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Abstract

This paper presents a new protection scheme with low communication capacity require-
ment for protecting lines connected to a doubly-fed induction generator (DFIG)-based
wind farm (WF). The proposed relaying scheme addresses the line protection challenges
which stem from the non-synchronous frequency component of the current fed from a
DFIG-based WF during a short-circuit fault. The fault current frequency of a DFIG-based
WEF deviates from the synchronous frequency during a fault, which affects the operation
of distance relays. In such a scenario, the distance relay located at the WF terminal may lose
its coordination with downstream relays, resulting in unnecessaty tripping. The proposed
scheme relies on the impedance trajectory captured by the local relay, local fault current
characteristics, and the frequency tracking of the fault current measured at the distance
relays located at the two ends of the transmission line connected to a DFIG-based WE
The reliable performance of the proposed scheme is verified on a 4-bus test system under
balanced and unbalanced faults during super- and sub-synchronous operating modes of

1 | INTRODUCTION

In modern power systems, wind energy sources are increas-
ingly being integrated into transmission and distribution sys-
tems worldwide [1]. Three types of wind power generators
are installed in power systems including the doubly-fed induc-
tion generator (DFIG), the squirrel cage induction generator
(SCIG), and the full-scale converter-interfaced synchronous
generator (CISG) [2, 3]. DFIG-based wind farms (WFs) have
been widely utilised in power systems and comprise a consider-
able share of the installed capacity of the electricity generation
worldwide, due to their many advantages such as variable speed
operation, generator-side active power controllability, and grid-
side reactive power controllability [3, 4].

With the large integration of WFs in the power grid, the fault
ride-through (FRT) requirement has become an essential part
of modern grid codes to increase grid reliability and stability [5].
WFs with FRT capability are required to remain connected to
the power grid during fault conditions for a specific period. This
will result in WFEs contributing to the fault current and changing
the system fault current characteristics [6]. Such changes in the
fault current characteristics significantly affect the operation of

the DFIG as well as its robustness against power system disturbances.

protection relays used for the protection of transmission lines
connected to DFIG-based WFs during short-circuit faults [6].
The short-circuit behaviour of DFIG-based WFs and their
impact on protection systems, due to changes in the slip in the
range of +30% [2], can be evaluated during the large slip and
near-zero slip operating modes. During the large slip operation
of a DFIG, the performance of a distance relay located at the
terminal of the DFIG-based WF will be unreliable and inse-
cure during balanced faults and severe unbalanced faults close
to the WF [2, 7]. For a large slip value, when a balanced fault
occurs on a transmission line connected to the DFIG-based
WE, the frequency of the fault current injected by the DFIG-
based WF deviates from the synchronous frequency [2]. On the
other hand, the frequency of the voltage at the relay location
follows the grid synchronous frequency [7]. As a distance relay
operates based on the ratio of fundamental frequency compo-
nents of voltage and current measurements at the relay location
[9], the difference in the frequency of the voltage and current
during a fault leads to malfunctioning of the distance relay [7].
The protection relay may face the same problem as that of a bal-
anced fault in case of a severe unbalanced fault close to a DFIG-
based WF [10]. During the near-zero slip operation of a DFIG,
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FIGURE 1 Single-line diagram of the test system

a conventional distance relay located at the DFIG terminal fails
to operate correctly and loses coordination with downstream
relays for a balanced fault in its backup zone due to the neg-
ligible magnitude of the fundamental component of the fault
current after several hundred milliseconds [7].

The negative impacts of DFIG-based WFs on protection
systems have been studied in [7, 11-21]. [7] proposes a pilot
protective scheme based on the peak-to-peak value of the fault
current injected by DFIG-based WFs. In the proposed method,
fault current direction at the WF substation is detected using
the shape of the fault current, while a conventional distance
relay at the remote end of the line detects the fault direction
by impedance measurement. [12—14] present a technique based
on the modification of the trip boundary of a distance relay
located at the terminal of a DFIG-based WF to address the
distance relay failure. These adaptive setting schemes use the
ratio of local voltage and current at the distance relay location.
[11] proposes a pilot protection scheme based on exchanging
the active power calculated at both ends of the transmission
line to detect the location of the fault. [15] presents a new
communication-based dual time-current-voltage scheme for
directional overcurrent relays to determine the optimal relay
tripping settings. [16] proposes an integrated DFIG protection
scheme based on a modified superconducting magnetic energy
storage-fault current limiter to control the rotor side converter.
[17] proposes a protection scheme for DFIGs based on a
resistive type superconducting fault current limiter connected
in series with the DFIG rotor winding to limit the peak val-
ues of the rotor fault current and DC link voltage. In [18], a
high-frequency fault component-based distance protection is
presented to detect short-circuit faults in electrical systems with
large renewable power plants. This method compares the mag-
nitude of high-frequency operating voltage and high-frequency
voltage to distinguish between internal and external faults.
In [19], time-domain-based distance protection is presented
using the R-L differential equation algorithm for transmission
lines connected to DFIG-based WFs. This algorithm uses the
memory voltage drop and actual voltage drop on the equivalent
system impedance to detect the fault direction. [20] proposes
a time-domain-based fault location algorithm using voltage
and current signals measured at two ends of transmission lines
connected to WFs. Voltage and current signals are sent to the
other ends of the line using communication links. This method
requires a half-cycle post-fault data window for fault loca-
tion calculations. [21] presents a new time-domain protection
algorithm for fault detection and location using fast discrete
S-transform (FDST) for transmission lines connected to WFs.

B; s
T |, — 200 km
DFIG ( f ) 7 l-%ii v
Reverse Internal
Fault 1 Fault 2

Bj By Sourcel
|
ig
«— External
Fault 3
Rji B; Source 2

40 km

g—CoH
|}
Rjl R |

The main drawbacks of the existing schemes for the protec-
tion of lines connected to DFIG-based WFs include (i) high
communication bandwidth requirement for exchanging infor-
mation between the relays at the two ends of the line connected
to the DFIG-based WF [11, 15], (ii) inability to operate reliably
in case of severe unbalanced faults close to the DFIG-based WF
[7], (iii) requirement on the continuous availability of informa-
tion about the DFIG-based WF such as the wind speed and the
number of units in service to provide an adaptive relaying setting
[12—14], (iv) high sampling frequency requirement [20, 21], and
(v) failure to provide proper backup protection for the down-
stream relays in case of a balanced fault in zone 2 of a distance
relay [12-14, 16-21].

In this paper, a new protection scheme, called modified dis-
tance element, with low communication capacity requirement is
presented for protecting lines connected to a DFIG-based WE.
The developed scheme relies on the local current and voltage
measurements to detect and identify balanced and unbalanced
faults when the DFIG operates at a near-zero slip value. In
such a scenario, the impedance trajectory and fault current
characteristic obtained from local measurements are used to
differentiate between reverse, internal, and external faults as
well as to provide backup protection for downstream relays.
The modified distance element relies on tracking the frequency
of the fault current at the two ends of the line to differentiate
between internal and external faults when the DFIG operates
at large slip values. By implementing the modified distance
element in a 4-bus test system, it is verified that the new
relaying scheme provides reliable protection over the entire
length of the transmission line connected to the DFIG-based
WE.

This paper is organised as follows, a brief description of
the 4-bus test system is presented in Section 2. The protection
challenges associated with transmission lines connected to
DFIG-based WFs are discussed in Section 3. The modified
distance element is described in Section 4. Study results and dis-
cussions are presented in Section 5. Conclusions are provided
in Section 6.

2 | TEST SYSTEM

Figure 1 illustrates the single-line diagram of the 4-bus test
system used in the studies of this paper. In this system, a DFIG-
based WF is connected to bus 7, and two identical sources
with the same characteristics are connected to buses £ and /.
The parameters of the system are provided in Table 1. Further
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TABLE 1 Parameters of the test system

Component Parameter Value
Apparent power 5 MVA
Nominal voltage 690 V
Stator resistance 0.0054 p.u.
Rotor resistance 0.00607 p.u.

DFIG-based WF Magnetising inductance 4.5 p.u.
Stator inductance 0.1 p.u.
Rotor inductance 0.11 p.u.
DC link rated voltage 1200 V
DC link capacitor size 2 mF
Nominal voltage 132 kV

Source Positive-sequence impedance 1£80° p.u.
Negative-sequence impedance 1£80° p.u.
Zero-sequence impedance 1.5£80° p.u.
Apparent power 5.5 MVA

DFIG transformer Nominal voltage 690 V/900 V/33 kV

YoYe¥e

Apparent power 50 MVA

Main transformer Nominal voltage 33kV/132 kV

AYg

0.1244286° Q/km
0.144.286° Q/km
0.437286° Q/km

Positive-sequence impedance
Negative-sequence impedance

Transmission line Zero-sequence impedance

information regarding the control system of the DFIG-based
WF can be found in [27].

3 | PROTECTION CHALLENGES

In this section, the performance of a conventional distance relay
located at the terminal of a DFIG-based WF during balanced
and unbalanced faults is illustrated and the challenges associ-
ated with the protection of lines connected to DFIG-based WEs
are described.

3.1 | Balanced faults

The balanced fault current of a DFIG-based WF is [2]

1

i(1) = Vina e_z X cos ((1 — 5)wgt
(1 =5/ X2+ R
+ 9—%>—e_zcos<9—%>] , O

/ . . .
where 7 and 7; are the short-circuit transient and the stator

. . !
time constants, respectively. I, X , Rep, @s, §, and O are the

max»

voltage amplitude, transient reactance, crowbar resistance, syn-
chronous speed, machine slip, and fault inception angle, respec-
tively. The fault current injected into the line from the AC grid
is [2]

iy(1) = V;” [sin(w,* — 6) — sin(0) X e_%] , )

where 7" and £ are the time constant and equivalent impedance
of the AC grid, respectively.

The negative impacts of a DFIG-based WF on distance relays
during operation with large slip and near-zero slip values are
as follows.

3.1.1 | Large slip operation
As the slip of a DFIG changes in the range of +30%, the (1 — s)
term in Equation (1) is considerable for large slip values. As a
result, the fault current frequency injected by a DFIG-based
WF changes in the range of 42-78 Hz for a 60 Hz system.
On the other hand, during a balanced fault, the voltage fre-
quency captured at the relay location follows the frequency of
the AC grid and remains within a narrow margin of the syn-
chronous frequency. Therefore, the frequency of voltage and
current measured at the relay location will be different. This dif-
ference between the frequency of voltage and current negatively
affects the performance of a distance relay.

The impedance measured by the phase-A-to-ground (AG)
element of a conventional distance trelay is calculated as [9]

_ VALGF
L8+ Kl

ZAG

€)

whete 17440, and I £6; are the fundamental frequency pha-
sors of the phase-A voltage and current, respectively. [, is the
zero-sequence current, and Kj is the zero-sequence compensa-
tion factor [9]. In a conventional distance relay used for pro-
tection of a line connected to a DFIG-based WF, due to the
deviation of the fault current frequency from the synchronous
frequency, the impedance value calculated by Equation (3) will
not be an accurate estimation of the impedance between the
fault and the relay location. This will result in the maloperation
of the distance relay. The impedance trajectory measured by R;;
for a balanced fault at 40% of line j&, which is protected by
zone 2 of sz s
changes drastically and incorrectly enters zone 1 around 23 ms

is presented in Figure 2. The impedance trajectory

after onset of the fault, resulting in loss of coordination between
R;; and the downstream relays.

3.1.2 | Near-zero slip operation

During the DFIG operation at a near-zero slip, after a balanced
fault in zone 2 of the WF-side distance relay, the fault current
fed from the WF increases significantly for a short time period
and the impedance calculated by the conventional distance relay
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FIGURE 2 Impedance trajectory measured by the AG element of Ry
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FIGURE 3  Impedance trajectory measured by the AG element of R;;

after a balanced fault at 50% of line j& (s = 0)

at the WI terminal correctly falls within zone 2 on the R—X
plane. Then, the current decreases immediately due to a reduc-
tion in the generator’s air-gap flux [20], which is caused by the
significant voltage drop at the WF terminal [26]. A few hundred
milliseconds after the balanced fault inception, the fault current
reaches zero because of the complete demagnetisation of the
core of the generator and the impedance trajectory finally leaves
zone 2 of the distance relay [26]. As a result, the conventional
distance relay cannot provide reliable protection in case of a bal-
anced fault in its zone 2 as it must operate after a set time delay
[9]. Figure 3 shows the impedance trajectory measured by &;;
for a balanced fault at 50% of line /4, which is protected by zone
2 of R;; when the generator operates at s = (. The impedance
trajectory enters zone 2 and remains within zone 2 for around
82 ms and then leaves the protection zones; therefore, &;; can-
not provide reliable backup protection for the adjacent line.

3.2 | Unbalanced faults

A distance relay at the terminal of a DFIG-based WF may face
the same problem as that of a balanced fault when a severe
unbalanced fault occurs close to the DFIG. The approximate
current injected by a DFIG-based WF for an unbalanced fault
is calculated as follows [23]

Z.s(t> =jsf(f)+isn(f) ’ (4)

, " 1\ o 4 V2 e,
Zsf(l) - (j)(_’ - /éf[lprf,lLs)g/wb[ + 725 S5t 5 (5)

Ve =M =V2) -2 g, L
Z.sn(f) = = ) —e 5 — _1;<d€ Is
X L
L s
7 2
+ oo T (%rc _ <¢rm + LQ?)) . (6
2
where . is the pre-fault voltage, ] and 1, are the positive-

and negative-sequence voltages, respectively, and w, is the
rotor angular frequency. P, .. and Py¢; are the pre-fault rotor
flux and the positive-sequence component of the post-fault
forced rotor flux, respectively. 7./, L., and Z, are the transient
inductance, negative-sequence rotor inductance, and total
negative-sequence impedance of the generator, respectively.
7; is the stator time constant. 4, and 7y are respectively the
natural and forced currents. Based on the constant flux linkage
theorem [29], the stator flux is constant immediately after the
onset of a fault; therefore, the stator natural flux is defined
to compensate the difference between the stator forced flux
before and after the fault. The details of calculating the stator
natural and forced cutrents are provided in [23].

According to Equations (4)—(0), the fault current of a DFIG-
based WF consists of a decaying dc component, a decaying AC
component at the rotor frequency, and an AC component at the
synchronous frequency. In Equations (4)—(6), the fault current
is calculated by assuming the activation of the crowbar circuit
due to the large negative-sequence current passing through the
back-to-back converter for an unbalanced fault. When a severe
unbalanced fault occurs close to the terminal of a DFIG-based
WE, the terminal voltage drops significantly, resulting in small
values for 1] and 1. These small voltages lead to a decrease
in the magnitude of the AC component at the synchronous
frequency and an increase in the magnitude of the decaying
dc component and the decaying AC component at the rotor
frequency according to Equation (6). Therefore, an unbalanced
fault close to the relay results in a fault current with a con-
siderable AC component with the rotor frequency. However,
by moving the fault location away from the DFIG-based WE,
the voltage sag will reduce; therefore, the fault current will
be comprised of a larger AC component at the synchronous
frequency.

To illustrate the impact of unbalanced faults on the protec-
tion of distance relays, the impedance trajectories measured by
R;; for a phase-A-to-phase-B-to-ground (ABG) fault at two
different locations are shown in Figure 4. For the fault at the
beginning of line /7, the impedance trajectory measured by &;;
correctly enters zone 1 and remains within zone 1 despite a
small drifting due to the latge decaying AC current component
with the rotor frequency. This drifting does not affect the
operation of &;; as the fault has occurred in zone 1. For the
fault at the beginning of line sk, the impedance trajectory
correctly enters zone 2 and remains within zone 2 despite a
small swing on the R—X plane due to the small decaying AC
current component with the rotor frequency. Therefore, R;; can
provide proper backup protection for line /& during unbalanced
faults.
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FIGURE 4  Impedance trajectory measured by the AG element of &;;
after an ABG fault at the beginning of line 77 (s = —30%)

4 | MODIFIED DISTANCE ELEMENT

In this section, a new protection scheme with low com-
munication capacity requirement for protecting lines con-
nected to DFIG-based WFs is presented to address the
previously-discussed protection challenge arising from the non-
synchronous frequency component of the fault current. The
new relaying scheme, called modified distance element, relies
on the impedance trajectory and the fault current characteristic
obtained from local current and voltage measurements as well
as the communication of a binary signal between the two ends
of the transmission line. The binaty signal is determined based
on the fault current captured by the relay.

Figure 5 depicts the fault detection and identification pro-
cess of the proposed relaying scheme implemented in %;;. The
modified distance element has two main components: (i) fault
detection and (ii) fault type identification. In this scheme, local
current and voltage measurements at the relay location are used
to detect faults and distinguish them from disturbances such as
power swings and load encroachments. After a fault is detected,
a binary signal SR;; is calculated, which depends on the fre-
quency of the local current. This signal is used to distinguish
between forward and reverse faults as well as to determine
whether the DFIG operates in the near-zero or large slip range.
When the DFIG operates at a large slip value, the protection
scheme will rely on receiving the binary signal SR; from the
remote end of the line to distinguish between forward inter-
nal and external faults. Reverse fault identification relies on
the impedance trajectory. For the near-zero slip operation of
the DFIG, first, balanced faults are identified from unbalanced
faults. Then, a conventional distance element is used to identify
the unbalanced faults and the zone where they have occurred.
Forward balanced fault identification during the near-zero slip
operation of the DFIG relies on the impedance trajectory and
the local fault current waveform damping characteristics.

4.1 | Fault detection

The fault detection component distinguishes the fault condition
from power system disturbances such as power swings and load
encroachments. In this protection scheme, the fault detection
scheme presented in [24], which is based on the asymmetry of

the instantaneous fault current waveform after the onset of the
fault, is used. This phenomenon is not observed during power
swings, load encroachments, and normal operation of the power
system. In this scheme, the one-cycle moving sum of the current
samples is calculated. Because of the symmetric nature of the
current waveform during normal operation of the power sys-
tem, the moving sum of the samples becomes around zero. On
the other hand, the moving sum of the samples deviates from
zero in case of faults due to the large dc component of the fault
current waveform [24].

4.2 | Fault type identification

The slip of a DFIG can change in the range of £30%. In the
proposed scheme, a suitable slip threshold sy, is defined to deter-
mine whether the fault current frequency f is within a pre-
defined frequency bound.

—S5th S5 < S s @)
S 2 f < s ®
Jb=A=s5a)f» )

Jab = (Lt 5wm) /s (10)

where f, and f;, are the lower and upper bounds of the fre-
quency, respectively. Near-zero slip operation of a DFIG is asso-
ciated with the slip in the range of Equation (7), while any slip
larger than sy, or less than —sy, corresponds to the large slip
operation of a DFIG.

The difference between the frequency of the fault current
injected by a DFIG-based WF and an AC grid to the fault
location is used to distinguish between internal and external

faults. Two binary variables, SR;; and SR, are respectively

175
defined based on the frequency of the fault éurrent measured at
R;; and R;. When the fault current frequency measured at R;;
is within the range defined in Equation (8), SR;; is set to zero,
while it will become one if the fault current frequency is out of
the range defined in Equation (8). There is a similar expression
for SR ; based on the fault current frequency measured at the
remote relay. SR;; (SR);) signal is communicated to the other
end of the line to identify the fault location. After a fault, as

shown in Figure 6, three scenarios will occur.

421 | SR, =S5R, =0

This scenario will happen if (i) a teverse fault occurs behind &;;
regardless of the DFIG’s slip and the fault type, or (ii) DFIG
operates at a near-zero slip within the range defined in Equation
(7), regardless of the fault location.

In this fault scenario, the fault type (reverse, internal, or exter-
nal) is identified based on the impedance measured at the relay
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FIGURE 5 Modified distance element for the operation of £;;

location together with the fault current waveforms injected by
the WE. For forward fault identification, first, a fault type clas-
sifier is used to distinguish between balanced and unbalanced

NS, S .
PS‘ , which is the ratio of

faults using an index called FDC =

the negative- (/NS,) and positive-sequencce (15.) components of
the fault current. FDC value for balanced faults is close to zero
while it deviates from zero in case of unbalanced faults.

During unbalanced forward faults, the impedance trajectory
does not leave zone 2 as the fault current waveform does not
immediately decay to zero. The reason is that the air-gap flux
in case of an unbalanced fault does not decrease as much as a
balanced fault due to the higher voltage values in the healthy
phases [28]. Conventional distance relaying algorithms such as
[12] can be used in R;; to provide reliable protection against
unbalanced faults.
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During balanced forward faults in zone 2, after the fault
inception, the impedance trajectory remains in zone 2 for a time
period A7j, (about a few cycles) without entering zone 1 due to
the substantially large magnitude of the fault current. Compari-
son of ATy, against a threshold K serves as the main critetion to
distinguish between balanced faults in zone 1 and zone 2: If (i)
ATy, £ K and the impedance trajectory enters zone 1, the fault
is identified to be in zone 1, (ii) A7y, < K and the impedance
trajectory leaves zones 1 and 2, the fault is cleared by a down-
stream relay (e.g. Rz or R ; in Figure 1), and (iii) A7z, > K, the
fault is identified to be in zone 2. Although in the third scenario,
the impedance trajectory will remain within zone 2 for more
than K ms, it will leave zone 2 before the time delay settings of
this zone (7, ms) and therefore, the fault will not be detected
by a conventional distance relay. To solve this problem, the relay
will use the fault current waveform damping characteristic. If
the current waveform continues to damp out for 7. ms after
7. ms. How-

<
ever, for a fault already cleared by a downstream relay, the fault

the onset of the fault, the relay will operate after

current does not damp out anymore.

K is selected as the shortest time period A7p, for which the
impedance trajectory remains in zone 2 for all uncleared bal-
anced faults. This time period is associated with a balanced fault
at the end of zone 2, which is not cleared by the downstream
relays (R or R ).

(©)

SR;; and SR ; after the occurrence of a balanced (a) reverse fault, (b) internal fault, and (c) external fault

422 | SR;=1land SR, =0

This scenario happens when the generator slip is out of the
range defined in Equation (7) and a balanced internal fault
occurs on the transmission line or a severe unbalanced fault
occurs close to the DFIG terminal. In this fault scenatio, the
relays located at the two ends of the line must operate instanta-
neously.

423 | SR, =S8R, =1

i Ji

In this scenario, the fault currents measured at the two ends of
the line are injected by the DFIG-based WF and the wind tur-
bine is operating with a slip out of the range defined in Equation
(7); therefore, the fault is identified as an external fault.

5 | SIMULATION RESULTS

To investigate the performance of the modified distance ele-
ment, the protection scheme is implemented in the test system
shown in Figure 1. The test system is simulated in PSCAD and
the currents and voltages at the distance relay location are sam-
pled at 1000 Hz. Then, the current samples are imported to
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MATLAB and one-cycle fast Fourier transform (FFT) is used
to calculate the frequency of the current.

5.1 | Fault detection

The test system is studied under four scenarios including two
short-circuit faults, a power swing, and a load encroachment.
Two fault scenarios, a balanced fault and an AG fault at the end
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FIGURE 14  Fault current measured at R;; for a balanced fault at the end

of line 77 (s = —3%)
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FIGURE 16

FIGURE 17

FIGURE 18

Impedance trajectory calculated by R;; for a balanced 100
external fault at 50% of line j& (s = —30%)
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of line 77 at # = 2 s with Ry = 1 £, are considered. To create a
power swing condition in the system, a transmission line par-
allel with line 7/ and with similar characteristics is added to the
system. Then, a balanced fault at the middle of the new line is
initiated at # = 1.9 s and is removed at # = 2 s by opening the
circuit breakers located at the two sides of the new line. For sim-
ulating the load encroachment condition, a new load (100 MW
and 25 MVAR) is connected to bus jat# = 2's.

According to Figure 7, the moving sum has a significant value
only for balanced and unbalanced faults. The non-zero value of
the moving sum for the power swing scenario before # = 2's
is due to fault on the parallel line for creating the power swing
after 7 = 2s.

5.2 | Relay setting
The modified distance element has two settings s, and K that
should be selected according to the system parameters.

52.1 | Selection of s,

When the DFIG operates at a near-zero slip value, the fault
current of the DFIG is dominated by the AC component at
the synchronous frequency [23, 25]. The upper bound of the
slip range corresponds to the maximum slip value associated
with the reliable operation of the modified distance element for
DFIG operation at near-zeto slip values. In other words, when
the DFIG operates at any slip value lower than the upper bound,
the impedance trajectory associated with a balanced fault in
zone 2 of R;; will remain in zone 2 for sufficient time such that
the modified distance element can reliably detect the fault.

On the other hand, the upper bound of the slip range should
be selected to be large enough so that the modified distance
element can reliably identify the type of the fault, i.e. reverse,
internal, or external. In other words, when the DFIG operates
at any slip value higher than the upper bound, the current fre-
quency difference between reverse and forward faults is suffi-
ciently large.

Figure 8 illustrates the fault current frequency associated with
three different faults when the DFIG operates at s = —3%: (i)
a balanced reverse fault behind the relay at the DFIG termi-
nal, (ii) a balanced internal fault at the end of line 77, and (iii) a

balanced external fault at 50% of line 4. The second and third
faults result in the smallest magnitude of the current compo-
nent with the non-synchronous frequency compatred to other
internal and external faults, respectively and consequently are
the most difficult faults to be detected. According to Figure 8,
the difference between the fault current frequency associated
with these faults is about 1.3 Hz, which results in sufficient
frequency deviation to distinguish reverse faults from forward
faults. Therefore, for the test systems of this papet, 53, = 3% is
selected (f, = 61.8 Hz and f, = 58.2 Hz).It should be noted
that s, depends on the electrical system under study.

522 | Selection of K

K is selected as the shortest time period for which the
impedance trajectory remains in zone 2 for an uncleared bal-
anced fault when the DFIG operates at near-zero slip values.
For super- and sub-synchronous operating modes of the DFIG,
the shortest time period is associated with a balanced fault at the
end of zone 2 (50% of the largest adjacent line), which results
in the smallest fault current. As explained in [22], a smaller
fault current results in a larger error in the impedance mea-
sured by the distance relay and consequently, faster departure
of the impedance trajectory from zone 2 in the B—X plane. The
fault current is also inversely proportional to (1 — s). There-
fore, for the super-synchronous operation of the generator at
—5n < 5 <0, the fault current will have the smallest value for
s = =53, = —3%. Also, for the sub-synchronous operation of
the generator at 0 < s < sy, the fault current will have the small-
est magnitude at 5 = 0.

Figure 9 shows the impedance trajectories associated with
faults at the end of zone 2 for s =—3% and s =0. Dur-
ing the super-synchronous operation of the generator, the
impedance trajectory enters zone 2 and remains within zone 2
for A7y, = 96 ms and then incorrectly enters zone 1. For the
sub-synchronous operation of the generator, on the other hand,
the impedance trajectory enters zone 2 and remains within zone
2 for ATy, = 82 ms and then leaves the relay zones. Therefore,
K = 80 ms is selected for the test system of this paper.

5.3 | Fault type identification
To evaluate the performance of the fault type identification
component, five fault conditions are studied:

5.3.1 | Balanced reverse fault

A balanced reverse fault on the terminal of the DFIG-based
WEF with Ry = 1 Q is studied when the generator is operating at
s = —20%. The fault current frequency observed by R;; remains
near 60 Hz, Figure 10, resulting in SR;; = 0. According to Fig-
ure 10, the first frequency sample calculated right after the fault
is not a good representation of the current frequency during the
fault as it is based on the one-cycle of the current measurement,
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where the first half-cycle corresponds to the pre-fault period
and the second half-cycle is associated with the fault duration.
Therefore, SR;; (SR ;) signal becomes one only if the measured
frequency is out of the pre-defined range of Equation (8) for
more than one sample. The impedance trajectory calculated by
R;; is shown in Figure 11. The impedance trajectory lies in the
third quadrant of the R—X diagram, where it is covered by the

reverse zone of R;;; therefore, R;; does not operate.

5.3.2 | Balanced internal fault when the generator
operates at a near-zero slip value

A balanced fault at the end of line 7/ is studied when the
generator is operating at s = —3% as this is associated with
the maximum deviation of the fault current frequency from
the synchronous frequency as well as the lowest current value

among | 5 |< sy, based on Equation (1). The frequency of 7;;, as

shown in Figure 12, remains within the pre-defined frequé/ncy
bounds; therefore, SK;; = 0. The impedance trajectory calcu-
lated by R;; correctly enters zone 2 and remains within zone
2 for ATy, = 158 ms before entering zone 1, Figure 13. Since
ATy, > K = 80 ms, the fault current damping will be used to
distinguish existing faults from those cleared by the downstream
relays. Based on Figure 14, the fault current waveform captured
by R;; keeps damping for more than 300 ms (the time delay
setting for zone 2), resulting in tripping R;; after this time delay.

5.3.3 | Balanced internal fault when the generator
operates at a high slip value

An internal fault at the end of line 7/ is studied when the gen-
erator operates at § = —30%. This fault condition is the one
which results in the maximum fault current frequency devia-
tion as well as the lowest fault current value. Figure 15 illus-
trates the inability of the conventional distance relay to measure
the correct impedance from the relay location to the fault loca-
tion due to the non-synchronous frequency of the fault current
injected by the DFIG-based WE. The frequency of the fault cur-
tent measured at &;; deviates significantly from the synchronous
frequency and is out of the frequency bounds (58.2 Hz < f;; <
61.8 Hz) for more than one sample, while the fault current fre-
quency at K ; remains within the frequency bounds, Figure 16.
Therefore, SRZ: ;=1 and 5R/,- = 0, which results in correct iden-
tification of the internal fault by &;; and R ;.

5.3.4 | Balanced external fault in zone 2 of Rj/-

A balanced fault at 50% of line /& is studied when the gen-
erator operates at § = —30% in which the fault current mea-
sured by R;; has the maximum frequency deviation and the
lowest value for an external fault in zone 2 of R;;. Although
this is an external fault in zone 2 of Ry,
jectory enters zone 1, Figure 17, and therefore, a conventional

the impedance tra-

distance relay fails to correctly identify the fault and loses coor-

dination with R ;. Figure 18 shows the frequency of the fault
currents deviates from the synchronous frequency and is out
of the frequency bounds (58.2 Hz < f;; < 61.8 Hz). Therefore,
SR;; = SR; = 1, and the fault is cortectly identified as an extet-
nal fault with the modified distance element.

5.3.5 | Unbalanced fault

An ABG fault at the beginning of line /£ is studied when the
generator operates at s = —30%. The frequency of /;; remains
within the pre-defined frequency bounds, Figure 19; therefore,
SR;; = 0. The impedance trajectory measured by R;; enters
zone 2 and remains within zone 2, Figure 4. Therefore, R;; cot-
rectly operates as a backup after the time delay set for zone
2 operation.

6 | CONCLUSION

This paper presented a new protection scheme, called modified
distance element, for protecting lines connected to DFIG-based
WFs. The developed scheme relies on the impedance trajec-
tory, fault current waveform damping characteristics, and the
frequency tracking of the fault current injected by the DFIG.
The performance of the modified distance element has been
examined on a 4-bus test system. Based on a comprehensive
suite of simulation studies, the main features of the modified
distance element can be summarised as follows:

* Low communication bandwidth requirement;

* Provision of reliable protection over the entire length of
transmission line connected to a DFIG-based WF;

* Robustness against different system disturbances such as
power swings and load encroachments;

* Provision of backup protection for adjacent lines when the
DFIG operates at neat-zero slip; and

* Provision of reliable protection when the DFIG operates at
super- and sub-synchronous speeds.
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