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ABSTRACT

Renewable energy technologies are clean sources of energy that have a lower environmental
impact than conventional energy technologies. Among all the renewable energy sources, wind
energy is clean and plentiful compared to nonrenewable energy sources like fossil fuels and cost-
effective compared to other renewable energy sources such as nuclear. Therefore, the potential
for wind energy is immense. Nowadays, wind farms are increasingly employed in power systems
in order to meet the growing demand of energy as well as the growing environmental awareness.
Grid integration of large capacity of wind energy requires, however, new approaches for system

operation, control, dynamic enhancement and protection.

This thesis reports the results of digital time-domain simulation studies that are carried out
to investigate the effect of Doubly-Fed Induction Generator (DFIG)-based wind farms on the
performance of generator distance phase backup protection element (Relay (21)) in order to
identify important issues that protection engineers need to consider when designing and setting a
generator protection system. Such investigation is achieved through incorporating a large DFIG-
based wind farm in a study system that inspired from an actual power system. The incorporation
takes place under different Relay (21) zone settings. In this context, comparative studies between
the relay performance with and without the presence of the DFIG-based wind farm during different
faults are presented. The effects of fault location, fault type, generator loading, power flows in the

transmission lines in conjunction with wind farm rating and location are also investigated.

For validation purposes, time-domain simulations are conducted on benchmark models
using the ElectroMagnetic Transients program (EMTP-RV). The results of the investigations
carried out in this thesis reveal that DFIG -based wind farm has an effect on the generator distance
phase backup protection that leads to error in measured impedance by the generator distance phase
backup protection element. This effect varies according to fault type, fault location, generator

loading, power flows on transmission lines as well as DFIG-based wind farm rating and location.
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1. INTRODUCTION

1.1  Wind Energy

Growth in energy demands in conjunction with the raising awareness of environmental
impacts of traditional generation sources has resulted in increase of the integration of renewable
energy resources with existing power systems. As a result, large scale wind farms are being
adopted as green sources in transmission networks. With the rapid advancement in technology of
power semiconductor switching devices, grid integration of large renewable energy sources is now
achievable. As of the end of 2015, over 250,000 wind turbines are operating around the world,
with a total capacity of 432,883 MW [1]. There are some large wind farms worldwide such as the
6000 MW Gansu wind farm in China, the 1500 MW Muppandal wind farm in India, and the 1320
MW Alta (Oak Creek-Mojave) wind farm in the United States [2].

1.2  Wind Turbines

Wind turbines generate electricity through an electrical generator driven by the power of
wind [3]. Typical types of wind turbines are small scale (less than 10 kW output capacity),
intermediate scale (10 to 250 kW output capacity) and large scale (250 kW and upper output
capacity) [4]. As the increased amount of renewable energy sources and distributed generators
employed into existing power systems, large scale wind power still lies in the future for many
countries because if there are large amounts of intermittent energy sources in the system, new

capacity with lower investment costs, such as wind power, will be favored [5].

For wind turbine application, there are basically two types of generators in use: fixed speed
wind generator and variable speed wind generator [6]. Due to limitations like poor power quality
and low efficiency, the further application of fixed speed induction generators is limited.
Meanwhile, variable speed wind generators allows operating wind turbine at optimum tip speed
ratio and, therefore, optimum power efficiency for wide range of wind speed [7]. As a result,
variable speed wind generators are widely used nowadays. Most of the major wind turbine
manufacturers are developing new megawatt scale wind turbines based on variable-speed
operation with pitch control using either a permanent magnet synchronous generator (PMSG) or a
doubly fed induction generator (DFIG) [8]. Furthermore, different kinds of power electronics

devices might be attached to variable speed wind generators due to different control strategies.



1.2.1 Doubly-fed induction generator wind turbine

A typical structure of a doubly-fed induction generator (DFIG) wind turbine is shown in
Figure 1.1 [9]. The stator of the induction machine is directly connected to the grid while the
wound rotor windings are connected to the grid through both slip rings and indirect AC/DC-
DC/AC converter system which controls the rotor as well as the grid currents.

Windmill

Stator power
> Grid

Slip rings
Step down
Transformer

converter converter

AC/DC _|_ DC/AC
1

Rotor power

Figure 1.1: Typical structure of a DFIG wind turbine.

Depending on the rotational speed of its generator, a DFIG system can either deliver power
through the stator and rotor to the grid or absorb power from the grid through the rotor. When
operating above synchronous speed, power from the rotor travel through the converters and flows
into the grid. And when operating below synchronous speed, power from the grid flows into the

rotor through the converters [3].

Nowadays, the existence of wind farms in the power grid is posing new challenges to the
power system protection systems. Examples of these protection systems are transmission line
protection, bus bar protection, and generator protection [11]. This research focuses mainly on the

generator distance phase backup protection.
1.3 Generator Distance Phase Backup Protection

Backup protection is defined as “protection that operates independently of specified
components in the primary protective system” [10]. It may duplicate the primary protection, or

may be intended to operate only if the primary protection fails or is temporarily out of service.



Typically there are two types of backup protection that might be chosen for a generator:
backup of relays protecting the generator protection zone and backup of relays protecting external
zones. Two types of relays are commonly used: a distance type of Relay (21) or a voltage
restrained/voltage-controlled time-overcurrent Relay (51V). In such an application, the choice of
the relay type is usually a function of the type of relaying used on the lines connected to the
generator. In order to simplify zones coordination, the distance backup relay is used where
distance relaying is used for line protection, while the overcurrent type of backup relay is used

where overcurrent relaying is used for line protection [10].

1.3.1 Distance Relay Characteristics

Distance relay is a generic term covering those forms of protective relays in which the
response to the input quantities is primarily a function of the electrical circuit distance between the
relay location and the fault point. The distance relay operates on the principle of comparing the
voltage and current to obtain a measure of the ratio between these quantities. The relationship
between the observed voltage and current is measured to determine if the total impedance seen by
the relay corresponds to a trip region of the complex R-X plane. The interaction between the
measured voltage and current are displayed in the R-X plane as a circle that either goes through
the origin or is offset from passing through the origin by a prescribed amount. The measured
quantities literally compute the impedance seen from the relay to the fault, which constitutes a

distance measurement [11].

Distance relay (21) (Relay (21)) is designed to adjust a maximum impedance seeing in order
to form a threshold for tripping. These relay thresholds are often plotted in Z plane such as Figure
1.2 [12], as an example of a relay with three zones of protection, illustrating a circular characteristic
passing through the origin, commonly known as a “mho” characteristic. Relay measurements that
fall close to the origin and inside the specified threshold setting are identified as faults for which
the relay should operate and vice versa. Normally, time delays are set to Relay (21) output tripping
signals if the fault is determined in zone 2 or 3. This ensures the distance relay to act as backup
protection for adjacent lines as well as allows primary line protective devices operate first.
Protective zones of distance relays are usually divided into three as shown in Figure 1.2: zone 1
(Z1) protects 85% of the line while zone 2 (Z2) covers 150% of the line, and zone 3 (Z3) covers
225% [13].



Direction of Line
Impedance

» +R
Figure 1.2: Distance protection zones in the Z plane.

One zone of Relay (21) with a mho characteristic, as shown in Figure 1.3, is commonly used
for system distance phase backup protection. The origin of the plot in Figure 1.3 is defined by the
location of the voltage transformer (VT). The angle between the R-axis and the line drawn through
the center of the characteristic circle and the origin is the maximum torque angle (MTA) of the
relay. The relay reach is the length of the vector drawn from the origin with an angle equal to the
MTA to the circumference of the circle (OL, Figure 1.3). Furthermore, for Relay (21), both of the
relay reach and the MTA are settable parameters [12].

1 X, Ohm

Relay (21) reach

R. Qhm

Figure 1.3: A mho distance relay characteristic.



1.3.2 Distance Relay Operation

The application of Relay (21) as generator distance phase backup protection is shown in
Figure 1.4. When a fault is detected inside Relay (21) protective zone reach, Relay (21) would
operate, outputting a tripping signal to isolate the generator from the fault. This protects the
generator from any fault that failed to be cleared by other primary line protection elements such as

circuit breakers.

G CT. | %g B ‘D Transmission line D‘I
Ay

p— @ VT i

Figure 1.4: Relay (21) employed as generator distance backup protection.

1.4  Generator Capability Curve

A generator capability curve (GCC) is a plot of apparent power capability (MVA) at
generator rated voltage using active and reactive power (MW and MV AR) as the two principle
axis. A capability curve separates the region of safe operation (inside the curve) from the region
of unsafe operation (outside the curve) [14]. The construction of a capability curve for the lagging
region follows the guide provided in IEEE Std 67 [15]. The loading on generator should not exceed
the generator rating as it may lead to overheating of stator. Generator operation should be away
from steady state stability limit and generator field current should not exceed its limiting value as
it may cause rotor heating. All these limitations provides performance curves which are important

in practical applications [16].

The capability curve of a turbogenerator (cylindrical rotor synchronous machine), as shown
in Figure 1.5, is a composite of three distinct limits (A-B, B-D and D-E). The upper boundary of
the curve (A-B) is the rotor field thermal limit specified at a dc current rating. Given that the
synchronous generator terminal voltage is one per unit, this boundary is often approximated by an
arc with a center at a value equal to 1/Xs in per unit on the negative y axis (the MVAR axis) and a
radius of E+/Xq where E; is the internal or rotor field excitation voltage. The right hand boundary

(B-D) is the synchronous generator stator current limit. The center of the arc defining this limit is



the origin while the radius is one per unit. The lower boundary (D-E) is the end iron heating limit
(heating in the end laminations of the stator core) which occurs during leading power factor,
underexcited operating conditions. The boundary (A-C) represents the generator steady-state
overexcited capability (GOEC) limit [12].

1.5 Coordination between Relay (21) and GOEC

Relay (21) has to operate within the GOEC limit with an adequate range for overload and
stable power swings. Hence, it is necessary to coordinate the GOEC limit with Relay (21)
characteristic so that both curves can be shown in one plot and taken into consideration when
setting Relay (21). In order to coordinate the two curves, GOEC limit should be converted to an
R-X plot. Figure 1.6 illustrates this conversion where the Relay (21) current transformer and the
voltage transformer ratios (R¢/Ry) convert the primary ohms to the secondary side quantities that
are set within the relay while the kV is the rated voltage of the generator and the MV A is the rated
power of the generator [18], [19].

Stator End Core

Limit
Figure 1.5: Generator capability curves for turbogenerators.



X, Ohm

R, Ohm

Figure 1.6: Transformation of a P-Q plot to an R-X plot.

1.6 Research Objective and Scope of the Thesis

An intensive effort to increase the participation of renewable sources in the fuel and energy
balance has resulted in the growth of wind farms connected to the power system at both the
distribution network (up to 66 kV) and the high-voltage (HV) transmission network (above 138
kV) [20]. Wind speed varies continuously throughout the day resulting in fluctuating wind farm
output power. Because of the unpredictable variation of the wind speed, the transmitted power
and relay side voltage and current (with respect to grid voltage and current) vary accordingly. Such
variation of voltage and current due to the incorporation of wind energy into power system is
posing new challenges to power system protections, such as generator distance phase backup

protections, in which impedance criterion is used for operation decision making.

The impact of wind farms on transmission line protection has been recently investigated.
Adaptive protection schemes for power systems with wind farms are proposed to mitigate the
effect of the variations of the wind-farm power output on the relay reach setting [21]-[24]. The
effect of DFIG-based wind farms on the low-voltage ride through on transmission line distance
relay performance is studied in [25]. The results of these studies reveal that the reactive power

absorbed by the DFIGs leads to protection miss-coordination of the distance relays [26]-[28].

Until now, no research has been reported on the impact of large wind farms on generator
distance phase backup protection. The main objective of this research work is to investigate the

impact of large DFIG-based wind farms tapped to the transmission system on the performance of
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the generator phase backup protection (distance relay (21)). This is achieved through
incorporating a large DFIG-based wind farm into a typical power system and examining Relay
(21) performance during line-to-line and three-phase faults at different fault locations for different

generator loadings, transmission line power flows, wind farm location and wind farm rating.

This thesis is organized into four chapters, a list of references section and three appendices.
Chapter 1 introduces the fundamentals of wind energy, DFIG-based wind farm. Brief
introductions to generator distance phase backup protection and generator capability curve are also
presented as well as this objective of research.

In Chapter 2, the system under investigations conducted in this thesis is introduced along
with the detailed dynamic models of its individual components. Besides, a sample case of study
is presented at the end of this chapter.

Chapter 3 demonstrates the impact of DFIG-based wind farm on Relay (21). The effect of
multiple DFIG-wind farms is also investigated.

Chapter 4 summarizes the research described in this thesis and presents some conclusions.
The data of the systems under investigations are given in Appendix A.
Relay setting calculations are presented in Appendix B.

Results for the case studies that are not reported in Chapters 3 are given in Appendix C.



2. POWER SYSTEM MODELING FOR LARGE
DISTURBANCE STUDIES

2.1 General

In this chapter, the system used for the studies reported in this thesis is described and the
mathematical models of its various components are presented. Digital time-domain simulations
of a case study of the system during three-phase and line-to-line faults are presented at the end of

this chapter.
2.2 System under Study

The system used in the investigations of this thesis is shown in Figure 2.1. It consists of a
700 MVA thermal generating station connected via a transformer to two large systems (S1 and S»)
through two 500 kV transmission lines designated as Liand L.. A DFIG-based wind farm is
tapped to L, at bus M. The composition, rating, operating wind speed and power output of the
wind farm are given in Table 2.1 and the system data are given in Appendix A. Faults are assumed
to occur on Ly at F1, F> and Fs at distances 100 km, 200 km and 300 km respectively from Bus M.

Dynamic simulation studies on this test system are conducted using the EMTP/RV.

DFIG-based Wind Farm
\

T

L,, 500kV, 400 km 100 km
@'m . o I<—E¢ 700 MVA,
Fs F, Fy Bus M —@— Ry —@
(s °
L,, 500 kV, 200 km

Figure 2.1: System under study.




Table 2.1: Wind Farm Composition.
Wind farm Rating, operating speed and output power

DEIG Aggregated model of 400 x1.5 MW wind turbines, wind speed
= 11.24 m/s, power =~ 583 MW.

2.3 Power System Modeling

The nonlinear differential equations of the system under study are derived by developing
individually the mathematical models which represent the various components of the system,
namely the synchronous generator, the DFIG-based wind farm, the excitation system, the
transmission line and the two large systems. Knowing the mutual interaction among these models,

the whole system differential equations can be formed.

2.3.1 Modeling of the synchronous machine

In a conventional synchronous machine, the stator circuit consisting of a three-phase
winding produces a sinusoidally space distributed magnetomotive force. The rotor of the machine
carries the field (excitation) winding which is excited by a dc voltage. The electrical damping due
to the eddy currents in the solid rotor and, if present, the damper winding is represented by three
equivalent damper circuits; one on the direct axis (d-axis) and the other two on the quadrature axis
(g-axis). The performance of the synchronous machine can be described by the equations given
below in the d-q reference frame [29]. In these equations, the convention adopted for the signs of
the voltages and currents are that v is the impressed voltage at the terminals and that the direction
of positive current i corresponds to generation. The sign of the currents in the equivalent damper
windings is taken positive when they flow in a direction similar to that of the positive field current

as shown in Figure 2.2.

With time t expressed in seconds, the angular velocity @ expressed in rad/s

(e, =377rad/sec) and the other quantities expressed in per unit, the stator equations become:

1dY, o
=— -——WY, —R. 2.1
d wo dt a)o q a'd ( )
d¥
e, =—— 1+ 2y R, 2.2)
@, dt o,
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Figure 2.2: Modeling of the synchronous machine in the d-q reference frame.

The rotor equations:

1 d¥ .
€ = ° + Rl (2.3)
@, dt
1 d¥ .
= ——% + Ry (2.4)
o, dt
1 d¥, )
= a)_o—dtq + Ryl (2.5)
1 d¥, )
oy el 26)

The stator flux linkage equations:
Wy =—Lyly + Lagl + Laghy (2.7)

W, =L, + Ll + Ly, (2.8)
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The rotor flux linkage equations:
Wiy =Ll + Laghy — Lagly

Wi = Laglig + Lighg — Lagly

Fig = Ligliy + Laglag — Laglg

aghg T Lzquzq - Laqlq

Yy, = L
The air-gap torque equation:

TELEC :lPdiq _\Pqid

(2.9)
(2.10)
(2.11)

(2.12)

(2.13)

The overall differential equations which describe the transient performance of the

synchronous machine are given by the following matrix equation:

where
[Xsyn]:[id iq g i1q Iy izq]T
[At syn ] = [L]il [Qt]

[Btsyn ] = [L]il[Rt]

-, 0 L, 0 L, O

0o -L, 0 L, 0 L,
[L] _ - Lad 0 Lffd 0 Lad 0
0 -L, 0 L, 0 L,

L, 0 L, 0 L, O

dX td
{ dtsy,, } = [at,,, X0+ [Bt.. ] Ve

0 -L, 0 L, 0 Ly

12

(2.14)

(2.15)



o,R, —al, 0 ol 0 ol |
oLy o,R, -oal, 0 -l 0
[ot] 0 0 —wyRy 0 0 0
=1 0 0 —oyRy, 0 0
0 0 0 0 —wyRyq 0
0 0 0 0 0 — Ry,
(w, 0 0]
0 w, O
0 O
[Rt]= w(’
0 0 O
0 0 O
0 0 0

here, the superscript T means matrix transpose.

The synchronous machine swing equation can be written as:

2H dw

———=TmecH ~TELEC (2.16)
o, dt

do

G =@ % (2.17)

In the above two equations (2.16 and 2.17), @ is in radians per second, the inertia constant

H is in seconds, and the load angle ¢ is in radians, @, is the synchronous frequency (377 rad/sec)

and the mechanical and electrical torques Tvecn and TeLec are in per unit.

2.3.2 Modeling of the transmission line

A series capacitor-compensated transmission line may be represented by the RLC circuit
shown in Figure 2.3 [30]. In the voltage phasor diagram shown in Figure 2.4, the rotor angle &
is the angle (in elec. rad) by which the g-axis leads the reference voltage V,. The differential
equations for the circuit elements, after applying Park’s transformation [30], can be expressed in

the d-q reference frame by the following matrix expressions.
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Vi VR Vi

Figure 2.3: A series capacitor-compensated transmission line.

The voltage across the resistance:

Vi R 0 |iq
{Vqu| :|: 0 RL:||:iq:| (218)

The voltage across the inductance:

Figure 2.4: Voltage phasor diagram.

y 0 —2x |4 | X o b
| o, g o, dt
Lg — X, 0 a 0o —||—
a)O a)o dt
The voltage across the capacitor:
dVe, _
dt _ @, XC 0 Id + 0 @ VCd (220)
dVe, 0 @Xelllg| |~ 0]V
dt
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The overall equations of the transmission line can be written as

where

diy

q

- [Att]R/Cd } +[Rt1] Oﬂz * [thl{:d } +[Btt ][V, ]

_dVCd_
dt
Ve,
dt
Vig -
Vi |
0 w
-o 0
[Att]= Lo
0 1
[0 0
0 0
X
[Rtl]=| — 0
W,
0o X
L )
WX ¢
0
[Rt2]=| R,
[0]
_XL
| @o
0
0
[Bit]=| .
sind
CcoSo

dt

(2.21)

(2.22)

It is worth noting here that if the transmission line is not series capacitive compensated, the

capacitive reactance and the voltage across the capacitor are set to zero in Equations (2.20, 2.21

and 2.22).
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2.3.3 Excitation system

The block diagram representation of the excitation system used in this study is shown in

Figure 2.5, and the corresponding data are given in Appendix A [30].

Lim_max

Eref + KA ER 1 /
+ 1#sTa | | KesT / g
Ess Liﬁ_min
Vi sKee |
1+sTee D

Figure 2.5: Block diagram of the excitation system.

Efd

Utilizing the relationship between the excitation system output voltage and the field voltage

. L . o . .
given by E,, = =% e, , the state-space equation of the excitation system can be derived from its

fd

block diagram and is given by

dt

where
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V’[
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R
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L TETF Rfd TFTE TF_
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2.3.4 Modeling of the transformer
The three-phase transformer is constructed by using three single-phase transformers
connected in Delta (LV side)/Y grounded (HV side). The transformer leakage and magnetizing

reactances as well as the winding resistances and core loss are represented in the model.

2.3.5 Modeling of the DFIG Wind Turbine

The basic configuration of a DFIG wind turbine is shown in Figure 2.6, where the stator of
the induction machine is directly connected to the grid and the wound rotor is connected to the
grid through a back-to-back (BtB) link. The BtB link consists of two, three-phase pulse-width
modulated (PWM) VSCs (Rotor-Side Converter (RSC) and Grid-Side Converter (GSC)) coupled
to acommon dc bus. A line inductor and an ac filter are used at the GSC to improve power quality.
A crowbar is used as a backup protection device. Details of DFIG wind turbines mathematical

modeling and control are given in [31].

Windmill
Stator power
> Grid
Gearbox
Slip rings Step down
transformer

__________________ ” i
_________________ T 4@ % ‘H;—% Rotor power

Crow-bar Rotor-Side Grid-Side
Converter Converter

Figure 2.6: Schematic diagram of a DFIG wind turbine.

The aggregated model of 1.5 MW, 60 Hz DFIG wind turbines in [3] is used in this thesis.
The model includes a pitch control to limit the maximum speed, a dc resistive chopper to limit the
dc voltage and avoid the crowbar ignition during ac faults, a two-mass model to represent low
frequency oscillations of the wind turbine drive system and over/under voltage protection. The

DFIG converters are modeled with their average value models (AVMs) [32],[33].
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2.3.6 Modeling of the two Large Systems
The two large systems, S; and S, are modeled by constant voltage source at the synchronous

frequency behind a very small inductive reactance.
2.4 A Sample Case Study

In the studies conducted in this thesis, the ElectroMagnetic Transient Program (EMTP-RV)
is used for modeling the various system components and producing the time-domain simulation
results [34]. Due to the initialization process in the EMTP-RV, simulation results are displayed

starting at time = 1.9 seconds. Moreover, faults are assumed to occur at t = 2 seconds.

Figure 2.7 shows the power flow results for the bus voltages and the line real power flows
of the system under study. The transient time responses of the generator real power output and
speed, the DFIG-based wind farm real power output, bus M voltage and the real power flows in
the transmission lines during and after clearing three-cycle, three-phase and line-to-line faults at
F1 are shown respectively in Figures 2.8 and 2.9. Figures 2.10 and 2.11 show the same transient
time responses for the cases of sustained three-phase and line-to-line faults at the same location.

Such sustained faults are due to failures in the transmission line protection.

[Wind Farm
T
V =120°p.u. 583 MW i Bus 1
400 MW
Fi BusM —@- Rax @
V=1£23.1°p.u. T1 476 MW

76 MW i
‘_—
{H
@—|ﬂ V = 1.04224.1° p. .

Figure 2.7: Load flow results of the bus voltages and real power flows of the system under study.

The following observations can be made from examining Figures 2.8 and 2.9 (successful

fault clearings):
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® The system is stable after fault clearing for both types of faults as the generator power and
speed oscillate around their pre-fault steady-state values. The power flows on the transmission
lines and the wind farm terminal voltage drop immediately at the instant of fault inception but
recover after fault clearing.
1000
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.5
_700 1 1 1
1.9 2.3 2.7 3.1 3.5
Time, s
1.009
S
S 1
8@
0991 L L I
1.9 2.3 2.7 3.1 35
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750
=
=
0425 |
a
o
100 ' ' '
1.9 2.3 2.7 3.1 3.5
Time, s

Figure 2.8: Transient time responses of generator real power output, generator speed, DFIG-based

wind farm real power output, bus M voltage, real power flows in L1 and L during and
after clearing a three-cycle three-phase fault at F.
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Figure 2.9: Transient time responses of generator real power output, generator speed, DFIG-based

wind farm real power output, bus M voltage, real power flows in L1 and L during and
after clearing a three-cycle line-to-line fault at F1.
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Figure 2.10: Transient time responses of generator real power output, generator speed, DFIG-
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Figure 2.11: Transient time responses of generator real power output, generator speed, DFIG-

based wind farm real power output, bus M voltage, real power flows in L1 and L.
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The following observations can be made from examining Figures 2.10 and 2.11

(unsuccessful fault clearings):

® In the case of a three-phase fault, the system loses its stability as the generator speed is
increasing and its real power exhibits a low frequency sustained oscillations.

® Inthe case of a line-to-line fault, the generator real power also exhibits sustained oscillations
with a low frequency of 120 Hz.

® The system loses its stability as the generator speed is increasing and the real power exhibits

sustained oscillations.

2.5 Summary

This chapter introduces the system used for the studies reported in this thesis and presents
the mathematical models of its various components. A digital time-domain simulations of a case
study of the system during three-phase and line-to-line faults is also presented and some
observations are noted. As it has been shown in the study case that a failure in clearing a fault due
to a malfunction in the transmission line relaying may result in system instability, a generator phase

backup protection is a necessity.

27



3. IMPACT OF DFIG-BASED WIND FARMS ON
GENERATOR DISTANCE PHASE BACKUP
PROTECTION

3.1 Introduction

In this chapter, investigations are carried out to explore the effect of DFIG-based wind farms
on the performance of generator phase backup protection (Relay (21)). In this context,
comparative studies between the relay performance with and without the presence of the DFIG-
based wind farm during line-to-line and three-phase faults are presented. The effects of fault
location, generator loading and power flows on the transmission lines on the relay performance

are also investigated in this chapter.
3.2 Setting of Generator Phase Backup Protection (Relay (21))

When a distance relay is employed to provide phase backup protection for transmission
system faults, the effect of the system infeed current must be considered since the system infeed
current increases the impedance of the faulted line seen by Relay (21). This increase happens
because Relay (21) current and the faulted line current are not at the same value. The effect of the

infeed current is incorporated in the power system of Figure 3.1.

A

— lline1

— lline2

Generator

,«CAT ﬁ’.vﬂgg — P

- 3 E - & (
iA ﬁ, I Fault
IRy

Figure 3.1: Apparent impedance measurement with system infeed currents.

With the infeed current, the voltage at the relay, V21, during a three-phase fault at point P is:
V21 :Zt121 +ZSlIf (3.1)

where Z; = R; + jX,, is the transformer series impedance (R, = winding resitance, X; = leakage

reactance) and Zy is the transmission line series impedance.

The impedance seen by the relay, Z»: is given by:
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V. Xelyy +Zgl I
Zy == = X+ 2 (32)
121 121

It can be observed that the “apparent impedance” of the line is determined by the ratio of
the fault current to the relay current. Thus, this configuration apparent impedance would
necessitate a much larger reach for Relay (21) to detect a fault than that calculated for a radial

system with no system infeed current.

As a phase backup protection for generators, Relay (21) elements are usually set at the

smallest of the following three criteria [35], [36]:

1. 120% of the longest line with system infeed currents.
2. 50% to 67% of the generator load impedance at the rated power factor angle (RPFA) of the

generator.
3. 80% to 90% of the generator load impedance at the maximum torque angle (typically 85°).

Relay (21) settings based on these criteria are given in Table 3.1 and the detailed calculations
are presented in Appendix B. A time delay of 1 second for the relay elements is considered in the

investigations reported in this thesis to provide the proper coordination with the transmission line

backup relays.
Table 3.1: Relay (21) settings based on the three criteria.
Criterion Relay (21) setting
o Do .
1 ‘120A) of the longest transmission line with system Z,, = 18.9425 O
infeed
50% to 67% of the generator load impedance (Zioaq) >0%, 2y =12.518 Q
2 | at the rated power factor angle (RPFA) of the | 60%, Z,1 = 15.022 Q
generator. 67%, Z,, = 16.7741 Q
o .
3 90/({ of the generator load impedance at the Z,, = 17.9180
maximum torque angle (85°)

Since the largest reach of Relay (21) should not exceed the GOEC limit, Figure 3.2
coordinates Relay (21) maximum reach and the GOEC limit. It can be observed that for this
research, the maximum reach of Relay (21), namely Zmax, which is 90% of the generator load

impedance at the maximum torque angle, is still inside the GOEC limit. Note that the smaller
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circles, namely Z1 so% and Z>1 e7%, are the actual relay settings used in Sections 3.3 and 3.4. It

can be seen that both reaches are within the GOEC limit.

21
14
c
X ;
7 B l‘\
0
-10 -3 4 11 18

R, Q

Figure 3.2: Coordination between Relay (21) and the GOEC limit.
3.3 Setting Relay (21) According to 50% of the Generator Load Impedance at the Rated

Power Factor Angle of the Generator

As it can be seen from Table 3.1, Criterion 2 yields the smallest relay reach. Therefore, in
the investigations conducted in this thesis, Relay (21) is set according to this criterion at 50% of
the generator loading impedance at RPFA of the generator which yields to Z»; = 12.52 Q at
MTA = 85°. It is worth noting here that the effect of setting Relay (21) at another value within the
50% to 67% zone is discussed at the end of this chapter.

3.3.1 Performance of Relay (21) at 65% of the generator loading
At this loading, the generator delivers 364 MW and 273 MVAR to systems S; and Sz. The
bus voltages and real power flows under this operating condition are shown in Figure 3.3. As it

can be seen from this figure, most of the generator real power output flows in L;.

Figure 3.4 illustrates Relay (21) tripping signal, transient time responses of the generator

active and reactive powers as well as the active and reactive power flows from Bus 1 to Bus M
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during a line-to-line fault at F; for the case of no wind farm in the system. Figure 3.5 depicts the
same responses in addition to the measured impedance trajectories of Relay (21) for the case of a
DFIG-based wind farm at Bus M. The corresponding responses for the case of a three-phase fault

at Fi are illustrated respectively in Figures 3.6 and 3.7.

[ Wind Farm
V =140°p.u. T>
583 MW us 1
360 MV\P
‘__

° - 7 3 ™
( : )‘D |
L
Fy F, F Bus M 1 _@_ Rai @
V =14£24.1°p.u. T
4 MW L 364 MW

@% ——q
L | v=104z241°p.0

Figure 3.3: Load flow results of the bus voltages and real power flows of the system under 65%
generator loading.

In response to the sudden system voltage drops caused by the high reactive power
requirements due to the fault, the generator field current increases and results in an increase in the
generator reactive power output (Qgen) as shown in Figures 3.4 to 3.7. Regarding the DFIG-based
wind farm, the occurrence of the fault activates the grid and roter-side converters protection system
which causes the crowbar to isolate the converters. As a results, the DFIG-based wind farm
operates as an induction generator and starts to absorb a large amount of reactive power from the

system (negative values of Qprig) as shown in Figures 3.5 and 3.7.

The performance of Relay (21) during the two types of faults can be evaluated by examining
its measured impedance trajectories depicted in Figures 3.5 and 3.7 in the absence and presence of
the DFIG-based wind farm. It can be seen from these figures that these trajectories penetrate and
stay inside the relay zone enough time to cause the relay to trip at t = 3.015 seconds. It can also
be seen that the presence of the DFIG-based wind farm does not result in appreciable difference in

Relay (21) performance in the cases of line-to-line and three-phase faults at F;.
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Figure 3.4: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a line-to-line

fault at Fi (no wind farm in the system).
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Figure 3.5: Relay (21) measured impedance trajectory and its tripping signal, transient time
responses of generator active and reactive powers, active and reactive power flows
from Bus 1 to Bus M, DFIG-based wind farm active and reactive powers during a
line-to-line fault at F.
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Figure 3.6: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a three-phase
fault at Fi (no wind farm in the system).
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Figure 3.7: Relay (21) measured impedance trajectory and its tripping signal, transient time
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Figure 3.7: Continued.

Figure 3.8 illustrates the transient time responses of the generator active and reactive powers
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as well as the active and reactive power flows from Bus 1 to Bus M during a line-to-line fault at

F> when there is no wind farm in the system. After connecting the DFIG-based wind farm at Bus

M, Figure 3.9 depicts Relay (21) measured impedance trajectories, transient time responses of the

generator active and reactive powers, active and reactive power flows from Bus 1 to Bus M as well

as the DFIG-based wind farm active and reactive powers during the same line-to-line fault at F».

Figures 3.10 and 3.11 show the same trajectories, signals in conjunction with transient time

responses for the case of a three-phase fault at the same location.

The comparison between Figures 3.8 to 3.11 and Figures 3.4 to 3.7 yields the following

observations:

The system transient time responses to faults at F> are similar to the cases of faults at F;.

As F> is far distant from the generator bus than Fi, the sudden voltage drops in the
generator terminal voltage are less than those during faults at Fi. Therefore, the
generator reactive power outputs during the faults are less than those in the cases of

faults at F;.

The following observations are also noted from Figures 3.9 and 3.11:

Relay (21) measured impedance trajectories during faults at F» penetrate momentarily
the relay reach then stay outside it. For this reason, the relay does not issue a trip signal

for faults at F».

For the case of a line-to-line fault at F», Figure 3.9 shows that with the presence of the
DFIG wind farm, the measured impedance trajectory moves a little closer to the relay
reach. This, however, will not result in a tripping signal as the trajectory is still outside

the relay reach.

For the case of a three-phase faults, Figure 3.11 shows that the presence of the DFIG-
based wind farm results in a slightly larger relay measured impedance. This makes the

impedance trajectory to travel further outside the relay reach.
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Figure 3.9: Relay (21) measured impedance, transient time responses of generator active and
reactive powers, active and reactive power flows from Bus 1 to Bus M, DFIG-based

wind farm active and reactive powers during a line-to-line fault at F.
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Figure 3.9: Continued.
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The impact of the same faults on Relay (21) performance is also investigated for the fault
location F3. The results of these investigations, which are very similar to the cases of faults at F»,

are shown in Appendix C.
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3.3.2 Performance of Relay (21) at 75% of the generator loading

At this loading, the generator delivers 420 MW and 315 MVAR to systems S; and S». Figure
3.12 illustrates Relay (21) tripping signal, transient time responses of the generator active and
reactive powers as well as the active and reactive power flows from Bus 1 to Bus M during a line-
to-line fault occurs at F; when there is no wind farm in the system. Figure 3.13 depicts Relay (21)
measured impedance trajectories, Relay (21) tripping signal, transient time responses of the
generator active and reactive powers, active and reactive power flows from Bus 1 to Bus M as well
as the DFIG-based wind farm active and reactive powers during the same line-to-line fault at F;
with the DFIG-based wind farm connected to Bus M. Figures 3.14 and 3.15 show the same
trajectories, signals in conjunction with transient time responses for the cases of three-phase fault

at the same location.
The comparison between Figures 3.4 to 3.7 and Figures 3.12 to 3.15 shows that:

e The generator experiences the similar increase in the reactive power output as in the
case of 65% generator loading for the same fault type and location. And it can be seen
from Figures 3.13 and 3.15 that the grid and rotor-side converters protection system of
DFIG-based is activated by the faults since the DFIG-based wind farm starts to absorb
a large amount of reactive power from the system (negative values of Qprig) after the

occurrence of faults.

By examining the impedance trajectories shown in Figures 3.13 and 3.15, it can be seen that:

e The performance of Relay (21) during the two types of faults is not significantly affected
by the DFIG-based wind farm since the trajectories stay inside relay zone and make

relay trip at t = 3.015 seconds in the absence and presence of the DFIG-based wind farm.

The comparison between Figures 3.13 and 3.15 to Figures 3.5 and 3.7 reveals that:

e The relay measured impedance decreases as the generator loading increases as the
trajectories in Figures 3.13 and 3.15 penetrates slightly further into the relay zone than
those in Figures 3.5 and 3.7.
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: Relay (21) tripping signal, transient time responses of generator active and reactive
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fault at Fi (no wind farm in the system).
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Figure 3.16 illustrates the transient time responses of the generator active and reactive
powers as well as the active and reactive power flows from Bus 1 to Bus M during a line-to-line
fault at F> when there is no wind farm in the system. Figure 3.17 depicts the same responses in
addition to the measured impedance trajectories of Relay (21) for the case of a DFIG-based wind
farm at Bus M. Figures 3.21 and 3.22 show the same trajectories, signals in conjunction with
transient time responses for the cases of three-phase faults at the same location. It can be observed

through comparing Figures 3.16 to 3.19 with Figures 3.8 to 3.11 that:

e The responses of generator output and system load flow to the sudden system voltage
drops caused by the high reactive power requirements due to the faults are similar to

those presented for the 65% generator loading cases.

e The DFIG-based wind farm still operates as an induction generator just after the

occurence of faults as in the cases for 65% generator loading.

e Relay (21) measured impedance trajectories under 75% generator loading travels more
within the relay zone than those in the 65% generator loading cases but only at a small
degree. Even with these changes, the relay operations during and after the faults are the

same as introduced in cases of 65% generator loading.
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Figure 3.16: Transient time responses of generator active and reactive powers, active and reactive
power flows from Bus 1 to Bus M during a line-to-line fault at F> (no wind farm in
the system).
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Figure 3.19: Continued.

The impact of the same faults on Relay (21) performance is also investigated for fault
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location F3. The results of these investigations, which are very similar to the cases of faults at F»,

are shown in Appendix C.

3.3.3 Performance of Relay (21) at 85% of the generator loading

At such a setting, the generator delivers 476 MW and 357 MVAR to systems S; and S,.
Figures 3.20-3.27 depict the same transient time responses and impedance trajectories as it is
displayed in the 65% and 75% generator loading cases. From all the results it can be seen that
during the faults, the generator experience the same active power fluctuation, reactive power drop
for the same fault location as results gained from 65% and 75% generator loading cases. The
active and power flows on L vary with the generator output accordingly. As for the DFIG-based
wind farm, its absorbing of reactive power during the fault increases as the generator loading
increases. Relay (21) operations are same as those in 65% and 75% generator loading cases with

only a slightly smaller relay measured impedance than those with lower generator loadings.
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Figure 3.20: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a line-to-line
fault at Fi (no wind farm in the system).
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Figure 3.26: Transient time responses of generator active and reactive powers, active and reactive
power flows from Bus 1 to Bus M during a three-phase fault at F> (no wind farm in
the system).

67



21

14

X, Q

——85% generator
loading

——85% generator
loading & DFIG

Relay does
not trip
0 1
-6 0 6 12 18
R, Q
800
=
= 400 |
&
0 1 1
1.9 2.4 2.9 3.4
Time, s
1200
S
= 675 |
o
150 ' '
1.9 2.4 2.9 3.4
Time, s
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Figure 3.27: Continued.

3.3.4 Effect of the DFIG-based wind farm on Relay (21) measured impedance

In order to explore the impact of DFIG-based wind farm on Relay (21) measured impedance,
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the percentage error in the measured impedance (PEMI) by Relay (21) is used. In this regard,
PEMI is defined as:

|Zw | = 1Zy|cos(6y — By)

PEMI, % =1 X
o = 00 X oS (B — )

(3.3)

where Zy 40y and Zy, 26y, are respectively, the measured impedances by the relay without or with
the DFIG-based wind farm.

The impact of the DFIG-based wind farm is explained with respect to the variation of PEMI.
The larger the PEMI value is, the more severe the effect of the wind farm is. The results presented
in Figures 3.28 and 3.29 depict the effect of the DFIG-based wind farm on the relay measured
impedance for three-phase and line-to-line faults respectively. The following observations can

be stated from these figures.

3.3.4.1 Effect of the generator loading

For the same fault location, PEMI increases as the generator loading decreases in the cases

of line-to-line faults. For three-phase faults, PEMI increases as the generator loading increases.
3.3.4.2 Effect of the fault type

The PEMI caused by the DFIG-based wind farm due to line-to-line faults is higher than
those due to three-phase faults. In the cases of faults at Fi, the maximum value of PEMI is -5.47%
for line-to-line fault and 1.71% for three-phase fault. In the cases of faults at F», the maximum
value of PEMI is -7.43% for line-to-line fault and 2.13% for three-phase fault. In the cases of
faults at F3, the maximum value of PEMI is -9.56% for line-to-line fault and 3.82% for three-phase
fault.

3.3.4.3 Effect of the fault Location

PEMI decreases as the fault location varies from the upstream to the downstream of Li. For
both line-to-line and three-phase faults, the maximum values of PEMI are observed for faults at

Fs.
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Figure 3.29: PEMI for three-phase faults at different generator loading levels.
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3.3.5 Effect of the transmission line power flows

In all the previous study cases, it is assumed that most of the generator real power output
flows in L as illustrated in Figure 3.3. In order to explore the effect of the transmission line power
flows on Relay (21) performance, the system power flow is adjusted such that most of the generator

real power output at 65% of its loading would flow in L2 as shown in Figure 3.30.

[ Wind Farm
V =140°p.u. T>
583 MW Bus 1
. H
| L
Bus M _@_ Ro1
V =147.2°p.u. T,

360 MW 364 MW
@ —g
L | v=1052127°p.w.

Figure 3.30: Load flow results of the bus voltages and real power flows of the system under 65%
generator loading.

Figure 3.31 illustrates Relay (21) tripping signal, transient time responses of the generator
active and reactive powers as well as the active and reactive power flows from Bus 1 to Bus M
during a line-to-line fault at F; when there is no wind farm in the system. After connecting the
DFIG-based wind farm at Bus M, Figure 3.32 depicts the same responses in addition to the
measured impedance trajectories of Relay (21). Figures 3.33 and 3.34 show the same trajectories,
signals in conjunction with transient time responses for the cases of three-phase fault at the same

location.

Through observing Figures 3.31 to 3.34, it can be seen that with only 4 MW flowing on L1,
the generator output, L1 load flow situations and the DFIG-based wind farm output during faults
are similar to those when 360 MW flow in L (shown in Figures 3.4 to 3.7). Relay (21) operation

and measured trajectories are not significantly affected by the presence of the wind farm.
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Figure 3.31: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a line-to-line
fault at Fi (no wind farm in the system).
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Figure 3.32: Continued.
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Figure 3.33: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a three-phase
fault at Fi (no wind farm in the system).
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Figure 3.34: Relay (21) measured impedance trajectory and its tripping signal, transient time
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Figure 3.34: Continued.

Different PEMI values under different L1 power flow conditions for line-to-line and three-
phase faults are shown in Figures 3.35 and 3.36. It can be seen that PEMI decreases as the power

flowing on L; decreases. This is true for both line-to-line and three-phase faults.
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Figure 3.35: PEMI for line-to-line faults at different L power flow conditions.
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Figure 3.36: PEMI for three-phase faults at different L, power flow conditions.
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3.3.6 Effect of the DFIG-based wind farm rating and location

In order to examine the effect of the DFIG-based wind farm rating and location on Relay
(21) performance, a 1200 MW wind farm (twice the rating of the original wind farm in Figure 3.3)
is assumed to be tapped to the middle of L; (Bus K, 200 km from bus 1) as shown in Figure 3.37.

[ Wind Farm

l
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I 4 M
® ¢ H
2 Bus K Bus M —@Z} R21 @

V=1£12.1°p.u. T,
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@lu —
L | v=1.042171°p.u

Figure 3.37: Load flow results of the bus voltages and real power flows of the system under 65%
generator loading.

From comparing Figures 3.38 - 3.41with Figures 3.8 - 3.11, the following observation are
noted:
e The DFIG-based wind farm still absorbs a large amount of reactive power during both

line-to-line and three-phase faults.

e For the case of a 1200 MW DFIG-based wind farm at Bus K, the generator loses its
stability during a three-phase fault at F,. Notice the system oscillations in Figure 3.41.

This in contrary to the case of a 600 MW wind farm at Bus M which is shown in Figure
3.11.

For the performance of Relay (21), in the cases of line-to-line faults, it can be seen by
comparing the trajectories in Figures 3.39 and 3.9 that:

e Relay (21) experiences a more significant effect caused by the DFIG-based wind farm

when its rating is raised from 600 MW to 1200 MW and moved from Bus M to Bus K

during the same fault at F».
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In cases of the three-phase faults, comparing Figures 3.41 and 3.11, it can be seen that:

Although the system goes out of step with the 1200 MW wind farm, the overall location

[ ]
of relay trajectories in two wind farm rating and location cases are still similar.
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Figure 3.39: Relay (21) measured impedance, transient time responses of generator active and
reactive powers, active and reactive power flows from Bus 1 to Bus K, DFIG-based

wind farm active and reactive powers during a line-to-line fault at F.
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Figure 3.40: Transient time responses of generator active and reactive powers, active and reactive
power flows from Bus 1 to Bus K, during a three-phase fault at F> (no wind farm in
the system).
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Figure 3.41: Relay (21) measured impedance trajectory, transient time responses of generator
active and reactive powers, active and reactive power flows from Bus 1 to Bus K,
DFIG-based wind farm active and reactive powers during a three-phase at F».
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3.4 Setting Relay (21) According to 67% of the Generator Load Impedance at the Rated
Power Factor Angle of the Generator

As mentioned in Section 3.3, Relay (21) elements are set at the smallest of the three criteria
outlined in Section 3.2. In the studies conducted in this thesis, the relay is set according to
Criterion 2 (50% to 67% of the generator load impedance at the rated power factor angle of the
generator). In Section 3.3, the impact of the DFIG-based wind farm on Relay (21) when the relay
is set at 50% of RPFA of the generator is studied. In order to fulfill the 50% to 67% margin, Relay
(21) protective zone reach is now set at 67% of RPFA of the generator, which yields to
Z>1 =16.77 ) at MTA = 85° (as shown in Appendix B).

Results from the cases due to a 16.77 Q relay setting is quite similar to those from the cases
due to a 15.52 Q, which have been detailed in Section 3.3. One difference is, instead of only trip
for faults at Fy in the 15.52 Q relay setting cases, in cases of the 16.77 Q relay setting, Relay (21)
trips for all line-to-line and three phase faults at Fi, F» and F3. And after connecting the DFIG-
based wind farm to Bus M, Relay (21) still trips for all faults. A full display of results for cases of
setting Relay (21) according to 67% of the generator loading impedance at the RPFA of the
generator can be found in Appendix C. Furthermore, same conclusions about effect of fault type,
fault location and generator loading as those revealed from Section3.3 can as well be draw from

results in Section 3.4.
3.5 Summary

In this chapter, the effect of the DFIG-base wind farm on the generator distance phase
backup protection element Relay (21) is presented. The investigations of such effect are carried
out through several case of studies of time-domain simulations for different fault type, fault
location, generator loading and Relay (21) setting. The main conclusions drawn from the results

of these studies are presented in Chapter 4.
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4. SUMMARY AND CONCLUSIONS

4.1  Summary

Due to the growth of interest in the use of renewable energy, many large wind farms have
been built and integrated into the power grid during the past few years in order to cope with the
environmental concerns, as well as the global energy shortage problem. Wind power is poised to
deliver an essential contribution to a clean, robust, and diversified energy portfolio. Capturing and
using this large and inexhaustible resource has the potential to mitigate climate change, improve

the environment, increase energy security, and stimulate the world economy.

Integration of large wind farms into the bulk power system presents multiple challenges to
power system operation and security. One particular challenge to the system security is the
misoperation of protective relays. This thesis reports the results of the investigations that were
carried out to explore the impact of large Doubly-Fed Induction Generator (DFIG)-based wind

farms on the performance of the generator distance phase backup protection (Relay (21)).

Chapter 1 briefly introduces the concepts of DFIG-based wind farm as well as generator

distance phase backup protection. The objective of the research is also presented in this chapter.

In Chapter 2, the system used in the studies conducted in this thesis is introduced and the
mathematical models of its components are presented. The results of digital time-domain
simulations of a case study for the system without the presence of wind farms during three-phase

and line-to-line faults are also presented in this chapter.

In Chapter 3, comprehensive studies are carried out to explore the effect of a large DFIG-
based wind farm tapped to the transmission system on the performance of generator distance phase

backup protection (Relay (21)).
4.2 Conclusion

The studies conducted in this thesis yield the following conclusions for the system under

study:

1. Large DFIG-based wind farms have the potential to adversely affect the existing

generator distance phase backup protection relays. Such an effect varies with the wind
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farm rating and location, generator loading, fault type, fault location and transmission

line power flows.

2. During line-to-line and three-phase faults, the occurrence of the fault activates the
DFIG-based wind farm grid and rotor-side converters protection system which causes
the crowbar to isolate the converters. As a result, the DFIG-based wind farm operates
as an induction generator and starts to absorb a large amount of reactive power from the

system.

3. The presence of DFIG-based wind farms and its contribution to the fault current during
system faults changes the measured impedance of Relay (21). This is due to the changes
in both the voltages and currents measured by the relay elements. Moreover, these
changes in the measured impedance vary with the fault type, fault location and generator
loading.

4. The highest error in the measured impedance of Relay (21) occurred at the lowest
generator loading, namely 65% of the rated MVVA. This is true for both line-to-line and

three-phase faults.

5. For the same setting of Relay (21), fault location and generator loading, the absolute
values of error in the measured impedance by the relay during line-to-line faults are

higher than those during three-phase faults.

6. In all the studied fault cases, the error in the measured impedance by Relay (21)
increases as the fault location varies from the upstream to the downstream of the

transmission line.

The studies conducted in this thesis give an insight on the impact of integrating a large
DFIG-based wind farm into the power system on generator distance phase backup protection. The
results of these investigations highlight the need for more research in this area, particularly for the

cases of multiple wind farms that are tapped to several transmission lines near generating stations.
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APPENDIX A

DATA OF THE SYSTEM UNDER STUDY

A.1 Synchronous Generator

Table A.1: Synchronous generator data.

Rating, MVA 700
Rated voltage, kV 22
Armature resistance, 7, , p.u. 0.0045
Leakage reactance, x; , p.u. 0.12
Direct-axis synchronous reactance, x4, p.u. 1.54
Quadrature-axis synchronous reactance, x4 , p.u. 1.50
Direct-axis transient reactance, x’q, p.u. 0.23
Quadrature-axis transient reactance, x’y , p.u. 0.42
Direct-axis subtransient reactance, x4, p.u. 0.18
Quadrature-axis subtransient reactance, x 'y , p.u. 0.18
Direct-axis transient open-circuit time constant, 7", , S 3.70
Quadrature-axis transient open-circuit time constant, 7”4 ,S 0.43
Direct-axis subtransient open-circuit time constant, 7”4 , s 0.04
Quadrature-axis subtransient open-circuit time constant, 7”4 ,s 0.06
Zero-sequence reactance, Xo , p.U. 0.36
Inertia constant, M, p.u. 2625.22013
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A.2 Transformers

Table A.2: Transformer data.

T1 (Generator )

T2 (Wind farm)

T3 (Wind farm)

Rating, MVA 700 600 1200
Rated voltage, kV 22/500 34.5/500 34.5/500
Resistance, 77, p.u. 0.0012 0.005 0.005
Leakage reactance, x7, p.u. 0.12 0.15 0.15

A.3 DFIG-based Wind Farm

Table A.3: Wind farm parameters.

Number of wind turbine generators

400

System frequency, Hz

60

Rated capacity of each wind farm generator, MVA

1.67

Rated capacity of turbine, MW

1.5

Generator rated voltage, kV

0.575

DC nominal voltage, V

1150

Number of poles

Average wind speed, m/s

11.24

94




A.4 Transmission Lines
All transmission lines have the same series impedance and shunt admittance per unit length.
Z7 L series = 0.0118 + j0.3244 Q/km
YT .Lshunt = 5.0512 ps/km

Transmission voltage = 500 kV
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APPENDIX B

CALCULATIONS OF RELAY (21) REACH

1. 120% of the longest line with system infeed currents:

The equivalent circuit of the system under study with infeed current is shown in Figure B.1.

X X,
V=1p.u.
Zrq —_I—G_—
LroraL Zr12 Zsy
— I
E ISZ
Figure B.1: Equivalent circuit of the system under study.

Transmission lines: 500 kV, Zz.;= 0.32461 £87.917°Q/km (B.1)
Li: 400 km, Zz..;= 129.844 £87.917 Q (B.2)
Zs, = 5+ j35Q = 35.3553281.8699° Q (B.3)
ZrL, = 64922287917 Q (B.4)
Zripass = o) = 357.1429 O (B.5)
Zr1 = 0.3636287.917 p.u. (B.6)
Zr., =0.1818287.917 p.u. (B.7)
Zs, = 0.099£81.8699° p.u. (B.8)
Zy=2xr+x;=037290° p.u. (B.9)
Zg=Zr,+ Zs; = 0.2804.,85.7858" p. u. (B.10)
Zrora, = 0.5232£87.8211° p.u. (B.11)

Irora, = 191122 — 87.8211" p. u. (B.12)
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Za (B.13)

[ =1 —
52 TOTAL g 7,

z

I = ITOTAL% (B.14)

fsetle — 2% — 2.318,2.3975° (B.15)
Ig ZB ' '

ISZ+IG| — 2318 (B16)
Ig

If there is no infeed (the short line does not exist), the above ratio is 1.

Ienerator base = T = 18370 4 (B.17)
R, = 1837(:(1.25 — 4597 (B.18)
Vpn_gen = 22;3303 = 12702.7059 V (B.19)
R, = 127027.7059 — 190 (B.20)
Zpase relay = W X 2_5 = % 4159—902 = 167128 Q (B.21)
Z,, =[0.12 4+ (1.2 x 2.3228 X 0.36357)] X 16.7128 = 18.9425 Q (B.22)

50% to 67% of the generator load impedance (Zload) at the rated power factor angle (RPFA)

of the generator:

222 4592
ZMax_loading_at_RPF = 700 X o0 =16.71Q (B'23)
Zy1 500 = 0.5 X ——ot = 12520 (B.24)

cos(85°-36.8699")

_ 16.71 _ B.25
Zare7 = 067 X cos(85"-36.8699°) 16774 (B.25)

90% of the generator load impedance at the maximum torque angle:

_ _ 222 4592 B.26
Zy1 = 0.9 X Zgeeyp, = 09 X o x B2 = 17918 ) (B.26)
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APPENDIX C
SETTING RELAY (21) ACCORDING TO 50% TO 67% OF RPFA OF THE
GENERATOR

C.1  Setting Relay (21) According to 50% of RPFA of the Generator
C.1.1 Performance of Relay (21) at 65% of the generator loading

Figure C.1 illustrates the transient time responses of the generator active and reactive powers
as well as active and reactive power flows from Bus 1 to Bus M during a line-to-line fault occurs
at Fs when there is no wind farm in the system. After connecting DFIG-based wind farm to Bus
M, Figure C.2 depicts the Relay (21) measured impedance trajectories, transient time responses of
the generator active and reactive powers, active and reactive power flows from Bus 1 to Bus M as
well as the DFIG-based wind farm active and reactive powers during the same line-to-line fault at
Fs. Figures C.3 and C.4 show the same trajectories, signals in conjunction with transient time
responses for the cases of three-phase fault at the same location. Note that the relay does not trip

for faults at Fs.

600 600
=
= =
> 350 [ 3300 |
a® g
100 ' ' a9 ' :
1.9 2.4 2.9 3.4 1.9 2.4 2.9 3.4
Time, s Time, s
1100 < 1300
s :
E& 700 | = 600 |
O?j 1 1 é
300 Oﬁ’_loo L 1
1.9 24 qime, s 20 34 1.9 2.4 2.9 3.4
Time, S

Figure C.1: Transient time responses of generator active and reactive powers, active and reactive
power flows from Bus 1 to Bus M during a line-to-line fault at Fs (no wind farm in
the system).
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Figure C.2: Relay (21) measured impedance trajectory, transient time responses of generator
active and reactive powers, active and reactive power flows from Bus 1 to Bus M,
DFIG-based wind farm active and reactive powers during a line-to-line fault at Fs.
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Figure C.4: Relay (21) measured impedance trajectory, transient time responses of generator
active and reactive powers, active and reactive power flows from Bus 1 to Bus M,
DFIG-based wind farm active and reactive powers during a three-phase at Fs.

C.1.2 Performance of Relay (21) at 75% of the generator loading
Figures C.5 to C.8 depict the same trajectories and transient time responses for cases for the

same faults as the cases where generator outputting 65% of its rated power.
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Figure C.5: Transient time responses of generator active and reactive powers, active and reactive
power flows from Bus 1 to Bus M during a line-to-line fault at Fs (no wind farm in
the system).
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power flows from Bus 1 to Bus M during a three-phase fault at Fz (no wind farm in

the system).
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Figure C.8: Relay (21) measured impedance trajectory, transient time responses of generator
active and reactive powers, active and reactive power flows from Bus 1 to Bus M,
DFIG-based wind farm active and reactive powers during a three-phase at Fs.

C.1.3 Performance of Relay (21) at 85% of the generator loading

Figures C.9 to C.12 depict the same trajectories and transient time responses for cases for

the same faults as the cases where generator outputting 65% of its rated power.

105



600

450

Pgenn MW

300 : :
1.9 24 2.9 3.4

Time, s

800

Qgen, MVar
(83
(&3]
o

300 ' '
1.9 2.4 2.9 3.4

Time, s

480

Pbusl to M MW
= w
N o
o o
T

2.4 2.9 3.4
Time, s

=
©

750

300 I\

-150 . .
1.9 2.4 2.9 34
Time, s

Qbusl to M MVar
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the system).
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the system).
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Figure C.12: Relay (21) measured impedance trajectory, transient time responses of generator
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DFIG-based wind farm active and reactive powers during a three-phase at Fs.

C.1.4 Effect of transmission line power flows
Figures C.13 to C.20 illustrate Relay tripping signal and its measured impedance trajectories

as well as transient time responses of the generator active and reactive powers, active and reactive
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power flows from Bus 1 to Bus M during line-to-line and three-phase faults occur at F; for the

cases of 75% and 85% generator loading mentioned in Section 3.3.5.
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Figure C.13: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a line-to-line
fault at F1 (no wind farm in the system).
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C.2 Setting Relay (21) According to 67% of RPFA of the Generator
C.2.1 Performance of Relay (21) at 65% of the generator loading

Figure C.21 illustrates the Relay (21) tripping signal, transient time responses of the
generator active and reactive powers as well as active and reactive power flows from Bus 1 to Bus
M during a line-to-line fault occurs at F1 when there is no wind farm in the system. After
connecting DFIG-based wind farm to Bus M, Figure C.22 depicts the Relay (21) measured
impedance trajectories, Relay (21) tripping signal, transient time responses of the generator active
and reactive powers, active and reactive power flows from Bus 1 to Bus M as well as the DFIG-
based wind farm active and reactive powers during the same line-to-line fault at F;. Figures C.23
and C.24 show the same trajectories, signals in conjunction with transient time responses for the

cases of three-phase fault at the same location.
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Figure C.21: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a line-to-line
fault at F1 (no wind farm in the system).
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121



Figure C.25 illustrates the Relay (21) tripping signal, transient time responses of the
generator active and reactive powers as well as active and reactive power flows from Bus 1 to Bus
M during a line-to-line fault occurs at F> when there is no wind farm in the system. After
connecting DFIG-based wind farm to Bus M, Figure C.26 depicts the Relay (21) measured
impedance trajectories and its tripping signal, transient time responses of the generator active and
reactive powers, active and reactive power flows from Bus 1 to Bus M as well as the DFIG-based
wind farm active and reactive powers during the same line-to-line fault at F>. Figures C.27 and

C.28 show the same trajectories, signals in conjunction with transient time responses for the cases

of three-phase fault at the same location.
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Figure C.25: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a line-to-line

fault at F» (no wind farm in the system).
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Figure C.29 illustrates the Relay (21) tripping signal, transient time responses of generator
active and reactive powers as well as active and reactive power flows from Bus 1 to Bus M during
a line-to-line fault occurs at Fz when there is no wind farm in the system. After connecting DFIG-
based wind farm to Bus M, Figure C.30 depicts the Relay (21) measured impedance trajectories
and its tripping signal, transient time responses of the generator active and reactive powers, active
and reactive power flows from Bus 1 to Bus M as well as the DFIG-based wind farm active and
reactive powers during the same line-to-line fault at Fz. Figures C.31 and C.32 show the same

trajectories, signals in conjunction with transient time responses for the cases of three-phase fault
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Figure C.29: Relay (21) tripping signal, Transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a line-to-line
fault at Fz (no wind farm in the system).
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Figure C.32: Relay (21) measured impedance trajectory and its tripping signal, transient time
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C.2.2 Performance of Relay (21) at 75% of the generator loading
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Figure C.33: Relay (21) tripping signal, transient time responses of generator active and reactive

powers, active and reactive power flows from Bus 1 to Bus M during a line-to-line
fault at F1 (no wind farm in the system).
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Figure C.34: Relay (21) measured impedance trajectory and its tripping signal, transient time
responses of generator active and reactive powers, active and reactive power flows
from Bus 1 to Bus M, DFIG-based wind farm active and reactive powers during a

line-to-line fault at F;.
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Figure C.35: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a three-phase
fault at F1 (no wind farm in the system).

132



21 600
75% generator loading & DFIG
75% generator loading |
=
N 14 =
' 5 i
5 E 150
7 2
o L{
0 -300 ' .
-8 -15 5 115 18 1.9 2.4 2.9 3.4
R, Q Time, s
> 11 _ 1500
-g_ §
2
) »
o 0 | | Og 0 ! |
1.9 2.4 2.9 3.4 1.9 2.4 2.9 3.4
Time, s Time, s
600 500
=
2 s |
2300 5275
a” B
O 1 1 50 1 1
1.9 2.4 Time, s2.9 3.4 1.9 2.4 2.9 3.4
Time, s
_ 1100 20
3 S
> >
> 675 | = 110 |
g Q
og a
250 ' ' O -240 ' '
1.9 2.4 2.9 3.4 1.9 2.4 2.9 3.4
Time, s Time, s

Figure C.36: Relay (21) measured impedance trajectory and its tripping signal, transient time

responses of generator active and reactive powers, active and reactive power flows
from Bus 1 to Bus M, DFIG-based wind farm active and reactive powers during a
three-phase at F.
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Figure C.37: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a line-to-line

fault at F> (no wind farm in the system).
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Figure C.38: Relay (21) measured impedance trajectory and its tripping signal, transient time
responses of generator active and reactive powers, active and reactive power flows
from Bus 1 to Bus M, DFIG-based wind farm active and reactive powers during a
line-to-line fault at Fo>.
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Figure C.39: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a three-phase
fault at F» (no wind farm in the system).
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Figure C.40: Relay (21) measured impedance trajectory and its tripping signal, transient time
responses of generator active and reactive powers, active and reactive power flows
from Bus 1 to Bus M, DFIG-based wind farm active and reactive powers during a
three-phase at F».
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Figure C.41: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a line-to-line

fault at F3 (no wind farm in the system).
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Figure C.42: Relay (21) measured impedance trajectory and its tripping signal, transient time

responses of generator active and reactive powers, active and reactive power flows
from Bus 1 to Bus M, DFIG-based wind farm active and reactive powers during a
line-to-line fault at Fs.
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Figure C.43: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a three-phase
fault at F3 (no wind farm in the system).
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Figure C.44: Relay (21) measured impedance trajectory and its tripping signal, transient time
responses of generator active and reactive powers, active and reactive power flows
from Bus 1 to Bus M, DFIG-based wind farm active and reactive powers during a
three-phase at Fs.
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C.2.3 Performance of Relay (21) at 85% of the generator loading
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Figure C.45: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a line-to-line

fault at Fi (no wind farm in the system).
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Figure C.46: Relay (21) measured impedance trajectory and its tripping signal, transient time
responses of generator active and reactive powers, active and reactive power flows
from Bus 1 to Bus M, DFIG-based wind farm active and reactive powers during a

line-to-line fault at F;.
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Figure C.47: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a three-phase
fault at Fi (no wind farm in the system).
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Figure C.48: Relay (21) measured impedance trajectory and its tripping signal, transient time
responses of generator active and reactive powers, active and reactive power flows
from Bus 1 to Bus M, DFIG-based wind farm active and reactive powers during a

three-phase at F.
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Figure C.49: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a line-to-line

fault at F» (no wind farm in the system).
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Figure C.50: Relay (21) measured impedance trajectory and its tripping signal, transient time
responses of generator active and reactive powers, active and reactive power flows
from Bus 1 to Bus M, DFIG-based wind farm active and reactive powers during a

line-to-line fault at F».
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Figure C.51: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a three-phase
fault at F> (no wind farm in the system).
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Figure C.52: Relay (21) measured impedance trajectory and its tripping signal, transient time
responses of generator active and reactive powers, active and reactive power flows
from Bus 1 to Bus M, DFIG-based wind farm active and reactive powers during a
three-phase at F».

149



=
-

Relay tripping
signal

0 1 1
1.9 2.4 2.9 3.4
Time, s
450
=
= 35 |
D_%
200 . .
1.9 2.4 2.9 3.4
Time, s
_ 750
S
2500 |
© 250 ' '
1.9 2.4 Time. s 2.9 3.4
480
=
=
R B P —
a° 120 . .
1.9 2.4 2.9 34
Time, s
750
=
oG
<> 300
EpS
o
-150 ' .
1.9 2.4 Time. s 2.9 3.4

Figure C.53: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a line-to-line

fault at F3 (no wind farm in the system).
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Figure C.54: Relay (21) measured impedance trajectory and its tripping signal, transient time

responses of generator active and reactive powers, active and reactive power flows
from Bus 1 to Bus M, DFIG-based wind farm active and reactive powers during a

line-to-line fault at Fs.
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Figure C.55: Relay (21) tripping signal, transient time responses of generator active and reactive
powers, active and reactive power flows from Bus 1 to Bus M during a three-phase
fault at F3 (no wind farm in the system).
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Relay (21) measured impedance trajectory and its tripping signal, transient time
responses of generator active and reactive powers, active and reactive power flows

from Bus 1 to Bus M, DFIG-based wind farm active and reactive powers during a
three-phase at Fs.
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