactive power �ow of the DFIG converters is proposed in [26]. The

proposed method in [27] attempts to reduce the stator and rotor currants as well as the rotor voltage,

allowing the generator to ride-through the grid disturbances and inject reactive current during grid

faults. However, this method needs a series voltage compensation to be added to the structure of

the existing DFIGs, which makes it costly. A comprehensive control strategy to enhance the LVRT

and reactive power support capability of the DFIG by installing the energy storage system (ESS) in

parallel with the dc-link capacitor is proposed in [28]. Nevertheless, the ESS adds complexity and

cost to the DFIG control and structure. An online dynamic coordination control strategy for DFIG

converters considering the RSC and GSC limits to comply with GCs is proposed in [29]. A dynamic

coordinated control strategy to enhance the reactive power capability of DFIGs is presented in [30].

An adaptive reactive current control scheme for both the RSC and the grid side converter (GSC) is

proposed in [31]. However, these studies do not consider compliance with the negative-sequence

current requirements of the 2800 standard or GCs. A coordinated control of the RSC and the

GSC is proposed in [32] to meet the GCs. However, this study achieves a 90� phase difference

between the negative-sequence current and voltage of the GSC, not the negative-sequence current

and voltage at the DFIG's terminal, where compliance with the 2800 standard and GCs is checked.

Another control method for the RSC and GSC is proposed in [33] to comply with the positive-and

negative-sequence current requirements of GCs. The method proposed in [33] meets the GCs'
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reactive current requirement. However, this method does not suppress the electromagnetic torque

pulsations (ETPs) of the DFIG.

Several studies have been reported on the effect of DFIGs on negative-sequence quantity-based

protection functions, and some solutions are proposed in the literature. The fault current of DCC-

based DFIGs is investigated through realistic case studies in [34]. The case studies show that during

LVRT of DFIGs the angle between the negative-sequence current and voltage at the DFIG terminal

is not �xed and keeps changing. It is shown that this unconventional angle can result in maloperation

of negative-sequence current-based protection relays. On this basis, the author suggests that the

relays operate based on the zero-sequence quantities of the fault current as they are not affected by

the WF. However, the results suffer from an analytical study, and the operation of the protection

system during phase faults is neglected. It is unveiled in [35] that IBRs can hinder correct operation

of negative-sequence quantity-based protection elements. The conclusions made in this paper are

based on the assumption that DFIGs are controlled based on traditional vector control, i.e., CVC

scheme. Most of the existing papers assess the effect of DFIGs on negative-sequence quantity-based

protection functions through simulation analysis. However, understanding the reasons behind

maloperation of negative-sequence quantity-based protection elements in the presence of DFIGs

needs a more detailed analysis.

To address the misoperation of the phase-selection element in the presence of IBRs, several

publications propose voltage-dependent phase selection methods [36–39]. For example, the method

in [36] operates based on the voltage magnitudes and distinctive zones for the phase difference

between the fault sequence voltages. However, voltage-dependent phase selection methods require
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several changes to the algorithms implemented by currently installed relays. In addition, these

methods cannot be used during severe faults where the magnitude of the voltage is low and voltage

measurements are not reliable.

There are only a handful of publications addressing the misoperation of distance relays protecting

the lines connected to DFIGs. An adaptive distance relay setting is proposed in [40], considering the

effect of the operating points of DFIGs and the number of WTs at the instant of the fault. However,

the WTs are modeled as voltage sources in the same way that conventional SGs are modeled. Such

modeling is not precise for relaying purposes. Another adaptive approach considering the effect

of the crowbar on the relay operation is proposed in [41]. Nevertheless, the effect of the DFIGs

off-nominal frequency components on the relay behavior is neglected. One study investigates

the effects of the DFIG off-nominal frequency component on distance relays during balanced

faults and the crowbar connection [20]. It is demonstrated in [20] that the off-nominal frequency

component of the fault current results in rotation of the measured impedance in the impedance plane

of a distance relay. The maloperation of distance relays is alleviated using a modi�ed permissive

over-reaching transfer trip (POTT). However, this study only considers the passive crowbar, i.e.,

long-time connection of the crowbar, while, nowadays, the active crowbar is used in practice, where

the crowbar becomes active only for several cycles. Further, the impact of the off-nominal frequency

component in the DFIG fault signals on the frequency tracking and phasor measurement units of

protective relays during unbalanced faults remains unknown.
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1.3 Research Scope and Objectives

The reviewed research papers have unveiled some problems associated with the DFIGs during LVRT

conditions and operation of protective relays in the presence of DFIGs. Several solutions have also

been proposed to address these problems. However, many aspects of problem identi�cation and

solution developments have been left unidenti�ed. The following highlights the main objectives of

this dissertation to contribute to this topic.

1. The �rst objective is to unveil why/how does the phase difference between the negative-

sequence current and voltage deviate considerably from 90� when a DFIG uses the control

methods applied by DFIG manufacturers. It is also intended to �nd all possible ranges for the

angle of the DFIG negative-sequence current. The results of this work sheds light on several

so-far-unknown and critical aspects of this problem that are not discussed in the literature,

including the 2800 Standard.

2. The second objective is to reveal how can the protection systems be impacted by the exemption

made by IEEE 2800 Standard during LVRT of DFIGs, i.e., 90� –150� phase difference between

the negative-sequence current and voltage at the DFIG terminals. An answer to this question

resolves the uncertainty about the operation of relays in the proximity of DFIG-based wind

plants acknowledged by the 2800 Standard. However, it is not possible to investigate all

protection functions that depend on negative-sequence quantities in this work. Therefore, the

focus of this dissertation will be on the relays' phase selection elements, which are sensitive

to variations of the negative-sequence current angle.
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3. The third objective is to come up with a solution to obviate the need for the DFIG exemption

in future revisions of the 2800 Standard without imposing a prohibitive cost on DFIG

manufacturers. The solution should be comprehensive and capable of addressing both

positive- and negative-sequence current requirements of the GCs. It should not require a

hardware upgrade either.

4. The forth objective is to investigate how the frequency tracking and phasor measurement

units of commercial relays are impacted by the off-nominal frequency components in the

DFIG fault signals during the crowbar and/or chopper connection. As reliable operation of

protective relays is closely tied with correct operation of the frequency tracking and phasor

measurement unit, this objective is a foundation for the study of protective relays' operation

in the presence of DFIGs.

5. As the existing literature have investigated the operation of distance relays during the crowbar

connection for balanced faults, the �fth objective is to analyze how they operate during

unbalanced faults. This dissertation focuses on distance relays that operate based on the

apparent impedance approach and the reactance method, as a common method used by

state-of-the-art commercial relays.

6. Finally, this dissertation aims to propose a new method for correct operation of distance relays

protecting DFIG-based WTs' tie-line during the crowbar and/or chopper connection.
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1.4 Dissertation Outline

The rest of this dissertation is organized as follows:

Chapter 2 describes the control of DFIGs with CVC and DCC schemes applied by DFIG

manufacturers. This chapter also describes the LVRT of DFIGs during uninterrupted and

interrupted control of the RSC considering the crowbar and braking chopper operations.

Moreover, it is described how the current references during LVRT of DFIGs are determined

for widely used DFIGs.

Chapter 3 (i) sheds light on several so-far-unknown DFIG characteristics that impact the

angle of the negative-sequence current during LVRT, (ii) reveals the impacts of the previously

mentioned DFIG exemption on relays, and (iii) develops a solution to prevent the need for

this exemption in the future revisions of the IEEE 2800 Standard.

Chapter 4 (i) investigates the fault current characteristics of DFIGs during unbalance faults

and the crowbar connection, (ii) shows how the DFIG fault signals impact frequency tracking

and phasor measurement units of commercial relays, (iii) investigates operation of distance

relays that operate based on the apparent impedance approach and the reactance method, and

(iv) proposes a solution for correct operation of distance relays during unbalanced faults and

interrupted control of the RSC.

Chapter 5 concludes this dissertation, highlights its contributions, and provides an insight

into possible future works.
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Chapter 2

DFIG-based WT Dynamics and Control

In DFIGs, the stator is directly connected to the grid whereas the rotor is integrated into the grid by

partially rated back-to-back converters. These converters provide independent control of active and

reactive powers and variable speed operation of DFIGs. There are numerous control techniques

for DFIGs [7], and research on new DFIG control schemes is ongoing. This study focuses on

the mainstream established control strategies used by DFIG manufacturers, i.e., CVC and DCC

schemes. This chapter �rst reviews the DFIG dynamics during normal operation and during voltage

dips. Afterwards, it studied the control of the DFIG during normal operation and LVRT condition.

2.1 DFIG Dynamics

The dynamic forth-order model of a DFIG in the static stator-oriented reference frame is given by

(2.1) (2.2) (2.3) (2.4) [42].

~vs
s = Rs~iss+

d
dt

~y s
s (2.1)
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~vs
r = Rs~isr +

d
dt

~y s
r � jwm~y s

r (2.2)

~y s
s = Ls~iss+ Lm~isr (2.3)

~y s
r = Ls~isr + Lm~iss (2.4)

In these equations,(~: ) is the space vector of a component;L denotes inductance; subscriptss, r,

andm indicate the quantities of the DFIG's stator, rotor, and magnetizing branch; superscripts

indicates the stator reference frames;y denotes �ux;w is the grid frequency; andwm is the rotor

speed.

Using (2.2), (2.3), and (2.4), the rotor voltage can be expressed as a function of the stator �ux at

the stator static frame as in (2.5) [7].

~vs
r =

�
Rr + s Lr

�
d
dt

� jwm

��
~isr +

Lm

Ls

�
d
dt

� jwm

�
~y s

s
| {z }

~es
r;ind

(2.5)

In this equation,s = 1� L2
m=LsLr is the leakage coef�cient of the machine.~vs

r in (2.5) consists

of two terms. The �rst term is the voltage drop due to the rotor resistance and the rotor transient

inductance. This term appears only if a current �ows through the rotor winding. The second term,

~es
r;ind, is the induced voltage by the stator �ux. If the stator resistance is neglected, the stator �ux is

a space vector rotating at the synchronous speed given by

~y s
s =

Vs

jws
ejwst (2.6)
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whereVs is the nominal stator voltage. Using (2.6) in (2.5),~es
r;ind is obtained as

~es
r;ind =

Lm

Ls
sVsejwst (2.7)

Since the rotor resistance and transient inductance are small, the voltage at the rotor terminals is

approximately equal to~es
r;ind. The controllability of the DFIG depends on whether the RSC can

generated a voltage equal to~es
r;ind. In a DFIG with the nominal slip range of� 30%, the converters

are rated at about 35% of the nominal power. Therefore, the RSC can provide the required voltage

and control the DFIG during normal operation. The following �nds the induced rotor voltage during

balance and unbalanced voltage dips.

2.1.1 Balanced Dips

When a symmetrical voltage dip with the depth ofd occurs in the network, the �ux linkage of the

stator is divided into two components, namely, forced �ux and dc �ux. Using(2.1)and(2.6), the

stator �ux is expressed as

~y s
s;fault(t) = ~y s

s f(t) + ~y s
s;dc(t) =

Vs(1� d)
jw

ejwt +
Vsd
jw

e� t=Ts (2.8)

where~y s
s f(t) and~y s

s;dc(t) are the stator forced �ux and dc �ux, respectively;Ts is the stator time

constant;d = Vs � Vfault; andVfault is the stator voltage during the voltage dip. The forced �ux is the

positive-sequence rotating �ux and appears due to the stator fault voltage. The dc �ux is a transient

�ux that guaranties the continuity of the stator �ux before and after the fault. This �ux decays with
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the stator time constant [16]. Each �ux induces a voltage in the rotor winding. Using(2.5), (2.6),

and(2.8), the induced rotor voltage during balanced voltage dips in the stator reference frame can

be obtained. Transferring it to the rotor reference frame yields (2.9) [16].

~er
r;ind =

Lm

Ls
Vs

�
(1� d)sejswst � d(1� s)ejwmte� t=Ts

�
(2.9)

In this equation, superscriptr indicates the rotor reference frame. The �rst term on the right hand

side of(2.9) is due to the stator forced �ux. It is proportional to the slip ,s, and thus, has a small

amplitude. The second term is due to the stator dc �ux and is a function of (1-s) and the depth of

voltage dip. Therefore, its magnitude can be high during severe voltage dips and/or high speed

operation of the DFIG. If a DFIG operates with a slip in the range of� 30%, the initial value of

~er
r;ind can reach to several times of the RSC maximum voltage capacity [43].

Fig. 2.1 shows the equivalent circuit of a DFIG seen from the rotor side [44]. According to this

�gure, the rotor current is determined by the voltage difference between the RSC and the induced

rotor voltage. If the induced voltage in the rotor winding is higher than the maximum voltage of the

RSC, which occurs during low impedance faults or faults that happen close to the DFIG terminals,

the converter will be saturated and the control of the rotor current will be lost transitory. Therefore,

if no counter measurement is taken, inrush currents in the rotor will �ow, which can damage the

RSC switches and the dc-link capacitor.
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Figure 2.1: Equivalent circuit of a DFIG seen from the rotor side.

2.1.2 Unbalanced Dips

The stator �ux during unbalanced voltage dips in the stator reference frame is given by(2.10)[16].

~y s
s;fault = ~y s+

s + ~y s�
s + ~y s0

s =
V+

s

jws
ejwst +

V �
s

� jws
e� jwst + y s;dc0e� t=Ts (2.10)

In this equation,~y s+
s is the stator positive-sequence �ux which is caused by the stator positive-

sequence voltageV+
s ; ~y s�

s is the stator negative-sequence �ux which is caused by the stator

negative-sequence voltageV �
s ; ~y s0

s is the stator dc �ux which appears to guaranties the continuity

of the stator �ux before and after the voltage dip; andy s;dc0 is the initial value of the dc �ux.

During unbalanced faults, the magnitude ofy s;dc0 depends on the phase shift between the stator

positive- and negative-sequence �uxes at the fault instant. If the two �uxes are aligned,y s;dc0 will

be zero. The magnitude ofy s;dc0 increases commensurate with the phase shift between positive-

and negative-sequence �uxes. The maximum dc �ux occurs when the two sequence �uxes are180�

out of phase [16].

Each �ux induces a voltage in the rotor winding. Using(2.5) and(2.10), the induced rotor

voltage during unbalanced voltage dips in the stator reference frame can be obtained. Transferring
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it to the rotor reference frame yields

~er
r;ind = ~er+

r;ind + ~er�
r;ind + ~er 0

r;ind =
Lm

Ls

�
sV+

s ejswst + ( 2� s)V �
s e� j(2� s)wst � jwmy s;dc0e� jwmte� t=Ts

�

(2.11)

in which~er+
r;ind,~er�

r;ind, and~er 0
r;ind are the positive-sequence, negative-sequence, and the dc components

of the induced rotor voltage, respectively. As it is evident from(2.11), the induced rotor voltage

during unbalanced voltage dips is composed of three terms which correspond to the sequence �uxes

in (2.10). Similar to the case of symmetrical faults,~er
r;ind in (2.11)can reach multiple times of the

RSC maximum voltage capacity. While~er 0
r;ind decays with the stator time constant,~er+

r;ind and~er�
r;ind

sustain till the end of the fault. If no counter measurement is taken, inrush currents in the rotor will

�ow which can damage the RSC switches and the dc-link capacitor.

2.2 CVC-based DFIG control

This widely used conventional control scheme for DFIGs is detailed in [45]. The following brie�y

reviews the RSC and the GSC control system in the CVC scheme.

2.2.1 RSC Control

This control is implemented by referring all ac quantities to thedq SRF whoseq axis is aligned

with the stator's positive-sequence voltage. The RSC controller aims to regulate only the positive-

sequence current of the stator. The RSC control has two outerq andd axis control loops that control

the stator active and reactive powers, respectively. The active power reference, denoted byP�
s , is
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typically determined by the maximum power point tracking technique [46]. The reactive power

reference, indicated byQ�
s, is constant and determines the power factor (PF) of the DFIG. Neglecting

the small stator resistance, the active and reactive powers generated at the DFIG terminals in the

space vector notation are given by (2.12) and (2.13), respectively [7].

Ps = �
3
2
Vsq

Lm

Ls
irq (2.12)

Qs =
3
2

 
V2

sq

wLs
� Vsq

Lm

Ls
ird

!

(2.13)

In these equations, subscriptsd andq indicate thed andq axis components, respectively. Equations

(2.12) and (2.13) indicate that the active and reactive powers of the DFIG are independently

controlled by theq andd axis components of the rotor current, respectively.(2.12)and(2.13)also

yields the rotorq andd axis reference currents, denoted byi�rd andi�rq.

Each axis has one inner current control loop that controls the rotor currents to generate the

current references obtained from(2.12)and(2.13). The rotor currents are controlled using the RSC

by adjusting the voltage at the rotor terminals. The relation between the rotor voltages and currents

in thedqSRF during the steady state condition are as in (2.14) and (2.15) [7].

vrd = Rr ird � sw s Lr irq + s Lr
d
dt

ird +
Lm

Ls

d
dt

y sd (2.14)

vrq = Rr irq + sw s Lr ird + s Lr
d
dt

irq + sw
Lm

Ls
y sd (2.15)

From the control perspective,sw s Lr irq andsw s Lr ird are cross coupling terms that relate thed
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Figure 2.2: Overall structure of the RSC control system.

andq axis loops. These terms appear due to the difference between the rotor speed and the SRF.

To decouple thed andq axis loops, these terms are feed-forwarded into their respective control

loops. The terms multiplied byLm=Ls are perturbations as they depend on the stator variables that

are independent of the loops. These terms are the induced voltages by the stator �ux at the rotor

winding. These terms are constant during normal operation of the DFIG and do not affect the

control system [7]. However, the are frequently estimated and feed-forwarded to the control loop to

reduce their negative effects on the control system during transients.

Fig. 2.2 shows the overall structure of the RSC control system obtained from(2.12), (2.13),

(2.14), and(2.15). In this �gure, superscript * indicates the setpoint of a quantity;qs is the position

of the stator positive-sequence voltage,qs, which is detected by the phase locked loop (PLL);qm is

the angular position of the rotor, which in practice is estimated by means of an encoder coupled to

the rotor [7]; andqr is the angle required for the Park's inverse transformation.
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2.2.2 GSC Control

This control is implemented by referring all ac quantities to thedqSRF whosed axis is aligned with

the GSC's positive-sequence voltage. The GSC control has two outerd andq axis control loops that

control the dc-link voltage,Vdc, and the GSC reactive power,Qg, respectively. These outer control

loops determine the reference currents of the GSC. The GSC reactive power is normally set to zero

during normal operations.

Each axis has one inner current control loop that controls the GSC currents to generate the

current references determined by the outer control loops, denoted byi�gd andi�gq for d andq axis

currents, respectively. The GSC currents are controlled by adjusting the voltage at the GSC terminals.

The relation between the GSC voltages and currents in thedqSRF during the steady state condition

are as in (2.16) and (2.17) [47].

vgd = Rgigd � wLg f igq+ Lg f
d
dt

igd + vsd (2.16)

vgq = Rgigq+ wLg f igd + Lg f
d
dt

igq+ vsq (2.17)

In (2.16) and (2.17), Lg f is the inductance of the GSC �lter. Subscriptsg indicates the GSC

quantities. Thed andq axis loops are cross coupled bywLg f igq andwLg f igd, respectively. These

terms are feed-forwarded in the GSC control system to decouple thed andq axis control loops. The

overall structure of the GSC is shown in Fig. 2.2.
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Figure 2.3: Overall structure of the GSC control system.

Figure 2.4: Coordinated control of positive-sequence reactive current at the POC.

2.2.3 LVRT of the DFIG with CVC scheme

As mentioned in Section 1.1, almost all GCs require that IBRs generate positive-sequence reactive

current at the POC to support the grid during LVRT condition. In this study, the magnitude of the

positive-sequence current at the POC is determined using theK-factor diagram of Fig. 1.2. There

is no control over negative-sequence current is the CVC scheme, and it is assumed that the DFIG

generates negative-sequence reactive current [11].

Fig. 2.4 shows the coordinated control of the GSC and the RSC. In this �gure,DI+
Q,pre is the

pre-fault reactive current of the DFIG;I+
qs is the reactive current of the stator; the parameters with

min andmaxsubscripts designate the minimum and maximum current thresholds of the RSC and
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the GSC. In Fig. 2.4, the priority of the positive-sequence reactive current generation is given to

the GSC. In Fig. 2.4,DI+ �
Q;pc+ I+

Q;pre is given as a reference the GSC. While keeping a constant

dc-link voltage level is the GSCs' main control objective, it generates a reactive current only if

any capacity is left in the converter. The reactive current of the GSC,I+
qg, is subtracted from the

reference current, and the error, i.e.,I+ �
sq , is given as a reference to the RSC. Therefore, the RSC will

generate a positive-sequence reactive current only if the GSC is unable to provide the demanded

value. The remaining capacity of the RSC is used to generate positive-sequence active current.

With the control scheme of Fig. 2.4, while the maximum available current of the GSC is used, the

demanded reactive current is automatically distributed between the two converters.

2.3 DCC Scheme

This control scheme is one of the mainstream established control strategies, and is detailed in [4]

and [48]. The following brie�y reviews the RSC and the GSC control systems in the DCC scheme.

2.3.1 RSC control

The RSC in the DCC scheme is consists of a main and an auxiliary control loop. The main control

loop aligns theq axis of the positive-sequence SRF,dq+ , for the RSC controller with the stator's

positive-sequence voltage. The auxiliary control or negative-sequence control aligns theq axis

of the negative-sequence SRF,dq� , for the RSC controller with the stator's negative-sequence

voltage [4]. During normal operation, only the positive-sequence control loop is active for the RSC.

Therefore, the operation of the RSC in DCC is similar to the CVC scheme discussed in Section
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Figure 2.5: Schematic diagram of the DCC scheme [4].

2.2.1. Once the DFIG detects an unbalance condition or enters an unbalanced LVRT mode, the

auxiliary control loop is also activated, which regulates thed andq axis currents of the RSC in

thedq� SRF, denoted byi�rd andi�rq, respectively. The auxiliary controller of the RSC eventually

regulates the stator's negative-sequence current.

Fig. 2.5 shows overall structure of the RSC control in the DCC scheme. In this �gure, the

subscripts+ and � denote the positive and negative components while superscripts+ and �

indicate the positive and negative SRFs, respectively. In this �gure,qs is used to transfer the stator

components to thedq+ anddq� SRFs.qs � qr andqs+ qr are used to transfer the rotor currents

to dq+ anddq� SRFs, respectively. In DCC scheme, while the positive components appear as

dc in the positive-sequence SRF, the negative components appear as double the grid frequency.
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Similar condition applies to the negative-sequence SRF. To �lter out the double the grid frequency

components, the signals are passed through band-trap �lters tuned at double the grid frequency.

Once the stator and the rotor signals are transferred todq+ anddq� SRFs, they are used to

calculate the rotor current references, i.e.,i+ �
rdq+ andi��

rdq� . During normal operation,i+ �
rdq+ is obtained

using using(2.12)and(2.13), andi��
rdq� = 0. During unbalanced or LVRT condition,i+ �

rdq+ andi��
rdq�

are determined based on the host GC requirement and operational capability of the DFIG. The

reference currents are then passed to the main and auxiliary controllers. The controllers determine

the required rotor control voltages in thedq+ anddq� SRFs, i.e.,V+ �
rdq+ andV ��

rdq� , respectively.

To make sure that the required rotor control voltage does not exceed the maximum capacity of

the RSC, the rotor voltage limit block scales out the output from the auxiliary controller if the

overall voltage exceeds the RSC maximum capacity. By doing so, the RSC fully generates the

required positive-sequence voltage to follow the positive-sequence current references. The required

negative-sequence voltage is fully or partially generated only if the RSC still has some extra capacity.

This issue does not result in the rotor over-current since the rotor impedance in negative-sequence

is very high [49].V+ �
rdq+ andV ��

rdq� are transferred back to the abc quantities before giving them to

the RSC. A full description of how the stator and rotor quantities are transferred between different

frames can be found in [48]. Pulse width modulation (PWM) is used to generate the switching

pattern for the RSC to produce the rotor voltage references.
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2.3.2 GSC control

Several DCC schemes have been presented in the literature for the GSC control. This control

schemes regulate the dc-link capacitor and the reactive power of the GSC in the positive-sequence

SRF. Several control targets, such as eliminating the second order pulsations in the dc-link voltage

and the active or reactive power of the DFIG, can be assigned to the negative-sequence controller [50].

However, as in practical applications it is more common to operate the GSC with symmetrical

currents [51], similar control system of Fig. 2.3 is used here.

2.3.3 LVRT of the DFIG with DCC scheme

Similar to the CVC scheme, the coordinated control of Fig. 2.4 is used to ful�ll the positive-sequence

reactive current requirements of the GCs. In this method, while the GSC generates positive-sequence

reactive current to its maximum capacity, the RSC positive-sequence reactive current reference, i.e.,

i�sq, is determined and passed to the RSC.

During unbalanced or LVRT condition in DCC scheme, there are four rotor currents, i.e.,i+rd+ ,

i+rq+ , i�rd� , andi�rq� , that can be independently controlled. The control targets of a DFIG during LVRT

condition is determined based on the host GC requirements, such as [2] and [11], and operational

capability of the DFIG. In almost all grid codes, the control of the average positive-sequence active

and reactive currents are required. Therefore, this method prioritizes the control of positive-sequence

active and reactive currents through the RSC's positive-sequence control loop. The reference for

the positive-sequence reactive current,i�sq, is determined from Fig. 2.4. As there is no speci�c
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requirement for generation of positive-sequence active current in [2], this current is generated if any

capacity is left in the RSC after ful�llment of the positive-sequence reactive current requirements

and the negative-sequence current setpoints discussed in the following.

Various objectives can be targeted by the negative-sequence control. For example, the negative-

sequence current references of the RSC can be designed to address one of the following control

targets that arise as a result of voltage unbalance at the DFIG terminals:

Target 1) Eliminating the stator negative-sequence current, and hence, creating a balanced stator

current. This target results in a balanced heating on the DFIG's three phase stator winding.

Target 3) Eliminating the rotor negative-sequence current, and hence, creating a balanced rotor

current.

Target 4) Eliminating the second harmonic active power pulsations.

Target 5) Eliminating the second-harmonic electromagnetic torque pulsations (ETPs). This

target reduces the mechanical stress as it avoids vibrations in the shaft.

Target 6) Minimizing the rotor voltage.

The common objective in practice for negative-sequence control is minimization of the second-

harmonic ETPs caused by voltage imbalance [44, 52, 53]. It is because the second harmonic

ETPs can result in high torsional oscillation and can deteriorate the lifetime of the drive shaft and

mechanical units. The electromagnetic torque equation can be written as in (2.18) [48].

Te =
pPmec

wm
(2.18)

In this equation,p is the number of pole pairs andPmec is the mechanical power. According to
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(2.18), constant torque means constant mechanic power. During unbalanced faults, the mechanical

power is de�ned as in (2.19) [48].

Pmec=
3
2

Lm

Ls
wmIm

�
~y +

sdq
~i

+
rdq

�
= Pm0 + Pmsinsin(2wt)+ Pmcoscos(2wt) (2.19)
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(.) in (2.19)denotes the complex conjugate of a number.Pmsin andPmcos in the right hand side of

(2.19)are the reasons for the second harmonic ETPs. Solving (2.20) forPmsin = 0 andPmcos= 0

yields

i��rd� =
y �

sd�

y +
sd+

i+rd+ +
y �

sq�

y +
sd+

i+rq+ (2.21)

i��rq� =
y �

sq�

y +
sd+

i+rd+ �
y �

sd�

y +
sd+

i+rq+ (2.22)

wherei��rd� andi��rq� are the rotord andq references in thedq� SRF to minimize the second harmonic

ETPs.
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2.4 Uninterrupted and interrupted control of the DFIG

As mentioned earlier in Section 2.1, during a grid fault that causes a voltage dip, the stator �ux

induces large voltages in the rotor of a DFIG. Depending on the maximum magnitude of the induced

rotor voltage, the DFIG control can experience an uninterrupted or interrupted control of the RSC.

The following describes the operation of the DFIG during these two modes of operation.

2.4.1 Uninterrupted control of the DFIG

During non-severe grid faults, which happens for high impedance faults, the magnitude of the

induced rotor voltage does not exceed the maximum voltage capacity of the RSC. Therefore, the

RSC keeps the control of the rotor currents and continues to control the DFIG. In this mode of

operation, the DFIG enters to the LVRT mode and both the GSC and the RSC are controlled as

discussed in subsections 2.2.3 and 2.3.3 for CVC and DCC schemes, respectively.

2.4.2 Interrupted control of the DFIG

During severe grid faults, which happens for low impedance faults or close-in faults, the magnitude

of the induced rotor voltage exceeds the maximum voltage capacity of the RSC. In such conditions,

the rotor current control will be lost and large overcurrents in the rotor winding and large over-

voltages in the dc-link capacitor of the back-to-back converter appears that can damage the RSC

switches and the dc-link capacitor. To protect the RSC and the dc-link capacitor, several hardware

modi�cations and control schemes are proposed in the literature. Among them, the braking chopper
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Figure 2.6: A DFIG-based WT equipped with an active crowbar and a breaking chopper [5].

and the crowbar circuit are the most common [54]. The crowbar is used alone or in a combination

with a breaking chopper, as shown in Fig. 2.6. The following brie�y describes the crowbar and the

braking chopper and the DFIG operation during interrupted control of RSC.

Crowbar: Installation of the crowbar in the rotor is the most common approach to protect the RSC

and the dc-link capacitor from overcurrents and overvoltages [54]. The crowbar shorts the

rotor winding through some resistors and so limits the overcurrents in the rotor circuit and

prevents overvoltages of the dc-link. The crowbar gets activated when the voltage induced in

the rotor winding of a DFIG exceeds the RSC maximum voltage limit, or the rotor current

exceeds a predetermined value.

Although the crowbar effectively protects the RSC, it converts the DFIG to a squirrel-cage IG

(SCIG). In such a condition, the DFIG can consume substantial amounts of reactive power,

which exacerbate the voltage dip. In addition, with the long connection of the crowbar, fast
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resumption of the DFIG control is not possible, and so, the DFIG fails to meet the GCs LVRT

requirements. In practice, to prevent the reactive power consumption and enhance LVRT

capability of the DFIG, DFIGs are equipped with active crowbar circuits [17]. An active

crowbar shorts the rotor winding during the �rst few ms of the fault [17, 18]. During the

crowbar connection, the RSC gating is turned off. However, the GSC continues its operation.

The active crowbar is then disconnected and the control of the DFIG is resumed to ful�ll the

GC requirements and eliminate the second harmonic ETPs.

There are several typologies for the crowbar [18]. The crowbar shown in Fig. 2.6 is a three

phase crowbar with three resistors,Rc, and bidirectional switches. To reduce the complexity

and cost of the crowbar, many manufacturers use a dc crowbar, where the rotor current is

recti�ed with a diode bridge, and so, only one resistor and one bidirectional switch is used [7].

The resistance of the dc crowbar, indicated byRc;dc, is determined as in (2.23).

Rc;dc =
p2Rc

6
(2.23)

Braking Chopper: A braking chopper is a protective device that shorts the dc-link through a

resistor when its voltage exceeds a prede�ned value. The protection of a DFIG equipped with

a chopper starts when the rotor current exceeds a predetermined value—typically 2 pu [19]. In

such a condition, the RSC control is turned off and gating of the switches are stopped, and the

rotor overcurrent is forced to commute through the RSC free-wheeling diodes [19]. This mode

of operation is known as recti�cation mode. In this mode, the GSC and the braking chopper
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attempt to regulate the dc-link voltage within the acceptable limit by either transferring the

extra power in the dc-link to the grid or dissipating it by the braking chopper resistance. The

chopper is activated when the dc-link voltage exceeds a prede�ned threshold. The chopper is

deactivated when the dc-link voltage decreases below a predetermined threshold.

When the rotor current falls below a prede�ned value, the recti�cation mode is ended, and so,

the RSC control is resumed after a few milliseconds delay. Although the braking chopper can

effectively protect the RSC and the dc-link, it needs up-rated anti-parallel diodes of the RSC

to handle the maximum overcurrents—typically 5 pu [19]— that appear in the rotor winding.

Combination of Crowbar and Braking Chopper: When the crowbar is used alone, the activation

time should be long enough to prevent overvoltages in the dc-link capacitor. Consequently,

resumption of the RSC control and ful�lment of the GC requirements will be delayed. To

overcome this problem, the crowbar is accompanied by a braking chopper. When used

together, the priority of protection is given to the chopper, and the crowbar is activated for

deep voltage sags as a last resort. This reduces the number of crowbar activation, and so,

enhances LVRT capability of the DFIG.

In this design, the crowbar gets activated only at the beginning of sever voltage dips, where

the rotor overcurrents are very high. However, it is deactivated faster as the chopper keeps the

dc-link voltage within an acceptable range after the crowbar deactivation. Therefore, the RSC

control will be resumed faster, and ful�lment of the GC requirements will be accelerated.

During less sever voltage dips, the crowbar will not be activated and the chopper will protect

the dc-link in either RSC control mode or the recti�cation mode.
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2.5 Modeling of the DFIG in PSCAD/EMTDC

For the purpose of this dissertation, a detailed model of the DFIG, consists of insulated-gate bipolar

transistor (IGBT) switches, is implemented in PSCAD/EMTDC. This subsection brie�y describes

the modeling of DFIGs in PSCAD/EMTDC.

2.5.1 Overall structure of the DFIG-based wind plant

Fig. 2.7 shows the overall structure of the 51-MW DFIG-based wind plant connected to the POM in

PSCAD/EMTDC. The 51-MW wind plant is an aggregated model of 34 wind turbine units, where

each unit has a power rating of 1.5 MW. In fact, a 1.5-MW wind turbine is scaled-up to represent

the 51-MW DFIGs by multiplying the output current of one DFIG unit by the number of units. This

simpli�cation is supported by several studies [55] showing that an aggregated wind farm model

is adequate for power system transient voltage studies. The parameters of the generator and the

back-to-back converter used in this study is presented in Appendix A.

2.5.2 RSC and GSC overall structure

For the purpose of this dissertation, a detailed model of the RSC and the GSC, consist of insulated-

gate bipolar transistor (IGBT) switches, is implemented in PSCAD/EMTDC. The detailed model of

the DFIG consists of two-level converters for both the RSC and the GSC and is developed based

on IGBT semiconductor switches as shown in Figure 2.8. In detailed model of the converters,

three-phase reference voltages are generated using PWM technique, as shown in Fig. 2.9. Full
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Figure 2.7: Overall structure of the 51-MW DFIG-based wind plant connected to the POM in
PSCAD/EMTDC.

description of PWM technique implementation in PSCAD/EMTDC can be found in [6]. The current

references of the RSC and the GSC for CVC- and DCC-based DFIGs are generated based on

Section 2.2 and 2.3, respectively.
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(a)

(b)

Figure 2.8: Detailed model of the DFIG, (a) RSC and GSC, (b) two level converter.

Figure 2.9: Sinusoidal PWM pulse generator [6].
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Chapter 3

Eliminating the Need for a Less Strict

Requirement for the Negative-Sequence

LVRT Current of Type-III Wind Turbine

Generators in the IEEE 2800 Standard

The recently approved IEEE 2800 Standard codi�es the capability requirements of IBRs for

integration with transmission systems [12]. Similar to recent regional GCs, such as [2] and [56],

an important part of this Standard is about the performance of IBRs during LVRT conditions.

These provisions regulate different aspects of IBR currents during LVRT—such as the current's

active/reactive components, response time, etc.—to improve the grid stability and reduce the

likelihood of protection malfunction in a system with high penetration of inverter-based generation.
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A common feature of emerging GCs and Standards for transmission-connected IBRs, including

the 2800 Standard, is the requirement for IBR units to generate negative-sequence current during

unbalanced LVRT conditions.

The negative-sequence current required by the GCs during LVRT is primarily reactive, i.e., it

must lead the negative-sequence voltage by 90� –100� [2]. Such an angle imitates the negative-

sequence current angle of SGs and decreases the probability of malfunction of protective relays—

which rely on the negative-sequence components for various functions [14]. The group that drafted

the LVRT section of the 2800 Standard was initially going to apply this requirement to all types of

IBRs. However, the manufacturers of Type-III wind turbine generators argued that an angle within

the [90� , 100� ] range was not feasible for the negative-sequence current of available DFIGs. The

manufacturers' proposition was that the angle between the negative-sequence current and voltage

of DFIGs was highly in�uenced by the machine parameters and converter limitations, and so it

could not be precisely controlled. Thus, the IEEE 2800 Standard eventually exempted DFIGs from

this strict requirement and permitted a phase difference within the [90� , 150� ] range between the

negative-sequence current and voltage of DFIGs during LVRT.

In the meantime, the impact of this DFIG exemption on different elements of protective relays

that operate based on the negative-sequence quantities became a concern for the utilities and relay

manufacturers. Therefore, Annex J was added at the end of the 2800 Standard to explain the DFIGs'

operation during unbalanced LVRT and the necessity for this exemption, at least for today's DFIG

technologies. Annex J also acknowledged “At the time of development of this Standard, the impact

of this large angle between negative-sequence voltage and current on dependability and security of
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traditional protection schemes is not known. Based on engineering judgement, protection functions

dependent on negative sequence quantities may be negatively impacted.” The lack of clarity about

the impacts of this DFIG exemption on protection systems will cause uncertainty about the operation

of relays in the proximity of DFIG-based wind plants.

Annex J notes that DFIG manufacturers are working to tackle this problem. However, the

potential methodologies brie�y mentioned in this annex involve a larger RSC and complex control

structures. Therefore, Annex J predicts that the expected solutions may lead to higher cost for

DFIGs.

This chapter presents an answer to the following three questions:

1. Why/how does the phase difference between the negative-sequence current and voltage

deviate considerably from 90� when a DFIG uses the control methods applied by DFIG

manufacturers?Our answer to this question sheds light on several critical aspects of this

problem that are not discussed in the literature, including Annex J of the 2800 Standard.

2. How can the protection systems be impacted by the above-mentioned DFIG exemption?An

answer to this question resolves the aforesaid uncertainty acknowledged by the 2800 Standard.

As a representative case, this chapter focuses on the relays' phase selection elements, which

are sensitive to variations of the negative-sequence current angle [36].

3. How can the need for this DFIG exemption be obviated in future revisions of the 2800

Standard without imposing a prohibitive cost on DFIG manufacturers?Our solution leaves

the RSC intact and does not involve a complex control scheme. It does not require a hardware

upgrade either.
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3.1 System Under Study

This section presents different aspects of the system studied in this chapter: (i) the test grid including

a DFIG wind plant, (ii) the control system used for the DFIGs, and (iii) the phase selection element

of the relay protecting the direct tie-line of this plant.

3.1.1 Test Power Grid

The IEEE 14-bus system in Fig. 3.1 is modeled using PSCAD for this study [57]. The synchronous

generator at bus B2 of the original IEEE 14-bus system is replaced with a 51-MW wind plant that

includes 34 1.5-MW DFIGs. The plant's main step-up transformer is YGd, 60 MVA, 34.5 kV=230

kV with a leakage reactance of 0.1 pu. As de�ned in [12], the POM and POC of this plant are

at the high-voltage side of the plant transformer and low-voltage side of the turbine transformer,

respectively. This plant is connected to bus B2 through line L215, which is 50 km long. R152 is the

relay of line L215 at bus B15. The parameters of the DFIGs are presented in Appendix A.

3.1.2 DFIG Control

There are numerous control techniques for DFIGs [7], and research on new DFIG control schemes

is ongoing. In this study, we focus on the mainstream established control strategies used by DFIG

manufacturers, i.e., the CVC and DCC schemes discussed in Chapter 2.
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Figure 3.1: Single-line diagram of the test grid.

1) CVC

This widely used conventional control scheme for DFIGs is detailed in [45]. The control is in thedq

SRF whoseq axis is aligned with the stator's positive-sequence voltage. The RSC controller aims

to regulate only the positive-sequence current of the stator. The controller of the GSC keeps the

dc-link voltage constant by regulating the GSC's positive-sequence current. The negative-sequence

current is not directly regulated by the control system and is impacted by the machine and the fault

characteristics.

2) DCC

This scheme also aligns theq axis of the positive-sequence SRF for the RSC controller with the

stator's positive-sequence voltage [4]. During LVRT, this method prioritizes the generation of

positive-sequence reactive current through the RSC's positive-sequence control loop. Meanwhile,
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the RSC control also directly regulates the stator's negative-sequence current. Various objectives can

be targeted by the negative-sequence control, but the common objective in practice is minimization

of the second-harmonic ETPs caused by voltage imbalance. This is the second priority of the DCC

scheme [44]. The GSC control is similar to that of the CVC scheme.

3.1.3 Phase Selection

As mentioned in Chapter 1, protective relays include faulty phase selection elements for various

functions, e.g., using the correct distance element and single-pole tripping [15]. This chapter

analyzes the operation of this element for relay R152 in Fig. 1.1. Relay R152 employs the widely

used current angle-based phase selection method of Fig. 1.3 discussed in Section 1.1. As mentioned

in Section 1.1, this method uses the angle difference between the negative- and positive-sequence

currents, i.e.d+ = ] I � � ] I+ , and the angle between the negative- and zero-sequence currents, i.e.

d0 = ] I � � ] I0, to identify the fault type. This method identi�es a certain fault type whend+ and

d0 fall in the respective zones of that fault type in Fig. 1.3. Each zone ofd+ andd0 for a fault type

is usually extended for� 15� and� 30� around the zone's center, respectively.

Some relays use onlyd0 to avoid reliance onI+ [58]. To distinguish between the single line-

to-ground (SLG) and line-to-line-to-ground (LLG) faults associated with each zone ofd0 in Fig.

1.3(b), these relays compare the estimated resistance for the respective SLG and LLG faults, as

detailed in [15].

The zones shown ford0 andd � in Fig. 1.3 are derived based on the negative- and zero-

sequence equivalent circuits of synchronous generators. Since each of these circuits consists of a
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single highly inductive impedance, the angle between the negative-sequence current and voltage,

a � = ] (I � =V � ), and the angle between the zero-sequence current and voltage,a 0 = ] (I0=V0), at

the relay location are both around 90� to 100� . For IBRs,a 0 is impacted only by the impedance of

the interface transformer, and so it follows the same pattern. However, the impact of different DFIG

control schemes ona � needs to be investigated.

3.2 CVC-Based DFIGs

By deriving a closed-form relation fora � and testing this relation using simulation, this section

scrutinizesa � of a DFIG that uses CVC. This section also investigates the impact of thisa � on

the relays' phase selection element. In the CVC scheme, the GSC regulates the positive-sequence

current [45], and so the GSC's negative-sequence current is normally close to zero. The RSC also

regulates only the stator's positive-sequence current directly while the stator's negative-sequence

current is known to be determined by the fault condition and machine dynamics [59]. This section

will investigate if the RSC control can have any indirect impact on the negative-sequence current

and consequently ona � . The relay measuresa � at the POM. However, the negative-sequence

voltage across the plant's collector system is not usually large enough to change the voltage angle

noticeably and the magnetizing currents of transformers can be neglected. Thus,a � at the POM

(a �
pm) can approximated bya � at the POC (a �

pc). Therefore, the following discussion focuses on

the parameters at the POC.

Neglecting the stator and rotor resistances, the stator's negative-sequence current can be written
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as (3.1) [60].

I �
s = j

V �
s

wLs
+

Lm

Ls
I �
r (3.1)

In (3.1), L denotes inductance; subscriptss, r, andm indicate the quantities of the DFIG's stator,

rotor, and magnetizing branch; andw is the grid frequency. IfI �
r on the right side of (3.1) is

known, this equation can be used to obtain] (I �
s =V �

s ), denoted bya �
s . Given the GSC's zero

negative-sequence current,a �
pc = a �

s

During unbalanced faults, the voltage induced in the rotor winding naturally has a negative-

sequence component, and soI �
r �ows in the rotor winding. From(2.11)and neglecting the stator

resistance and stator �ux linkage transients, the voltage induced in the rotor can be expressed in the

rotor reference frame as in (3.2) [16].

~er;ind = s
Lm

Ls
V+

s ejswt

| {z }
~e+

r;ind

+( 2� s)
Lm

Ls
V �

s e� j(2� s)wt

| {z }
~e�

r;ind

(3.2)

In (3.2), s is the machine slip, and~e+
r;ind and~e�

r;ind are the voltages induced in the rotor due to the

positive- and negative-sequence stator voltages, respectively. These two voltages act as disturbances

to the RSC control system [7]. As indicated by (3.2),~e+
r;ind rotates with the slip frequency in the

rotor's reference frame. Thus, it becomes a DC component when it is transferred to the SRF. The

rotation frequency of~e�
r;ind in the rotor's reference frame, however, is� (2� s)w. Thus,~e�

r;ind is

mapped as an oscillatory component with a frequency of� 2w in the SRF. Since proportional

integrator (PI) controllers can control only DC quantities ideally, the PI controllers of the RSC

control loop are able to compensate for~e+
r;ind but not for~e�

r;ind. Consequently, a sinusoidal component
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with a frequency of� (2� s)w is superimposed on the fundamental frequency component of the

rotor current, oscillating atsw [7]. When transferred to the stator side, this superimposed component

appears as a negative-sequence current,I �
r — a negative-sequence current that is the result of RSC

control.

The above discussion shows thatI �
r is determined based on(3.2)and the gains of the RSC's

PI controllers. As long as the RSC is not saturated, the system is linear and the impact of the

RSC controllers' parameters on the magnitude and angle ofI �
r can be analyzed through the

superposition principle. Therefore, the DFIG can be decomposed into a positive and a negative

machine, representing the DFIG in the positive- ane negative-sequence, respectively, as de�ned

in [7]. These two machines can be studied independently based on the superposition principle.

Fig. 3.2 shows the simpli�ed block diagram of the RSC's inner current control for the negative

machine with disturbancee�
dqr. In this chapter, superscript * indicates the setpoint of a quantity;

Kp andKi are the proportional and integral gains of the PI controller, respectively;Lr is the rotor

inductance; ands = 1� L2
m=LsLr is the leakage coef�cient of the machine. In this control system,

the reference for the negative-sequence current,i��dqr, is zero because the CVC scheme regulates only

the positive-sequence current. In addition, for the �rst-order control system of the RSC in CVC,Kp

andKi are de�ned as in (3.3) and (3.4), respectively [59].

Kp = 2p fcs Lr (3.3)

Ki = 2p fcRr (3.4)
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Figure 3.2: Inner current control loop of the RSC for the negative machine [7].

In (3.3) and(3.4), fc is the bandwidth of the RSC's inner current control loop. Iffc is very small,

the RSC control becomes slow (and so the response/settling time requirements of [12] cannot be

met). For a very largefc, the RSC control can become unstable.

SinceRr << s Lr , Ki in (3.4) is substantially smaller thanKp in (3.3). Therefore, according to

Fig. 3.2, the negative-sequence voltage generated by the RSC control in the rotor winding,V �
r , is

V �
r = � KpI �

r
(3.5)

In addition to(3.5), which givesV �
r based on the RSC's control parameters andI �

r , V �
r is also

related to the machine parameters,V �
s , andI �

r through (3.6) [7].

V �
r =

Lm

Ls
(2� s)V �

s + jws Lr (2� s)I �
r (3.6)

Using (3.5) and (3.6),I �
r can be expressed in terms ofV �

s as

I �
r = �

Lm

Ls

(2� s)V �
s

Kp + jws Lr (2� s)
(3.7)
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Combining (3.1) and (3.7) yieldsI �
s in terms ofV �

s , machine parameters, andKp:

I �
s =

 
j

wLs
�

�
Lm

Ls

� 2

�
2� s

Kp + jws Lr (2� s)

!

V �
s (3.8)

Finally, (3.3) and (3.8) can be used to derivea �
s as in

a �
s =

tan� 1

 
(2p fcs Lr )2 + ( 2� s)2

�
(ws Lr )2 + w2L2

ms Lr=Ls
�

(2� s)2p fcws LrL2
m=Ls

! (3.9)

This equation shows that for a given set of machine parameters, i.e.,Ls, Lr , ands , a �
s (which

equalsa �
pc) varies with the slip,s, and the bandwidth of the RSC's current control loop,fc. Fig. 3.3

displays the variations ofa �
s with respect tosand fc for the DFIG of Table A.1. In this �gure, the

range considered forfc is [100, 500] Hz because the RSC control system is normally designed to

have a bandwidth less than one-tenth of the converter's switching frequency [61], which does not

usually exceed 5 kHz in practical converters [59].s also is considered between� 30% and 30%,

which is the maximum expected range for slip variations [7].

Fig. 3.3 shows that the machine slip variations have a negligible effect ona �
s . However,a �

s

varies signi�cantly with fc. a �
s is directly related tofc, but oncefc exceeds around 400 Hz, the

direct relation betweena �
s and fc starts to saturate. For smaller bandwidths, the deviation ofa �

s

from the ideal range of [90� , 100� ] mentioned in this chapter is small. The deviation ofa �
s from the

[90� , 100� ] range increases commensurate withfc, and it reaches a maximum of 144.3� for fc =

400 Hz. Such deviations ofa �
s from the [90� , 100� ] range violate one of the main premises based
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Figure 3.3: Variations ofa �
s with respect tofc and slip for a CVC-based DFIG.

on which the zones ford0 andd+ are derived in Fig. 1.3. Therefore, these deviations can potentially

cause misoperation of the relays' phase selection element. Such misoperation can adversely impact

various other elements of a relay, including distance protection and single-pole tripping.

To elaborate on the above analysis, consider a BCG fault att = 2 s with a fault resistance of

Rf = 15Wat 50% of line L215 in Fig. 3.1. Before the fault, the DFIGs operate ats= + 8%. The

angle of the stator's negative-sequence voltage is almost constant and varies within a small range of

5� to 10� for different values offc. The negative-sequence current of the stator, however, depends

highly on fc. This current also leads the negative-sequence voltage by large angles, resulting in the

a �
s curves shown in Fig. 3.4. These curves con�rm the pattern derived in(3.9)and demonstrated in

Fig. 3.3.a �
s grows with fc and reaches 144� for fc = 400 Hz, which is 54� away from the ideal

90� . Fig. 3.5 displaysd0 for different values offc. The considerable deviation ofa �
s from 90� in

Fig. 3.3 drivesd0 in Fig. 3.5 outside the zone for a BCG fault (given in Fig. 1.3). Therefore, R152

is unable to identify the fault type correctly.

The above analysis was presented assuming that the RSC does not saturate and remains in

the linear region of operation during the LVRT condition. When the magnitude of the induced
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rotor voltage exceeds the RSC's maximum voltage, which happens during more severe faults, the

required rotor voltage references exceed the RSC's maximum voltage capacity. In such conditions,

the three-phase rotor voltages given to the pulse width modulation (PWM) as reference signals are

clipped by the voltage limiter of the RSC control system [62]. Consequently, the magnitude of the

undesired� (2� s)w frequency component of the voltage generated by the RSC will be smaller than

the magnitude of this component when the RSC does not saturate. This condition is similar to when

fc is small and the controller rejects the� (2� s)w frequency components. As shown in Fig. 3.3,

the deviation ofa �
s from 90� is modest for smaller values offc. Therefore, as the magnitude of the

induced rotor voltage increases during the saturation mode, the three-phase rotor voltages given to

the PWM get clipped further. This situation is analogous to an even smallerfc, which decreases

the deviation ofa �
s from 90� further. As a result, the saturation mode is less severe than the linear

mode discussed earlier in terms of the deviation ofa �
s from 90� .

The induced rotor voltage given by(3.2)may include a transient DC component depending on

the fault severity and the fault inception angle. As discussed earlier, a DFIG can be analyzed using

the superposition principle for the DFIG conditions considered in this section. Therefore, the angle

between the negative-sequence current and voltage is determined by the structure and parameters

of the negative machine, which are not affected by the transient DC component. It should also be

noted that the transient DC component normally decays considerably within the 6-cycle settling

time allowed by the 2800 standard for DFIGs.

This section showed (i) why the angle between the negative-sequence current and voltage

deviates from its ideal [90� , 100� ] range for a DFIG with CVC, (ii) what parameters affect this
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Figure 3.4:a �
s for a BCG fault withRf = 15Wat 50% of line L215.

Figure 3.5:d0 measured by R152 at the POM for the fault of Fig. 3.4.

deviation, and (iii) how the relays can be negatively impacted by this deviation even though the

negative-sequence current angle for a DFIG with CVC is within the extended [90� , 150� ] range

allowed by the 2800 Standard for DFIGs.

3.3 DCC-Based DFIGs

This section investigatesa �
s for a DFIG with DCC. Similar to the case of CVC, a DCC also

results in the �ow of negative-sequence current in the rotor winding. The difference is that the

negative-sequence current associated with DCC is directly controlled by the RSC control system

based on the internal references. These references are normally generated to suppress the second

harmonic ETPs caused by the unbalanced fault voltage.

The voltage induced in the rotor given by (3.2) is the sum of two space vectors rotating at

different frequencies; thus, the angle between these two vectors keeps changing. The induced rotor
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voltage is maximized when this angle becomes zero, when it can be expressed as

Er;max = jsj
Lm

Ls
jV+

s j
| {z }

E+
r;max

+( 2� s)
Lm

Ls
jV �

s j
| {z }

E�
r;max

(3.10)

in which E+
r;max andE�

r;max are the magnitudes of the vectors of the positive- and negative-sequence

voltages induced in the rotor, i.e.,~e+
r;ind and~e�

r;ind. For a given set of slip and machine parameters in

(3.10), Er;max depends on the magnitude of the stator positive- and negative-sequence voltages. If

Er;max during a grid fault is smaller than the maximum voltage capacity of the RSC,Vr;max—which

is usually around 0.4 pu [63], [60]—the negative-sequence current remains fully under control by

the RSC, and the ETPs can be completely suppressed. Conversely, ifEr;max exceeds the rotor's

maximum voltage capacity, the negative-sequence current cannot be perfectly regulated, resulting

in only partial suppression of the ETPs. The latter condition occurs when the fault voltage is very

small. These two conditions result in fairly different control modes, so the following study ofa �
s is

done separately for the full and partial suppression modes of the ETPs.

3.3.1 Full Suppression of ETPs

The electromagnetic torque of a DFIG during unbalanced faults is given by (3.11) [7].

Te = ( 3p=2) Im(~y s
~is) =

(3p) Im(Y
+
s I+

s + Y
�
s I �

s + Y
+
s I �

s ej2wt + Y
�
s I+

s e� j2wt)

(3.11)

p is the number of pair poles;y s is the stator �ux vector, andY s is its phasor.(.) denotes the
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complex conjugate of a number. The two oscillatory2w components in(3.11) are caused by

the interaction between the positive- and negative-sequence quantities. A constant torque can be

obtained if these two oscillatory terms in(3.11)are forced to zero. This condition is achieved via

the relation in (3.12) for the stator sequence currents and voltages [64,65].

I �
s

V �
s

=
I+
s

V+
s

(3.12)

This relation indicates thata �
s equals the phase difference between the stator's positive-sequence

current and voltage, denoted bya +
s . If the IBR operates at unity power factor (PF), i.e.,I+

s is totally

active,a +
s = 0, and soa �

s is also zero irrespective of the fault condition, including its type. If the PF

is zero and the IBR generates a fully reactiveI+
s , a +

s = a �
s = 270� . For any other PF,a +

s anda �
s

remain between 270� and 0 in the fourth quadrant. As a result,a �
s maintains a minimum deviation

of around 180� from the ideal [90� ,100� ] range in the counterclockwise direction. Consequently, the

relays' phase selection elements are not able to determine the faulty phase(s) correctly. Moreover,

the deviation ofa �
s is so large that it falls even outside the expanded [90� , 150� ] range considered

by the 2800 Standard for DFIGs [12].

As a representative case for the above condition, consider a BCG fault withRf = 25Wat 20%

of line L23 from bus B2 in Fig. 3.1. The DFIGs operate ats= + 0.03% before the fault. The fault

decreases the positive-sequence voltage by 0.20 pu and increases the negative-sequence voltage

from zero to 0.12 pu. For these two voltages and the DFIG parameters given in Table A.1,Er;max

in (3.10)is 0.26 pu, which is below the 0.4-puVr;max of the RSC. Therefore, the ETPs are fully

suppressed.

52



Figure 3.6: Active and reactive currents at the DFIG POC for a BCG fault withRf = 25 Wat 20% of line
L23 from bus B2.

As discussed above, the negative-sequence current in this condition depends on how the DFIG

controls its positive-sequence current. The default mode considered for an IBR's positive-sequence

LVRT current in the 2800 Standard prioritizes the reactive component, but the Standard does not

specify the exact magnitudes of the positive-sequence reactive and active currents. In this case

study, we prioritize the reactive component ofI+ and use the VDE GC (withK-factor equal to 2) to

determine the setpoints for the active and reactive components ofI+ [2]—a method mentioned by

the 2800 Standard as an example for setting the current magnitude. Fig. 3.6 displays the DFIG's

active and reactive currents, denoted byP andQ in the subscripts, respectively. In this �gure,I+
P;pc

andI+
Q;pc are+ 0.7 pu and+ 0.4 pu, which correspond to PF= 0.87 for the positive-sequence circuit.

With this PF,a +
s settles at 335� in Fig. 3.7. This �gure con�rms the above conclusion that when

the ETPs are fully suppressed,a �
s is approximately equal toa +

s when the initial fault transients

fade out.a �
s is more than 200� away from its ideal [90� ,100� ] range.

The variations ofa �
s are re�ected in theI �

Q;pc curve of Fig. 3.6. During the �rst 20 ms of the

fault, a �
s is between 90� and 180� , so the DFIG consumes negative-sequence reactive current, hence

the negativeI �
Q;pc in Fig. 3.6. Afterwards,a �

s moves beyond 180� and the DFIG generates a small

negative-sequence reactive current—a violation of the 2800 Standard and most GCs, e.g., [2].
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Figure 3.7:a +
s anda �

s at the POC for the fault of Fig. 3.6.

Figure 3.8:d0 measured by R152 at the POM for the fault of Fig. 3.6.

The problems in this scenario are not limited to the violation of Standards and GCs. As shown in

Fig. 3.8, the unconventional phase angle between the DFIG's negative-sequence current and voltage

drivesd0 out of its expected zone for a BCG fault, de�ned in Fig. 1.3.d0 enters the shaded area

in Fig. 3.8 temporarily in the beginning of the fault but passes through it quickly. The subsequent

values ford0 indicates a CG or an ABG fault before �nally settling at� 119� , which is inside the

zone for a BG or CAG fault in Fig. 1.3. Consequently, R152 in Fig. 3.1 fails to detect that the fault

is BCG.

3.3.2 Partial Suppression of ETPs

When the induced rotor voltage is larger thanVr;max and the ETPs can be suppressed only partially,

the relation between the stator's negative-sequence current and voltage is given by (3.13) if the

rotor's resistance is neglected [65].
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I �
s =

j
ws Ls

�
V �

s �
Lm

Lr (2� s)
jV �

r jej ] V �
r

�
(3.13)

jV �
r j and] V �

r in (3.13) are given by (3.14) and (3.15), respectively [64], [48].

jV �
r j= Vr;max� E+

r;max
(3.14)

] V �
r = ]

�
1� jws Ls

I+
s

V+
s

�

| {z }
j

+ ] V �
s (3.15)

Replacing] V �
r in (3.13) with (3.15) yieldsa �

s as in (3.16).

a �
s = 90� + ]

0

B
B
B
@

jV �
s j�

Lm

Lr (2� s)
jV �

r jej j

| {z }
g

1

C
C
C
A

| {z }
b

(3.16)

This equation indicates thata �
s depends on the slip, the stator's negative-sequence voltage

(which is the same as the POC voltage), the magnitude of the RSC's negative-sequence voltage, the

angle difference between the stator's positive-sequence current and voltage (embedded withinj ),

and different machine parameters.

If the suppression of ETPs is not intended, the setpoint forV �
r is set to zero in the control

system. Thus, sincejV �
s j is a positive real number,b becomes zero in(3.16), anda �

s is equal

to the ideal value of 90� . A non-zeroV �
r intended to suppress ETPs, however, movesa �

s away

from this ideal value. The largest deviation ofa �
s from 90� occurs whenb in (3.16) is 180� . This
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condition can happen when the DFIG's positive-sequence PF becomes zero by generating a purely

reactiveI+
s , which makes(1� jws LsI+

s =V+
s ) in (3.15)a positive real number for the typical values

of machine parameters (such as those in Table A.1) andjV+
s j during unbalanced faults. This would

makej in (3.15)and(3.16)zero. For such a condition, the typical values ofjV �
s j caused by fault,

s, jV �
r j setpoint (depending on the intended degree of ETP suppression), and machine parameters

makejV �
s j< jgj in (3.16)quite possible. If this condition holds,b in (3.16)becomes 180� , making

a �
s = 270� ; i.e., the farthest from its ideal value of 90� . For other values of DFIG positive-sequence

PF,a �
s varies between the 90� and 270� boundaries derived above. Such large deviations ofa �

s

from 90� can render available phase selection methods ineffective. They also make the DFIG

non-compliant with the 2800 Standard [12].

As a representative case, consider a BCG fault withRf = 20Wat 50% of line L215. The fault

results in a 0.36-pu positive-sequence voltage drop and 0.2-pu negative-sequence voltage rise at

the POC of the DFIG, which operates ats= 8%. These voltages and slip along with the machine

parameters in Table A.1 and (3.10) yieldEr;max= 0.44 pu, which is above the maximum voltage of

the RSC. Thus, the ETPs can be suppressed only partially.

The DFIG's active and reactive currents are depicted in Fig. 3.9. Contrary to the case shown

in Fig. 3.6, the DFIG consumes a small negative-sequence reactive current. This is caused bya �
s

in Fig. 3.10, which lags180� . Unlike Fig. 3.7,a �
s does not followa +

s in Fig. 3.10 because the

ETPs are not fully suppressed, anda �
s is given by(3.16), not (3.12). The undesireda �

s —which

is outside the wider [90� , 150� ] range considered for DFIGs in the 2800 Standard—pushesd0 of

R152 outside the zone for BCG faults in Fig. 3.11. Thus, the fault type is not correctly detected.
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Figure 3.9: Active and reactive currents at the DFIG POC for a BCG fault withRf = 20 Wat 50% of line
L215.

Figure 3.10:a +
s anda �

s at the POC for the fault of Fig. 3.9.

Figure 3.11:d0 measured by R152 at the POM for the fault of Fig. 3.9.

This section showed that the available DFIG control methods for suppression of ETPs during

unbalanced LVRTs could move the angle between the negative-sequence current and voltage well

beyond even the extended [90� , 150� ] range allowed by the 2800 Standard for DFIGs. This section

also showed that such a deviation in the angles naturally impacted the relays negatively.
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3.4 Proposed Solution

It is easy to regulate the phase difference between the negative-sequence current and voltage of a

DFIG at 90� and so obviate the need in future revisions of the IEEE 2800 Standard for the previously

mentioned undesired exception currently considered for DFIGs. The discussion below(3.16)

demonstrated that a DCC scheme for the RSC along with a zero setpoint forV �
r makesa �

s = 90� .

However, this ideala �
s is achieved at the expense of unsuppressed ETPs. Large ETPs can cause

mechanical stress and damage the coupling shaft of a DFIG [44], [49], [66], so eliminating the ETPs

is always considered advantageous [7]. Thus, the ideal—and more challenging— objective would

be achieving the desired angle for the negative-sequence current while the ETPs are suppressed to

the maximum extent possible. To meet this objective, the following develops a new DCC scheme

not for the RSC but for the GSC. The RSC control is left intact, i.e., the DFIG manufacturer can use

either the well-established CVC scheme or the DCC method described in Section 3.1 to suppress

the ETPs.

During normal operation, only the positive-sequence control loop in thedq+ SRF is active for

the GSC. Once the DFIG enters an unbalanced LVRT mode, the negative-sequence control loop

is also activated, regulating thed andq axis of the GSC in thedq� SRF, denoted byI �
gd andI �

gq,

respectively. The setpoints for these two currents,I ��
gd andI ��

gq , are controlled such that the sum

of the negative-sequence current from the GSC and stator at the POC has the proper angle and

magnitude. The angle of the POC negative-sequence current must lead the respective voltage by an

angle inside the [90� , 100� ] range [12]. For the sake of simplicity, we choosea �
pc = 90� , but the
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solution in this section is applicable to anya �
pc within the [90� , 100� ] range.

The 2800 Standard does not determine a speci�c magnitude for the negative-sequence current,

leaving it to the transmission system owner. A common approach to determine the magnitude ofI �
pc

is to use theK-factor diagram of [2]—which has been mentioned by the 2800 Standard as well. In

this method, as discussed in Chapter 1, the incremental positive- and negative-sequence reactive

currents,DI �
Q;pc, are determined based on the respective incremental sequence voltages,DV �

pc, using

the diagram in Fig. 1.2. If the current obtained through this diagram exceeds the maximum current

that the wind turbine can generate, the two sequence currents are reduced preferably at the same

rate until the phase currents meet the wind turbine's maximum current generation capacity. We

use the same approach in the following to determine the target magnitude forI �
pc. For the sake of

simplicity and without loss of generality, we assume that the pre-fault reactive current is zero, so

I �
Q;pc = DI �

Q;pc. The LV side of the turbine-level transformer is considered as the POC according to

the IEEE 2800 Standard.

To achievea �
pc= 90� , the GSC's negative-sequence current must cancel any active or capacitive

components of the stator negative-sequence current,I �
s . I �

s can be either measured or estimated

using(3.1). SelectingV �
s as the reference phasor, this translates to compensating for any real and

negative imaginary parts ofI �
s . Oncea �

pc is regulated at 90� , any remaining current capacity of

the GSC is allocated to reach the reactive current magnitudes given by Fig. 1.2. For the GSC, the

priority is given to egulating the dc-link voltage and the negative-sequence reactive current because

the RSC is capable of generating the required positive-sequence reactive current through the stator.

The following explains the methodology to �nd the GSC's negative-sequence current reference,I ��
g ,
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Figure 3.12: Negative-sequence current of the stator and the GSC's negative-sequence current setpoints for
(a) Condition 1, (b) Condition 2, and (c) Condition 3.

for the possible combinations of real and imaginary parts forI �
s , referred to as Conditions 1, 2, and

3 (consideringV �
s as the reference phasor).

Condition 1 (90� < a �
s < 180� )

Sections 3.2 and 3.3 showed that 90� < a �
s < 180� when the RSC control is CVC or DCC with

partial suppression of the ETPs. Fig. 3.12(a) illustrates this condition, which results in a negative

real and a positive imaginary part forI �
s . To cancel the real component ofI �

s in Fig. 3.12(a) and

makea �
pc= 90� ,

Re(I ��
g ) = � Re(I �

s ) (3.17)

This equation determines the active component of the GSC's negative-sequence current. De-

pending on the slip, machine parameters, type of the RSC control system, and the voltage dip level,

the GSC may be able to fully or partially cancel outRe(I �
s ). Section 3.5 will present a detailed

analysis that shows Re(I �
s ) can be cancelled for all realistic conditions of a practical DFIG.

When the GSC completely cancelsRe(I �
s ), the remaining capacity of the GSC is directed

towards achieving the desired magnitude forI �
pc. Similar to what was stated in the above paragraph
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aboutRe(I �
s ), Section 3.5 will show that the GSC of a practical DFIG has enough capacity to

meet this objective. To regulate the current magnitude, the proposed method �rst compares the

negative-sequence reactive current from the stator (i.e.,Im(I �
s ) in Fig. 3.12(a)) with the negative-

sequence current required by the GC at the POC,I �
Q;pc. If Im(I �

s ) is greater thanI �
Q;pc, the remaining

capacity of the GSC is used to reduceIm(I �
g ) + Im(I �

s ) to I �
Q;pc by generating a capacitiveI �

g . On

the other hand, ifIm(I �
s ) is less thanI �

Q;pc, the remaining capacity of the GSC is used to increase

Im(I �
g ) + Im(I �

s ) to I �
Q;pc by generating an inductiveI �

g . If the remaining capacity of the GSC is

not suf�cient for this purpose,I �
Q;pc is scaled down to the maximum capacity of the DFIG, which

is dictated by the GSC's maximum current limit. As mentioned earlier, the scaling down of the

reference currents to the maximum capacity of an IBR is allowed by the GCs and is commonly

used, particularly when theK-factor is large [2]. As a result, Im(I ��
g ) can be derived as

Im(I ��
g ) = r 1I �

Q;pc � Im(I �
s ) (3.18)

wherer 1 is the scaling factor for Condition 1. WhenIm(I �
s ) � I �

Q;pc, r 1 is 1. WhenIm(I �
s ) < I �

Q;pc,

r 1 is given by (3.19) to maximize the utilization of the GSC's current generation capacity.

r 1 =

q
I2
g;max� Re(I+

g )2 � Re(I �
s )2 + Im(I �

s )

I �
Q;pc

(3.19)

Ig;max andRe(I+
g ) in (3.19)are the GSC's maximum current limit and the real part of the GSC's

positive-sequence current with respect toV+
s , which is used to keep the dc-link voltage within the

acceptable limits.

61



The current setpoints in(3.17)and(3.18)are obtained consideringV �
s as the reference phasor.

However, the setpoints for the GSC's control system, i.e.,I ��
gd andI ��

gq , should be calculated in the

dq� SRF. The reference in this frame is the positive-sequence voltage at the GSC terminal—i.e.,

V+
s , whose angle is determined by the phase-locked loop (PLL). It can be shown thatI ��

gd and

I ��
gq are attainable in thedq� SRF using the projection of theI �

g given by(3.17)and(3.18)—i.e.,

I ��
g =

q
Re(I ��

g )2 + Im(I ��
g )2 — ontoV+

s , as in (3.20) and (3.21), respectively.

I ��
gd = jI ��

g j cos

 

atan

 
Im(I ��

g )

Re(I ��
g )

!

+ ] V �
s � ] V+

s

!

(3.20)

I ��
gq = jI ��

g j sin

 

atan

 
Im(I ��

g )

Re(I ��
g )

!

+ ] V �
s � ] V+

s

!

(3.21)

Following this procedure, a DFIG will be able to comply with the negative-sequence current

requirements of [2] during LVRT.

Condition 2 (180� < a �
s < 270� )

Section 3.3 showed that for a DFIG with DCC-based RSC control, 180� < a �
s < 270� (i.e., both

Re(I �
s ) andIm(I �

s ) can become negative) when the ETPs are partially suppressed (Fig. 3.12(b)).

To obtaina �
pc = 90� under this condition, bothRe(I �

s ) andIm(I �
s ) in Fig. 3.12(b) have to be

eliminated by the GSC current. Therefore, similar to the last subsection,Re(I ��
g ) must be equal to

� Re(I �
s ), as given in(3.17). Further,Im(I ��

g ) must be regulated such thatIm(I �
s ) in Fig. 3.12(b)

is canceled out andIm(I �
g ) + Im(I �

s ) equals theI �
Q;pc given by Fig. 1.2. Section 3.5 will show that

the GSC of a practical DFIG can eliminate bothRe(I �
s ) andIm(I �

s ) in Fig. 3.12(b) and prevent a
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resistive/capacitive negative-sequence current for the DFIG. However, the remaining capacity of the

GSC might not be suf�cient to matchI �
pc to theI �

Q;pc given by Fig. 1.2 especially when theK-factor

is large. If this is the case, the target negative-sequence current magnitude determined by Fig. 1.2 is

scaled down, as permitted by the GC [2]. Consequently, Im(I ��
g ) is given by

Im(I ��
g ) = r 2I �

Q;pc � Im(I �
s ) (3.22)

in which r 2 is the scaling factor for Condition 2. If the GSC's capacity is suf�cient to raise

Im(I �
g ) + Im(I �

s ) to I �
Q;pc, r 2 is 1; otherwiser 2 is given by(3.23)to maximize utilization of the

GSC's current generaztion capacity.

r 2 =

q
I2
g;max� Re(I+

g )2 � Re(I �
s )2 � Im(I �

s )

I �
Q;pc

(3.23)

As a result, onceRe(I ��
g ) andIm(I ��

g ) are derived using(3.17)and(3.22), respectively,I ��
gd and

I ��
gq can be obtained in thedq� SRF using (3.20) and (3.21), respectively.

Condition 3 (270� < a �
s < 360� )

Section 3.3 showed that 270� < a �
s < 360� (i.e., the real and imaginary parts ofI �

s become positive

and negative, respectively) when the DCC-based control of the RSC fully suppresses the ETPs (Fig.

3.12(c)). Similar to Condition 2, to makea �
pc = 90� , bothRe(I �

s ) andIm(I �
s ) must be eliminated by

the GSC current. Therefore,Re(I ��
g ) andIm(I �

s ) are obtained using(3.17)and(3.22). Afterwards,

I ��
gd andI ��

gq can be calculated using (3.20) and (3.21), respectively.
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On this basis, not only does the proposed method maximize the suppression of the ETPs, it

also keeps the angle of the negative-sequence current at the POC equal to 90� , thereby eliminating

the need for the previously mentioned exemption for DFIGs in the the IEEE 2800 Standard [12].

This method also complies with the negative-sequence current requirements of [2], which is the

most stringent GC in terms of the LVRT requirements. Furthermore, this method is independent

of the type/target of the control used for the RSC—which could be either the two control schemes

mentioned in Section 3.1 or the other schemes discussed in [4].

Fig. 3.13 illustrates the overall structure of the proposed control scheme for the GSC, which is

activated during unbalanced LVRT conditions. In this �gure,Lg f is the inductance of the GSC �lter.

Fig. 3.13(a) shows the positive-sequence control loop in thedq+ SRF. Maintaining the dc-link

voltage within the acceptable limits always has the highest priority. The reference forI+
gd depends

on the rotor speed. During the super-synchronous speed operation, the dc-link voltage increases,

and the chopper circuit limits this voltage to 1.1 pu. Therefore, there is no need for the GSC control

system to regulate the dc-link voltage during the super-synchronous speed operation, and so the

reference for the positive-sequence active current,I+ �
gd , is set to zero in this mode. During the sub-

synchronous speed operation, however, the dc-link voltage may drop, and so the GSC control system

will be responsible for regulating this voltage. In this condition, the dc-link voltage regulation

has the highest priority for the GSC control, and the reference forI+
gd is calculated such that this

voltage is maintained at 1 pu. If the GSC has excess capacity afterregulating the dc-link voltage and

generating the exact setpoints calculated above for the negative-sequence current, that capacity is

allocated to assisting the RSC in meeting the positive-sequence reactive current requirement of the
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Figure 3.13: Schematic diagram of the proposed control scheme for the GSC, (a) positive-sequence control
loop, (b) negative-sequence control loop.

GC. By doing so, the GSC allows freeing up a larger capacity of the RSC to maximize the ETP

suppression. Fig. 3.13(b) displays how the above derivations for the negative-sequence current can

be implemented.

It is important to note that once the GSC references for the positive-sequence active current

(intended to regulate the dc-link voltage) and the negative-sequence current (intended to makea �
pc =

90� ) are calculated, the remaining capacity of the GSC for the positive-sequence reactive current

generation is quite small in practical DFIGs. Therefore, the change in the angle of the stator's

negative-sequence current due to the correction of the RSC setpoints is very small. As a result,a �
pc

remains within the [90� , 100� ] range that the 2800 standard allows for all types of IBRs. In other

words, there is no practical need to change the GSC references after the RSC corrections.
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3.5 Feasibility Region of the Proposed Method

This section investigates the conditions under which the proposed method is able to regulate the

POC negative-sequence current to movea �
pc close to 90� to comply with the IEEE 2800 Standard

without the need for an exemption for DFIGs and also satisfy theK-factor diagram of Fig. 1.2.

Ful�lment of these objectives mainly depends on the GSC's maximum current. In a DFIG with

the nominal slip range of� 30%, the converters are rated at about 35% of the nominal power.

Therefore, the GSC current rating of a DFIG is about 0.35 pu. As the power electronic switches

of DFIG converters typically provide a minimum fault current of 150% of the rated current for

DFIGs [43,67], the GSC's maximum current is at least 0.525 pu. This maximum current is equal to

or below the maximum current of GSC in practical DFIGs. For example, in the nameplate of an

actual 1.5-MW DFIG shown in [68], the 1-second short-circuit current of the GSC is as high as

265% of the GSC's rated continuous current. Thus, the 150% maximum current considered in this

paper for the GSC is below the maximum currents used by actual DFIGs. This issue is con�rmed by

several other references as well [43], [69]. The following �nds the feasibility region of the proposed

method for a GSC with a maximum current of 0.525 pu for different RSC control systems. The

following �nds the feasibility region of the proposed method for a GSC with a maximum current of

0.525 pu for different RSC control systems.
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3.5.1 CVC-Based DFIG

The following investigates the feasibility region of the proposed solution for CVC-based DFIGs.

As mentioned in Section 3.4, whenRe(I �
s ) < 0 andIm(I �

s ) > 0, the proposed solution �rst makes

a �
pc= 90� by canceling outRe(I �

s ) in (3.17), and then adjustsIm(I �
g ) to follow (3.18)to meet the

diagram in Fig. 1.2. Thus, the proposed solution is feasible when the GSC can meet these two

objectives.(3.17)and(3.18)depend onRe(I �
s ) andIm(I �

s ), respectively, which can be expressed

as

Re(I �
s ) = jI �

s jcos(a �
s ) (3.24)

Im(I �
s ) = jI �

s jsin(a �
s ) (3.25)

wherejI �
s j is given by(3.8). The worst-case scenario for the GSC is whenjI �

s j in (3.24)and(3.25)

is maximum. It can be shown thatjI �
s j in (3.8) is maximum whenjV �

s j and the slip are maximum.

The maximum negative-sequence voltage at the POM,V �
pm, is 0.5 pu—which occurs for a bolted

line-to-line (LL) fault at the POM. However, due to the reactance of the plant's main transformer

and turbine transformer along with the collector system's impedance at the medium-voltage level,

jV �
s j at the POC is normally at least 0.1 pu smaller thanV �

pm. Thus, it is safe to considerjV �
s j= 0.4

pu for the worst-case scenario. The maximum slip is also� 30%.

Using(3.8), (3.24)and(3.25), Fig. 3.14 showsRe(I �
s ) andIm(I �

s ) with respect tofc for V �
s =

0.4 ands= � 30%. Fig. 3.14 demonstrates that bothRe(I �
s ) andIm(I �

s ) decrease commensurate

with fc. As the largestRe(I �
s ), which corresponds tofc = 200 Hz, is below the worst-case maximum

current for the GSC (i.e., 0.525 pu), the GSC can makea �
pc = 90� . Meanwhile,Im(I �

s ) is also large
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Figure 3.14: Stator current versusfc for V �
s = 0.4 pu ands= � 30%.

enough to independently meet theI �
Q;pc determined by Fig. 1.2 with a proper scaling factor given by

(3.19). If fc> 200 Hz and soRe(I �
s ) < 0.525 pu, the remaining capacity of the GSC can be used

to reinforceIm(I �
s ). Thus, the GSC can makea �

pc= 90� and satisfy the diagram of Fig. 1.2 for all

LVRT conditions.

3.5.2 DCC-Based DFIG

The following investigates the feasibility region of the proposed scheme for DCC-based DFIGs for

the two operation modes.

Full Suppression of ETPs

The rotor current of a DFIG depends on the difference between the induced rotor voltage and

the maximum voltage that the RSC can generate. During full suppression of the ETPs, since

the negative-sequence voltage capacity of the RSC is enough to encounter the negative-sequence

voltage induced in the rotor, the rotor's negative-sequence current will be negligible. Considering

this negligibleI �
r , the stator's negative-sequence current according to(3.1)will be proportional to

V �
s =wLs. For the largestV �

s , i.e., 0.4 pu discussed above, andLs in Table A.1,V �
s =wLs= 0.13 pu,

which is far below the GSC's 0.525 pu maximum current capacity. Therefore, the GSC can �xa �
pc
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at 90� and satisfy theK-factor diagram.

Partial Suppression of ETPs

As mentioned in Section 3.4, during partial suppression of ETPs, Re(I �
s ) is negative while Im(I �

s )

can be either positive or negative. For such a condition, the proposed solution is feasible when it

can �rst makea �
pc = 90� by canceling outRe(I �

s ) in (3.17)and then adjustIm(I �
g ) to follow (3.18)

or (3.22), depending on the sign ofIm(I �
s ). (3.17), (3.18), and(3.22)depend onI �

s , which can be

obtained using (3.10), (3.13), and (3.14) as in (3.26).

I �
s =

j
ws Ls

 

V �
s �

Lmej ] V �
r

Lr (2� s)

�
Vr;max� j sj

Lm

Ls
jV+

s j
� !

(3.26)

Based on(3.15), ] V �
r in (3.26)depends on the angle betweenV+

s andI+
s , i.e., the DFIG's positive-

sequence PF. Numerical analysis of(3.26)shows that for a given set of realistic machine parameters,

jI �
s j is maximized when PF= 0. It can also be demonstrated thatjI �

s j peaks during LL faults for

which jV �
s j is maximum. Assuming PF= 0 at the stator terminals, Fig. 3.15 depictsRe(I �

s ) and

Im(I �
s ) versusjV �

s j and the slip for LL faults andVr;max = 0.4 pu.Re(I �
s ) in Fig. 3.15 is always

negative whileIm(I �
s ) can be positive or negative, which corresponds to the conditions discussed

in Section 3.4 for partial suppression of ETPs.jRe(I �
s )j is proportional to the negative-sequence

voltage and reaches 0.13 pu forjV �
s j = 0.4 pu ands= 0 in Fig. 3.15(a). This 0.13-pu maximum is

well below the GSC's worst-case scenario 0.525 pu current limit, and so it can be easily eliminated

by the GSC.

OnceRe(I �
s ) is overcome anda �

pc= 90� , the GSC follows(3.18)or (3.22)depending on the
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Figure 3.15:Re(I �
s ) andIm(I �

s ) versusjV �
s j and slip forK-factor= 2, (a) Sub-synchronous speed, (b) Super-

synchronous speed.

sign ofIm(I �
s ) to regulate the magnitude ofI �

Q;pc. Since the largestjRe(I �
s )j in Fig. 3.15 is 0.13

pu and the GSC's current limit is at least 0.525 pu, the GSC has a minimum of 0.395 pu current

capacity to compensate for any difference between theI �
Q;pc required by Fig. 1.2. The worst-case

scenario happens for the largest negativeIm(I �
s ) in Fig. 3.15, which is� 0.28 pu. Thus, even for the

worst condition, the GSC can increase the magnitude ofI �
Q;pc to 0.395� 0.28= 0.115 pu, which is

more than enough for the relay elements that rely on negative-sequence quantities. This magnitude

can also meet [2] using a proper scaling factor given by (3.19) or (3.23).

3.6 Performance Evaluation

The performance of the proposed solution was investigated extensively for various DFIG and LVRT

conditions, and promising results were obtained. The following examines this performance for the

three case studies of Sections 3.2 and 3.3.
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3.6.1 CVC-Based DFIG

Consider the BCG fault studied at the end of Section 3.2. That case is repeated for CVC-based

DFIGs equipped with the proposed control scheme for the GSC. The fault decreases the positive-

sequence voltage by 0.4 pu and increases the negative-sequence voltage by 0.2 pu at the DFIGs'

POC. ForK= 2 in Fig. 1.2, the positive- and negative-sequence reactive currents required at the POC

are 0.8 pu (capacitive) and 0.4 pu (inductive), respectively. Fig. 3.16 shows different components of

the stator, GSC, and POC currents forfc = 400 Hz, i.e., the worst-casefc in terms ofa �
s in Fig.

3.4. In Fig. 3.16(a), the sum of the stator's and GSC's positive-sequence reactive currents yields

I+
Q;pc= 0.81 pu. This sum for the negative-sequence currents givesI �

Q;pc = � 0.4 pu in Fig. 3.16(b).

Both I+
Q;pc andI �

Q;pc match the above-mentioned reactive current required by the diagram in Fig. 1.2.

The DFIG also generates 0.79 pu of active positive-sequence current (Fig. 3.16(c)).

For different values offc, Fig. 3.17 showsa �
pc at the POC andd0 at the POM (i.e., R152's

location). Contrary to Fig. 3.4,a �
pc in Fig. 3.17(a) enters the ideal [90� , 100� ] range within two

cycles after the fault inception. Thus, a DFIG with the proposed control scheme can meet the 2800

Standard if the future revisions of the Standard remove the current exemption considered for DFIGs.

In addition, thea �
pc of Fig. 3.17(a) keepsd0 inside the shaded area that indicates a BCG fault in Fig.

3.17(b). Therefore, R152 can correctly determine the fault type and prevent the problem in Fig. 3.5.

One of the challenging LVRT conditions for IBRs is when the voltage at the POM is zero.

Ride-through during such conditions is not mandatory, but desirable in Tables 11 and 12 of the

IEEE 2800 Standard [12]. However, the proposed method operates successfully for zero-voltage

conditions as well because the derivations in Section V were independent of the voltage level. The
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(a)

(b)

(c)

Figure 3.16: Currents at the POC for the fault of Fig. 3.4 when the DFIG uses the proposed method and
fc= 400 Hz, (a) Positive-sequence reactive currents, (b) Negative-sequence reactive currents, (c) Positive-
sequence active currents.

LVRT requirement of the IEEE 2800 Standard is for the grid faults. Thus the closest location for

a zero-voltage fault for a DFIG is at the POM. The following investigates the performance of the

proposed method during a bolted AG fault on line L215 next to bus B15 in Fig. 3.1, resulting

in a zero voltage for phase A at the POM. Before the fault, the DFIGs operate ats= � 20%; the

K-factor is 2; andfc is 300 Hz. As a result of this fault, the positive-sequence voltage drops by 0.32

pu, and the negative-sequence voltage rises by 0.26 pu at the POC. The induced rotor voltage in

(3.10)is 0.67 pu, which is higher than the RSC's maximum voltage, and so the RSC saturates. Fig.
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(a)

(b)

Figure 3.17:a �
pc andd0 for the fault of Fig. 3.4 when the DFIG uses the proposed method, (a)a �

pc at the
POC, (b)d0 measured by R152 at the POM.

3.18 shows the current measured at the POC. It can be seen that the reactive current requirements

for the aboveK-factor and voltage are met when the DFIG uses the proposed method during this

zero-voltage condition, i.e., the DFIG complies with this preferred performance requirement of the

2800 standard. To demonstrate that the correct operation of the proposed method under zero-voltage

condition is independent offc, Fig. 3.19 showsa �
pc andd0 for different values offc. The proposed

method pushesa �
pc inside the [90� , 100� ] range within 20 ms after the fault inception in Fig. 3.19.

As a result,d0 remains inside the correct zone for the AG fault, and so the phase selection element

of R152 operates reliably.

3.6.2 DCC-Based DFIG

Consider the BCG fault of Section 3.3.1 for which the ETPs could be fully suppressed. That case is

repeated here for a DCC-based DFIG with the proposed control for the GSC. The fault decreases
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Figure 3.18: POC current when the DFIG uses the proposed method for a bolted AG fault at the POM in Fig.
3.1 withs= � 20%.

(a)

(b)
Figure 3.19:a �

pc andd0 for the fault of Fig. 3.18, (a)a �
pc at the POC, (b)d0 measured by R152 at the POM.

the positive-sequence voltage by 0.2 pu and increases the negative-sequence voltage by 0.12 pu

at the POC. ForK = 2 in Fig. 1.2, the positive- and negative-sequence reactive currents required

at the POC are 0.4 pu (capacitive) and 0.24 pu (inductive), respectively. Fig. 3.20 shows that the

DFIG satis�es these requirements. The positive-sequence reactive current generation by the RSC

and the GSC are 0.3 pu and 0.1 pu, respectively, resulting in the 0.4 puI+
Q;pc in Fig. 3.20. Fig. 3.21

displays different components of the negative-sequence reactive current. The stator generates a 0.01

pu capacitiveI �
Q;s, but the proposed control scheme for the GSC �xes the problem by adding an
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Figure 3.20: POC current when the DFIG uses the proposed method for the fault of Fig. 3.6.

Figure 3.21: Different components of the negative-sequence reactive current when the DFIG uses the proposed
method for the fault of Fig. 3.6.

Figure 3.22:a �
pc at the POC andd0 measured by R152 when the DFIG uses the proposed method for the

fault of Fig. 3.6.

inductiveI �
Q;g= 0.25 pu toI �

Q;s and deliveringI �
Q;pc= 0.24 pu (inductive).

Fig. 3.22 showsa �
pc at the POC andd0 at the POM for this case. Unlike Fig. 3.7,a �

pc in Fig.

3.22 enters the [90� , 100� ] range within three cycles. Thus, a DFIG with the proposed control

scheme can meet the 2800 Standard for IBRs without the need for an exemption for the angle of the

negative-sequence current. Further, this ideala �
pc leads to ad0 that correctly determines the fault

type in Fig. 3.22, preventing the problem observed for R152 in Fig. 3.8.

A similar analysis is applicable to the BCG fault of Section 3.3.2 for which the ETPs were
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Figure 3.23: POC current when the DFIG uses the proposed method for the fault of Fig. 3.9.

Figure 3.24:a �
pc at the POC andd0 measured by R152 when the DFIG uses the proposed method for the

fault of Fig. 3.9.

partially suppressed. The fault causes a 0.36-pu drop inV+
pc and a 0.2-pu rise inV �

pc. ForK = 2 in

Fig. 1.2, theI+
Q;pc andI �

Q;pc required at the POC are 0.72 pu (capacitive) and 0.4 pu (inductive),

respectively. Fig. 3.23 shows that this requirement is met at the POC and 0.61 pu of positive-

sequence active current is also generated. Fig. 3.24 showsa �
pc andd0. In contrast to Fig. 3.10,

a �
pc in Fig. 3.24 enters the [90� , 100� ] range quickly after the onset of the fault. Thisa �

pc pushes

d0 in Fig. 3.24 inside the shaded area, correctly indicating a BCG fault and avoiding the problem

observed for R152 in Fig. 3.11.

The performance of the proposed method was also examined during various high-impedance

fault conditions. The following reviews an SLG fault when the DFIG's RSC uses the DCC scheme.

Consider an AG fault withRf = 50 Won line L215 next to bus B15 in front of R152 in Fig. 3.1.

Prior to the fault, the DFIG operates in the sub-synchronous mode withs= 30% andK= 2. Fig.

3.25 depicts the current measured at the POC during this fault. Given thatK= 2, jDV+
pcj= 0.12 pu,
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Figure 3.25: POC current during an AG fault withRf = 50Wwhen the DFIG uses the proposed method.

Figure 3.26:a �
pc at the POC andd0 measured by R152 for the fault of Fig. 3.25.

andjDV �
pcj= 0.155 pu,I+

Q;pc andI �
Q;pc correctly follow theK-factor diagram and are 0.24 pu and

� 0.31 pu, respectively, in this �gure. Moreover, Fig. 3.26 showsa �
pc andd0 of R152. In this �gure,

a �
pc enters the [90� , 100� ] range roughly 25 ms after the fault inception, resulting ind0 settling

inside the [� 30� , 30� ] range for this AG fault. Thus, R152 identi�es the fault type correctly. This

case study shows that when the DFIG uses the proposed method, compliance with the 2800 standard

and correct phase selection by the relays are independent of the fault type and resistance.

The following investigates the operation of the relays inside the collector system of the wind

farm when the DFIG is equipped with the proposed control system. Consider a phase-B-to-phase-

C (BC) fault with Rf = 5 W at 85% of line L215 from B15 in Fig. 3.1. Before the fault, the

DFIG operates similar to the previous case andK= 2. jDV+
pcj andjDV �

pcj are 0.375 pu and 0.32 pu,

respectively, for this fault. The reactive currents successfully satsify theK-factor diagram and are

I+
Q;pc = 0.75 pu andI �

Q;pc= � 0.64 pu in Fig. 3.27. Moreover, Fig. 3.28 shows the angle between the
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Figure 3.27: POC current when the DFIG uses the proposed method for a BC fault withRf = 5 Wat 85% of
line L215 withs= 30%.

negative-sequence current and voltage at three locations, namely the LV side of the turbine-level

transformer, i.e., the POC (a �
pc), the collector side of the turbine-level transformer (a �

c ), and the

POM (a �
pm). It is illustrated that all of these three angles settle within the [90� , 100� ] band, thereby

complying with the standard. This shows that the transformer impedances and the transformers'

winding con�gurations do not impact the performance of the proposed method. This stems from the

fact that a transformer is modeled by a series impedance in the negative-sequence circuit irrespective

of the winding con�guration, and it shifts the angle of the negative-sequence voltage and current

by the same amount. Therefore, the angle difference between the negative-sequence voltage and

current remains almost equal to 90� throughout the collector system and at the POM, where R152 is

located.

Since the type of this fault is LL and no zero-sequence current is present, the relay uses

d+ = ] I � � ] I+ in Fig. 1.3 to select the faulty phase(s). Fig. 3.29 showsd+ measured by R152 at

the POM. Since the proposed method successfully regulatesa �
pc anda �

pm at almost 90� , d+ in Fig.

3.29 correctly lies within the correct zone for BC faults, i.e., [165� , 195� ]. As a result, R152 can

determine the fault type accurately.
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Figure 3.28:a �
pc, a �

c , anda �
pm for the fault of Fig. 3.27.

Figure 3.29:d+ of R152 the fault of Fig. 3.27.

3.7 Conclusion

This Chapter showed why/how the angle of a DFIG's negative-sequence current during LVRT

deviates from the ideal [90� , 100� ] range. For the CVC scheme, the deviation is primarily determined

by the bandwidth of the RSC's current control loop. For this scheme, the negative-sequence current

angle stays within the wider [90� , 150� ] range allowed for DFIGs by the 2800 Standard. However,

it is demonstrated in this chapter that the relays can be adversely affected by this deviation. If the

DFIG uses DCC for the RSC to suppress the ETPs, the angle falls even outside the [90� , 150� ] range.

This would violate the 2800 Standard, even with the exemption, and negatively impact the protection

system. This chapter also developed a control system for the GSC to move the phase difference

between the negative-sequence voltage and current of a DFIG to the ideal [90� , 100� ] range. This

would obviate the need to exempt the DFIGs from this requirement in the future revisions of the

2800 Standard. This chapter proved the feasibility of this solution for realistic DFIGs.
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Chapter 4

Distance Protection of Lines Connected to

DFIG-Based Wind Farms During

Interrupted Control of DFIGs

As mentioned in Chapter 1, existing distance relays are designed assuming that SGs are the only

generating units, where only the system-frequency components and their harmonics are present

in the fault current and voltage [70]. However, as it is shown in [20], the fault signals of DFIGs

during interrupted control of DFIGs, i.e., during crowbar connection, contain high-magnitude

off-nominal frequency components. It has been demonstrated in the literature that the presence of

the off-nominal frequency in the DFIG fault signals during balanced faults can negatively affect

distance relays' operation that calculates the apparent impedance to the fault [20]. However, neither

the operation of the distance relays elements, such as frequency tracking and phasor measurements
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units (PMUs), nor the operation of the relays during unbalanced faults is investigated.

Aside from the presence of off-nominal frequency components in the DFIG fault signals, the

crowbar or chopper circuits can make the equivalent sequence circuits of DFIGs different than

those of SGs. This can potentially result in maloperation of commercial distance relays, such as the

reactance method in [71], that are founded upon equivalent sequence circuits of SGs.

On this basis, after describing the test system, Section 4.2 investigates the fault current character-

istics of DFIGs during unbalanced faults and interrupted control of DFIGs. Section 4.3 shows how

commercial frequency measurement techniques operate when there is an off-nominal frequency

component in their input signal. In Section 4.4, the operation of distance relays with the apparent

impedance calculation approach and the reactance method during unbalanced faults is investigated.

It is unveiled that how the fault current signals and equivalent sequence circuits of DFIGs affect the

operation the distance relays. A solution is developed to address maloperation of the distance relays

that protect the DFIGs tie-line

4.1 Description of the Test System

4.1.1 Power System Con�guration

The IEEE 9-bus system, shown in Fig. 4.1, is simulated using PSCAD/EMTDC for this study [72].

The synchronous generator (SG) at bus 4 of the original system is replaced by 51-MW wind plant

that includes 34 1.5-MW DFIGs. The plant's main step-up transformer is YGd, 60 MVA, 34.5

kV=230 kV with a leakage reactance of 0.1 pu. The plant is connected to bus 4 through the 40-km
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Figure 4.1: Single-line diagram of the test system.

line L14, whose positive- and zero-sequence impedances areZ+
L14 = 0:0358+ j0:5078W/km and

Z0
L14 = 0:0363+ j1:3230W/km, respectively. DR14 and DR41 are the distance relays protecting

line L14. Zones 1 and 2 of DR14 cover90%and120%of L14, respectively. The parameters of the

DFIGs are presented in Appendix A.

4.1.2 DFIG-based WT Control System

In this study, the DFIG's RSC is controlled using the CVC scheme discussed in Chapter 2. To ride

through the faults, an active crowbar and a braking chopper is used to protect the RSC from rotor

overcurrents and the dc-link capacitor from overvoltages. The chopper can be used alone or in

coordination with a crowbar. When used together, the priority of protection is given to the chopper,

and crowbar is activated for deep voltage sags as a last resort. In both cases, the RSC gating is

stopped during the protection scheme operation. However, the GSC will continue its operation as

discussed in Section 2.4.
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4.2 Fault Current Characteristics of DFIGs During Unbalanced

Faults

This section �rst instigates the characteristics of the DFIG fault signals during unbalanced faults

and crowbar connection. Afterwards, it investigates the fault signals characteristics of DFIGs during

the recti�cation mode of operation.

4.2.1 DFIG Operation During Crowbar Connection

The voltage induced in the rotor winding of a DFIG is very large during severe grid faults, and

so crowbar can be activated for a period of up to a couple of cycles. Consequently, the RSC's

controllers are deactivated while the GSC remains in operation. The space vector of the DFIG fault

current at the generator terminal during crowbar activation period is given by

~is(t) = ~is f (t) + ~isn(t) (4.1)

where~is f (t) and~isn(t) are the space vectors of the stator steady state and decaying currents, given

by (4.2) and (4.3), respectively [22].

~is f (t) = ~I+
s ejwt + ~I �

s e� jwt (4.2)

~isn(t) = ~Idce
� t
Ts + ~Isre

� t
Tr ejwmt (4.3)
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In (4.2), ~I+
s ejwt and~I �

s e� jwt are the stator positive-sequence and negative-sequence currents,

respectively. These currents arise due to the positive-sequence and negative-sequence voltages at

the DFIG terminals, and have a frequency equal to the fundamental frequency, i.e.,w. In (4.3),~Idc

is the dc component of the stator current, which stems from the stator initial dc �ux,~y s;dc0, and

decays with the stator time constant,Ts [16]. The stator dc �ux appears to guarantee the continuity

of the stator �ux during the fault. As mentioned earlier in Chapter 2, during unbalanced faults,

the magnitude of the stator dc �ux, and hence,~Idc, depends on the phase shift between the stator

positive-sequence and negative-sequence �uxes at the fault instant. If the two �uxes are aligned,

~y s;dc0, and so~Idc will be zero. The magnitude of~y s;dc0 increases commensurate with the phase shift

between positive-sequence and negative-sequence �uxes. The maximum dc �ux occurs when the

two sequence �uxes are180� out of phase [16].~Isr in (4.3) is the stator decaying ac current, which

is caused by the the rotor initial dc �ux,~y r;dc0 [23]. Similar to the stator dc �ux,~y r;dc0 appears to

guarantee the continuity of the rotor �ux during the fault.~y r;dc0, and thus,~Iacr, decays with the

rotor time constant expressed by

Tr =
Lr � (L2

m=Ls)
Rr + Rc

(4.4)

in which Rr andRc are the rotor and crowbar resistances, respectively. From the stator winding

perspective, the rotor dc �ux is seen as a rotating �ux that rotates atwm frequency. Therefore, the

corresponding current, i.e.,~Iacr, rotates atwm and decays withTr .

Since the DFIG slip varies in the range of� 30%, wm adds a frequency component in the range

of 42� 78 Hz to the fault current of a DFIG in a60 Hz system. In addition, as the stator voltage

depends on the stator �ux and current, the non-fundamental frequency components in (4.2) and
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(4.3) appear in the stator fault voltage as well, but with different magnitudes. The effect of thewm

component in the fault signals extremely depends on the rotor time constant. Therefore, it can be

concluded that the DFIG fault current during crowbar connection is composed of a fundamental

frequency component, a decaying dc component, and a decaying component withwm frequency.

The fundamental frequency component in the DFIG fault current is normally larger than the two

decaying components.

The above discussion described the stator fault current of the DFIG while the current measured

by a relay is the combination of the stator and the GSC current. The current from the GSC is balanced

at the fundamental frequency. The control system of GSC includes feed-forward compensation

of the grid voltage. As a result, any imperfection in the DFIG's terminal voltage—including the

above-mentioned off-nominal frequency components—are eliminated from the current, and the

GSC's current is almost entirely a 60-Hz signal.

To investigate the frequency content of a DFIG's fault current and voltage during unbalanced

faults, a permanent phase-B-to-phase-C (BC) fault with fault resistanceRf = 5 Wis applied next to

bus B4 on line L45 in Fig. 4.1. The rotor speed is 1.2 pu immediately before the fault inception.

The fault occurs att = 1:996s, resulting in the maximum dc component in the stator fault current.

The positive-sequence voltage at the POM drops by 65%, causing overcurrents in the rotor winding

and activating crowbar. Crowbar resistance is set at the maximum allowable value of20Rr , which

is a common value [24, 55]. To examine crowbar effect on the voltage and current frequency

components, crowbar is kept activated during the whole duration of the fault.

Fig. 4.2 displays the voltage and current measured at the WF's POM. The fast Fourier transform
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(a)

(b)

Figure 4.2: Measurements of DR14 for the BC fault on line L45: (a) voltage, (b) current.

(FFT) is applied to the �rst 83.3 ms of these fault signals—i.e., �ve fundamental cycles—to derive

the frequency spectra shown in Fig. 4.3. For the current, the dc,60-Hz grid frequency, and 72-Hz

rotor-speed frequency components are visibly present in all three phases. Conversely, the voltage

frequency is mainly dictated by the grid. Thus, the dc and rotor speed frequency components are

relatively minute and not visually obvious. The non-zero values of the other components in the

current and voltage spectra are due to the picket-fence effect of the FFT.

4.2.2 DFIG Operation During Recti�cation Mode

This subsection investigates the fault current of the DFIG during the recti�cation mode, i.e., when

the breaking chopper is on while the RSC switching is turned off.

As mentioned in Chapter 2, the braking chopper may be activated when the voltage induced in

the rotor winding of a DFIG exceeds the RSC maximum voltage limit, or the rotor current exceeds
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(a)

(b)

Figure 4.3: Frequency spectrum of the fault voltage and current in Fig. 4.2: (a) Voltage, (b) Current.

Figure 4.4: Recti�cation mode of operation (IGBTs are inactive and the braking chopper may or may not
operate).

a predetermined value. In such a condition, the RSC gating will stop, and the rotor overcurrent is

forced to commute through the RSC free-wheeling diodes [19]. This mode of operation, shown in

Fig. 4.4, is known as recti�cation mode. In this �gure,Rc;dc is the dc crowbar resistance,Vdc is the

dc-link voltage,Rch is the braking chopper resistance, andIo is recti�ed current by the RSC.

During the recti�cation mode, the GSC and the braking chopper attempt to regulate the dc-link

voltage at 1 pu by either transferring the extra power to the grid or dissipating it by the braking
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chopper resistance. Thus, they can be modeled as an equivalent resistive load. Since the dc-link

voltage is kept constant, the operation of the RSC during the recti�cation mode is analogous to

that of a three phase full bridge diode recti�er with a capacitor-�ltered load supplied by a voltage

source described in [73, 74]. In this analogy, the magnitude of the induced voltage at the rotor

winding, i.e., the magnitude of~er
r;ind in (2.11), has a similar effect of the voltage source while the

GSC and the braking chopper have the same effect of the capacitor-�ltered load. With this analogy

and neglecting the rotor resistance, the recti�er in Fig. 4.4 can be modeled by a resistance in each

phase as in (4.5) [73,74].

Rrec =
jwindjLrVdcq
(j~er

r;indj2� V2
dc)

(4.5)

In (4.5), wind is the frequency of the induced voltage at the rotor winding. According to(4.5), for

a givenLr andVdc, Rrec varies depending on the induced rotor voltage and its frequency during a

grid fault. The approximation for the equivalent resistance in(4.5) is valid only if~er
r;ind is balanced

and is grater thanVdc, and the recti�er operates in continuous conduction mode. This situation

occurs when a DFIG is subject to a balanced 100% voltage dip at the stator side. In such condition,

~er
r;ind, which is given in(2.11), is a balanced component with the frequency ofwm. From(2.11), and

considering the slip of a DFIG in the range of� 30%, j~er
r;indj at the beginning of a bolted balanced

fault can be 3� 5 times of the normal operation. Therefore, for a bolted balanced fault and the

DFIG with the parameters given in Table A.1, the initial value ofRrec is about 18 times of the rotor

resistance. However,Rrec increases by time asj~er
r;indj decays by the rotor time constant.

The above analysis indicates that the DFIG fault current during recti�cation mode is chie�y

similar to (4.1) except that the rotor time constant in (4.4) is modi�ed by replacingRc with Rrec
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Figure 4.5: Generator fault current during the recti�cation mode for a bolted balanced fault at the POM.

Consequently,~Iacr in (4.3), which rotates withwm, is large at the beginning of the fault. But, it

decays faster than when the crowbar is active.

To verify the above analysis and investigate the frequency content of the DFIG's fault current

during the recti�cation mode, a permanent bolted three-phase fault is applied at the POM in Fig.

4.1. The braking chopper resistance is set to be0:7 W[19]. The anti-parallel diodes of the RSC are

suf�ciently uprated to manage the rotor overcurrents. The rotor speed is 1.2 pu immediately before

the fault inception, and the fault occurs att = 2 s. The recti�cation mode is kept on during the

whole duration of the fault. Fig. 4.5 displays the fault current at the generator's terminals. The GSC

current is not shown here as it only adds a grid-frequency component to the DFIG fault current. It is

seen in Fig. 4.5 that the generator fault current contains the rotor-speed frequency component at the

beginning of the fault. However, sinceRrec increases by time, the rotor-speed frequency component

decays very fast. That is why the fault current nearly resembles a decaying dc current after about 20

ms of the fault.

Equation (4.5) was obtained assuming that the rotor input currents are approximately sinusoidal,

and the induced rotor voltage is larger than the dc-link voltage. As mentioned earlier, this situation

occurs during bolted balanced faults at the DFIG terminals. However,Rrec cannot be obtained as

straightforward as (4.5) during high impedance balanced faults or unbalanced faults. It is because,
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according to(2.11), the induced rotor voltage during high impedance balanced faults contains

the slip and(1� s)w frequencies while during unbalanced faults it additionally contains(2� s)w

frequency. This situation violates the assumptions made for modelling of the recti�cation mode as a

three phase full bridge diode recti�er with a capacitor-�ltered load supplied by a voltage source.

However, the simulation results for numerous unbalanced faults show that the rotor-speed frequency

component is also present at the begining of the recti�cation mode for1 � 2 cycles. Therefore, the

DFIG fault current during unbalanced fault and recti�cation mode of operation is also similar to

(4.1) except that the rotor time constant in (4.4) is modi�ed by replacingRc with Rrec

The following unveils how the presence of the rotor-speed frequency component during crowbar

connection or the recti�cation mode affects the operation of the frequency tracking of the commercial

relays.

4.3 Frequency Measurement For DFIG Fault Signals

Distance relays use the frequency tracking algorithms to calculate the phasors of the voltage and

current, and so, the impedance to the fault. This section shows how the DFIG fault signals discussed

in the last section impact phasor measurement by a relay.

The phasor measurement unit of a relay always tracks the voltage and/or current frequency

to continuously update the digital �lters. As a result, phasor measurement is not affected by the

changes in the fundamental frequency. A lot of frequency tracking methods are founded upon

variations of the measured phasor's angle. In [8], for example, the rotation rate of the phasor

calculated using a variableN-point discrete Fourier transform (DFT) with a sampling interval ofDt
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yields the frequency. This is, by de�nition, the instantaneous frequency (IF) of the input signal [75].

Therefore, the IF of a signal with two distinct frequencies can offer insight into how DFIG fault

signals (with anw and anwm component) impact a relay's frequency tracking and, subsequently,

phasor measurement.

Consider the sinusoidal signal in (4.6) with two frequency components atf1 and f2:

x(t) = x1(t)cos(2p f1| {z }
w1

t) + x2(t)cos(2p f2| {z }
w2

t) (4.6)

wherex1(t) andx2(t) are the time-variant magnitudes of the two frequency components. For

x1(t) > x2(t) and f2 > f1, the IF ofx(t) is given by (4.7) [76].

f (t) = f1 + ( f2 � f1)
x2

2(t) + x2
1(t)x2

2(t)cos(2p ( f2 � f1) t)
M2(t)

(4.7)

M(t) is the magnitude ofx(t) obtained by

M(t) =
q

x2
1 (t) + x2

2(t) + x1(t)x2(t)cos(2p ( f2 � f1) t) (4.8)

Equation (4.7) shows that for a signal in the form of (4.6), the IF oscillates asymmetrically

around the more dominant frequency component. The rate of oscillations isj f1 � f2j Hz.

To verify that (4.7) expresses the frequency calculated by a relay that measures the fault signals

of a DFIG, consider (4.6) forx1(t) = 1, f1 = 60 Hz, andf2 = 72 Hz. x2(t) is equal to 0 and 0.2

before and aftert = 1 s, respectively. This signal and its IF along with the frequency calculated
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(a)

(b)

Figure 4.6: Performance of frequency measurement techniques: (a) synthetic voltage with60 and72 Hz
components, (b) frequencies measured by [8] and [9].

using the method of [8] are displayed in Fig. 4.6. It is shown that, similar to the IF, the frequency

given by [8] asymmetrically oscillates around 60 Hz at a rate of 12 Hz once the 72-Hz component

is added to the signal. The delay of the measured frequency is because it takes at least one cycle

aftert = 1 s for the data window of DFT to get �lled with the 72-Hz component.

Some relays use non-phasor-based frequency tracking methods, such as the one in [9]. However,

since these methods are founded upon the assumption that the instantaneous signal is composed of

the fundamental frequency component and its harmonics, they also fail to measure the dominant

frequency component of a DFIG fault signal accurately. As shown in Fig. 4.6(b), there is no material

difference between the frequencies measured using the methods in [8] and [9].

As discussed in the last section, the rotor frequency component of an actual DFIG fault signal

decays over time with the rotor time constant,Tr . As a result, the variation of the frequency

measured by the relay from the fundamental frequency declines at the same rate. Consider, for
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Figure 4.7: The frequency measured by methods in [8] and [9] for the BC fault on Line L45.

instance, the frequency measured for the fault currents of Fig. 4.2. The three-phase currents are

combined using

i f (t) = ia(t) �
ib(t) + ic(t)

2
(4.9)

which is a common practice in commercial relays [77].i f given by (4.9) is fed to the frequency

tracking methods [8] and [9]. As depicted in Fig. 4.7, the measured frequency initially oscillates at

12 Hz, but the oscillations subside as soon as the rotor frequency component declines.

4.4 Operation of Distance Relays During RSC Control Inter-

ruption

This section shows how the characteristics of DFIG fault signals and their impact on frequency

tracking methods, detailed in the last two sections, affect the operation of a distance relay. First, the

performance of a distance relay that operates based on the calculation of apparent impedance is

investigated. This would offer basic insight into the problems caused by DFIGs. Afterwards, further

complications caused by the techniques used by commercial relays are revealed by examining the

operation of distance relays based on the reactance method in [71].
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(a) (b)

Figure 4.8: (a) frequency response of the sine and cosine �lters around the fundamental frequency, (b) gains
of DFT sine and cosine �lters for the tracked frequency of Fig. 4.7.

4.4.1 Apparent Impedance Calculation

Calculation of apparent impedance for distance protection relies upon precise measurement of the

fundamental-frequency phasor for all three phase voltages and currents. In the case of DFIGs during

unbalanced faults, this would mean that thew component of the fault currents in(4.2)and(4.3)

must be perfectly extracted. Distance relays usually calculate phasors using DFT, whose sine and

cosine �lters are updated based on the result of frequency tracking. Assuming that the computed

frequency is 60 Hz, the frequency response of the sine and cosine �lters around the fundamental

frequency are displayed in Fig. 4.8(a). The shaded area between the two frequency responses

indicate the amount of oscillation in the calculated phasor for a signal at a given frequency. There is

no oscillation at 60 Hz, but as the frequency deviates from 60 Hz, the gap between the two �lter

gains widens and the phasor becomes more oscillatory. These are exactly the frequency intervals

where thewm component of DFIG fault signals may reside.

To illustrate the impact of DFIG fault signals on DFT measurements, Fig. 4.9 displays the
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(a)

(b)

Figure 4.9: Phasors of phases B and C for the BC fault on line L45: (a) magnitude, (b) angle.

current phasors for phases B and C during the BC fault discussed in Section 4.2. It is evident that

the phasor undergoes signi�cant oscillations in the beginning of the fault. This is a direct result

of the fault currents' 72-Hz rotor-frequency component, for which the DFT �lters have different

gains. This problem cannot be tackled through frequency tracking. The frequency measured for this

fault in Fig. 4.7 reaches beyond 68 Hz shortly after the fault inception. The gains of DFT sine and

cosine �lters for this tracked frequency are shown in Fig. 4.8(b). Here the gains are equal neither

for the synchronous, nor for the rotor-frequency component. That is why the phasors in Fig. 4.9

keep �uctuating until the rotor-frequency component dies out. The following investigates the effect

of the rotor-speed frequency component of the DFIG fault signal and the phasor �uctuations on

distance relays.
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Figure 4.10: Crowbar status for the BC fault on line L45.

1) Line-to-Line Faults

To investigate the effect of the rotor-speed frequency component of the DFIG fault signals on the

distance relay, the BC fault of Section 4.2 is repeated, when the LVRT mode is turned on. Fig. 4.10

shows the crowbar connection time for the BC fault, where the crowbar is activated for 38 ms.

The BC element of a distance relay, for example, measures the apparent impedance to the fault

location by dividing the fundamental frequency phasors of phases B and C voltages over their

respective currents, i.e.,ZBC = ( VB � VC)=(IB � IC). The current phasors of Fig. 4.9 is used to

measure the resistance and reactance of the BC element of DR14, shown in Fig. 4.11. As can

be seen in this �gure, due to the �uctuations of the current phasors, the calculated resistance and

reactance experience signi�cant oscillations. These oscillations are directly translated into the

impedance rotation in the impedance plane shown in Fig. 4.12. DR14 should trip as a backup

protection for a fault on Line L45 if the fault persists for more than a delay time, usually of the

order of 300 ms. However, while rotating, the impedance trajectory enters zone 1 of the relay 10

ms after the fault, leading to false trip of line L14 before the required 300 ms time delay is passed.

Consequently, secure operation of DR14 as well as any subsequent LVRT scheme designed inside

the WF is failed.
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(a)

(b)

Figure 4.11: Apparent impedance calculated by the BC element of DR14 at the second zone of DR14: (a)
Measured resistance and reactance, (b) Magni�ed view of the resistance and reactance.

(a)

(b)

Figure 4.12: Apparent impedance calculated by the BC element of DR14 at the second zone of the relay: (a)
Impedance trajectory, (b) Magni�ed view of the impedance trajectory.

Similar analysis can be presented for the performance of DR14 during the recti�cation mode.

This mode of operation is activated when the rotor current exceeds 2 pu. This mode is ended when

the rotor current falls below a predetermined value [19]. To evaluate DR14 performance, the same
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(a)

(b)

Figure 4.13: Phasors of phases B and C for the BC fault on line L45: (a) magnitude, (b) angle.

Figure 4.14: Apparent impedance calculated by the BC element of DR14 at the second zone of the relay
during the recti�cation mode.

BC fault is repeated. The recti�cation mode is activated 3 ms after the fault inception and remains

active for 17 ms. Fig. 4.13 displays the current phasors for phases B and C. Similar to crowbar

connection time, the current phasors experience �uctuations. However, as the recti�cation mode is

shorter than crowbar connection time, the �uctuations do not cause any rotation in the impedance

plane shown in Fig. 4.14. The impedance trajectory enters to zone 1 of the relay 10 ms after the

fault inception, leading to a false instantaneous trip of line L14.

The simulations are repeated for different types of faults with different fault resistances, different
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rotor speeds, and other operating conditions affecting the fault currents of the DFIGs during both

crowbar connection and the recti�cation mode. In most LL or LLG faults, the impedance trajectories

in the impedance plane display an unreliable behavior.

2) Line-to-Ground Faults

The apparent impedance measured by the AG element of a distance relay is expressed as

ZAG =
VA

IA + K0I0 (4.10)

whereVA andIA are the phase A voltage and current, respectively.I0 is the zero-sequence component

of the fault current, andK0 is the zero-sequence compensation factor, which is 1.72] � 17.86� for

the system of Fig. 4.1. As mentioned earlier in Section 4.2, the voltage frequency is mainly dictated

by the grid. Thus, the voltage is of the fundamental frequency type in the numerator of(4.10). The

fundamental frequency component dominates the denominator of(4.10)as well during crowbar

or recti�cation activation modes of a DFIG. As mentioned earlier, these modes are activated once

the voltage dip is sever. This results in �ow of a large zero-sequence from the neutral winding of

the WF's main step-up transformer, which has a YGd winding con�guration, to the fault. Thus,

the zero-sequence current dominates relay measurements as well as the denominator of(4.10).

Given that the zero-sequence current is not impacted by the DFIG's fault behaviour, the off-nominal

frequency component ofIA + K0I0 is much smaller than the fundamental frequency component,

and so the apparent impedance as well as the tracked frequency remain stable and with minimal

oscillations. As a result, the relay behaves similar to conventional systems with SGs.
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Figure 4.15: Apparent impedance calculated by the AG element of DR14.

To investigate the operation of DR14 during the crowbar connection, consider a phase-A-to-

ground (AG) fault at 25% of line L14 withRf = 5 W. The rotor speed is 1.2 pu immediately before

the fault inception. The fault occurs att = 2 s, resulting in the maximum dc component in the stator

fault current. The crowbar is activated 5 ms after the fault inception and remains active for 16 ms.

The impedance between the relay and the fault isZAG = 0.358+ j5.078W. Fig. 4.15 shows the

measured impedance for the AG fault. As can be seen in this �gure, the reactance calculated with

DR14 is only 1.34Wlarger than the actual impedance to the fault. The impedance enters zone 1

in less than 15 ms. Similar to conventional systems with SGs, the impedance settles in its �nal

position with minimal oscillation. Therefor, DR14 operates correctly for LG faults.

4.4.2 Reactance Method

The infeed current at the remote end of a line introduces an error to the apparent impedance measured

by distance relays when there is a fault resistance. The reactance method used by commercial relays

tackles this problem by giving the actual impedance to the fault location through estimating the

phase angle of the fault current at the fault location. This subsection shows how the characteristics

of the DFIG fault signals affect the operation of distance relays based on the reactance method
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in [71].

1) Line-to-Line Faults

The reactance and resistance of the phase element measured by the reactance method during, for

example, BC faults are given by (4.11) and (4.12), respectively [71].

XBC =
Im[VBCIFest]

Im[Z+
L14(IB � IC) IFest]

jZ+
L14jsin(] Z+

L14) (4.11)

RBC =
Im[VBC

�
Z+

L14(IB � IC)
�
]

Im[2IFest

�
Z+

L14(IB � IC)
�
]
jZ+

L14jcos(] Z+
L14) (4.12)

In these equations,Im(:) and(.) denote the imaginary part and complex conjugate, respectively;

IFest is the estimated phasor of the fault current, which is estimated using the local negative-sequence

current, jI �
L . IFest at the relay location is estimated based upon the fact that the the remote end

negative-sequence current, denoted byI �
R , is in phase withI �

L .

The following shows how the equivalent negative-sequence circuits of DFIGs differ from those

of SGs that can impact] IFest, and consequently, result in wrong measurement of the impedance to

the fault.

2) Reactance Method Operation During the First 1� 3 Cycles of Crowbar Activation

Given that a DFIG is essentially a SCIG with high rotor resistance during crowbar connection,

the equivalent sequence circuit of the SCIG can be adopted to be used for the DFIG. As it is

demonstrated in [21], the equivalent sequence circuit of a SCIG has two stages. The �rst stage,
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Figure 4.16: Transient negative-sequence circuit of the test system for a BC fault on line L14.

namely, the transient stage, starts at the instant of the fault inception and lasts for the �rst 1� 3

cycles, depending on the rotor time constant. The second stage, namely, the steady state stage, starts

after 1� 3 cycles of the fault inception and lasts till the end of the fault. The following investigates

the operation of the reactance method during the �rst 1� 3 cycles of the crowbar activation.

The transient equivalent negative-sequence circuit of the test system during the crowbar connec-

tion for a BC fault on line L14 can be shown as in Fig. 4.16. In this �gure,X�
st = Xs � X2

m=Xr is the

stator transient reactance;Xs andXr denote the stator and rotor leakage reactants, respectively;Xm

is the magnetizing reactance;V �
st is the transient voltage behind the stator transient reactance. The

subscriptsr, s, andp denote the rotor, stator, and POC quantities, respectively.Zt p andZto are the

generator and the main step-up transformer impedances, respectively;Zf is the impedance to the

fault location;Z�
g is the impedances of the grid behind bus B4. All parameters of the DFIGs are

referred to the stator. The GSC is not modeled in the equivalent negative-sequence circuit of Fig.

4.16 as it does not generate any negative-sequence current.

As shown in Fig. 4.16, contrary to SGs, the negative-sequence voltage ofV �
st appears behind

the stator transient reactance due to the negative-sequence rotor �ux and decays with the rotor

transient time constant de�ned by (4.4). Thus, this circuit is valid for the �rst 1� 3 cycles of the

fault depending on crowbar resistance, and hence, the rotor time constant, i.e.,Tr . AlthoughV �
st
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Figure 4.17: Permanent negative-sequence circuit of the test system for a BC fault on L14.

is small compared to the positive-sequence voltage in the positive-sequence circuit, it is proven to

have a signi�cant effect on the fault current of the machine [21], [78]. Using KVL for the circuit of

Fig. 4.16,I �
R is obtained as follows:

I �
R =

�
Z�

st + Z�
t p + Z�

to + Z�
f

�
I �
L � V �

st

Z�
L14 � Z�

f + Z�
g

(4.13)

whereZ�
st = R�

s + jwL�
st is the transient internal impedance of the DFIG. Due to the existence of

V �
st in the numerator of (4.13),I �

R is not in phase withI �
L . Consequently,jI �

L does not represent

the angle of the fault current, which results in wrong measurements ofRBC andXBC in (4.12)and

(4.11), respectively.

A similar analysis can be presented for the DFIG transient negative-sequence equivalent circuit

during the recti�cation mode. However, as demonstrated in Section 4.2, the rotor time constant

of the recti�cation mode is much shorter than that of crowbar activation mode. Therefore, the

negative-sequence equivalent circuit shown in Fig. 4.16 is valid during the recti�cation mode as

well, but for less than a cycle.
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