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Abstract—Type III wind turbine generators exhibit unconven-
tional fault current behavior due to several reasons including
the intermittent nature of wind energy, low-voltage ride through
constraints, and their large slip variation. This behavior adversely
affects the distance protection schemes on transmission lines
adjacent to wind farms. This paper aims to investigate the per-
formance of distance protection relays equipped with directional
comparison blocking technology in the presence of Type III
wind turbines. Studies are performed on the modified IEEE
9-bus system in PSCAD/EMTDC software to evaluate various
scenarios.

Index Terms—Power system transients, power system faults,
power system protection, wind power generation

I. INTRODUCTION

Wind energy has become an important source for electric
power generation due to recent advancements in the field of
power electronics and electric power generation technologies.
According to the American Wind Energy Association, 7.2%
of the electricity in the United States in 2019 was produced by
wind energy which is enough to power 27.5 million homes.
Moreover, as of the first quarter of 2020, there is 107,443 MW
of wind generation capacity in the United States [1].

Currently, Type III wind turbines are a common choice for
designing wind power generation systems [2], [3]. However,
these particular machines are susceptible to converter and grid
faults [4]–[6]. Meanwhile, the North American Electric Relia-
bility Corporation (NERC) requires inverter-based generation
units to remain connected during faults and to provide reactive
power support as part of low voltage ride through (LVRT)
[7]. This has led to various hardware- and software-based
LVRT solutions for Type III wind turbines [8], [9]. However,
LVRT implementations cause the fault current contribution of
the wind turbines to be very small and unconventional. This
can cause protection issues in transmission systems, where
distance protection is the common choice.

Reference [10] analyzes the response of Type III wind
turbines to three-phase faults in the transmission system and
its effect on the performance of distance protection. This paper
shows that Type III wind turbines exhibit fault currents at
an off-nominal frequency during symmetrical faults. This is
because these devices normally operate in a slip range of
±30%. Therefore, the frequency of the fault current during
symmetrical faults is between 42 Hz and 78 Hz for a 60
Hz system. This causes the phasor estimation of a digital
protection relay to be inaccurate and potentially cause a

misoperation. The performance of distance protection in the
presence of offshore wind farms connected through HVDC
is investigated in [11]. This paper verifies that due to rapid
reactive power control of the grid-side converter of the HVDC
system, the backup distance protection relay might overes-
timate the fault distance. A µ-synthesis robust controller is
designed to keep the current ratio constant and overcome this
problem. Reference [12] proposes a method to analyze and
improve the effect of wind intermittency on the performance
of distribution system distance relays that use the concept of
prefault memory voltage as polarizing quantities. An adaptive
relay characteristic is proposed to account for wind intermit-
tency caused by variations in penetration levels, wind speed,
and distributed generation (DG) topology. An adaptive branch
coefficient is proposed in [13] to make the zone 2 setting of
the distance relay more adaptive to system conditions. This
method can realize online detection and real-time calculation
of settings according to fault type and sequence impedance of
the wind turbine generator.

In spite of various methods being introduced in the literature
for mitigating the effects of wind generation on distance
protection, none of the aforementioned references consider
directional comparison blocking (DCB) in distance relays.
This method is commonly used for successful coordination
of distance relays whenever there is a reverse fault in the sys-
tem. This method relies on measuring the negative-sequence
impedance, which makes it very robust since sequence currents
are only large in magnitude for unbalanced conditions [14].
Additionally, the effect of the wind turbine LVRT system on
the performance of distance protection is not discussed.

This paper analyzes the performance of a distance protection
algorithm covering the line adjacent to a wind farm, while in-
corporating a sequence directionality element and the effect of
the LVRT system. Several simulation case studies are investi-
gated on the modified IEEE 9-bus system in PSCAD/EMTDC
software. An evaluation is provided on the performance of
distance relays with DCB in presence of Type III wind farms.

This paper is structured as follows: Section II provides a
brief insight into the structure and control of Type III wind
turbines. A short overview of distance relays with DCB is
provided in Section III. Simulation results are provided and
discussed in Section IV. Ultimately, conclusions are provided
in Section V.
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Fig. 1. Basic diagram of a Type III wind turbine.

II. TYPE III WIND TURBINE TECHNOLOGY

This section provides a brief insight into the Type III wind
turbine model used in this paper [15].

A. Wind Power Model

The mechanical power extracted from the wind Pmech is
calculated as

Pmech =
1

2
ρAv3wCp (λ, β) , (1)

where ρ is the density of air, A is the sweep area of the rotor
in a wind turbine, vw is the wind speed, Cp is the power
coefficient, λ is the tip-speed ratio, and β is the pitch angle.
The power coefficient is defined as

Cp (λ, β) = C1
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C = [0.5176, 116, 0.4, 5, 21, 0.0068].

(2)

Maximum power point tracking (MPPT) is achieved using

PMPPT = KMPPTω
3
rot, (3)

where PMPPT is the maximum power point, KMPPT is an
optimal constant, and ωrot is the rotor speed referred to the
generator side of the gearbox [15].

B. Vector Control of the Wind Generator

Fig. 1 shows the basic diagram of the Type III wind turbine
model. The grid-side converter (GSC) maintains the DC bus
voltage VDC while controlling the reactive power Qg delivered
or absorbed by the rotor. The rotor-side converter (RSC)
controls the stator active power Ps and reactive power Qs.
A chopper circuit is employed in parallel with the DC bus for
implementing LVRT. Fig. 2 shows the GSC control system.
The voltages and currents are measured on the GSC side for
decoupled control of VDC and Qg . VDC is controlled via Igd,
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Fig. 2. GSC control loops: (a) DC bus voltage control, and (b) reactive power
control.
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Fig. 3. RSC control loops: (a) stator active power control, and (b) stator
reactive power control.

and Qg is controlled via Igq . Fig. 3 shows the control loops
for the RSC. Ps is maintained at PMPPT through controlling
the d-axis component of the rotor current Ird. Qs, however, is
controlled in proportion to the AC bus voltage. Controlling Qs

is achieved by controlling the q-axis component of the rotor
current Irq .

III. BASICS OF DISTANCE PROTECTION AND
DIRECTIONAL COMPARISON BLOCKING

The protection scheme implemented in this paper is dis-
cussed within this section [14].

A. Zones of Protection and the Mho Circle

Distance protection schemes for transmission lines use the
ratio between voltage and current phasors to determine if
interruptive action is required. This is because the sensed
impedance during steady state conditions is vastly different
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from that during a fault. For many distance protection schemes
there are two zones of coverage, represented as mho circles
in the complex plane.

Fig. 4 shows a radial 4-bus system with the designated
relay stations and zones of operation. Consider a fault at the
midpoint of line 2-3. Zone 1 is set to underreach the remote
end of the line, shown in Fig. 5. Additionally, the golden line
in Fig. 5 represents the total line impedance between bus 2
and bus 3. If the impedance measured by the relay enters zone
1, an instantaneous trip signal will be issued to R23. Zone
2 represents the overreaching element, also shown in Fig. 5.
When the measured impedance enters zone 2 only, a trip signal
will be issued to R23 after a specified time delay. In DCB,
R32 determines whether the fault is forward or reverse, and
then blocks R23 if the latter is true.

B. Directional Comparison Blocking Technology

Various methods exist for determining the direction of faults
but a popular one involves the use of negative sequence
components. Since sequence voltages and currents are only
large in magnitude for severely unbalanced conditions, this
makes them a robust way to characterize faults. Additionally,
negative sequence values are immune to the influence of mu-
tual coupling between parallel lines. This primarily affects zero
sequence methods, making them less reliable for directionality
applications.

Consider a fault immediately in zone 1 of R23, capable
of measuring three-phase voltage and current. The measured
negative sequence impedance is −ZS2, the remote source
impedance behind the relay. For a fault in zone 3 of R23, the
measured quantity is instead ZL2 + ZR2, the line impedance
plus the remote source impedance. The large difference be-
tween these two sequence impedances, is used to establish the
direction of the fault. Thresholds are selected that divide the
complex plane into “forward” and “reverse” regions.

The negative sequence impedance plane is shown in Fig. 6.
Impedances underneath the ZF line represent forward faults,
and impedances above the ZR line are reverse. The threshold
design method is formulated as

ZF = 0.5× ZL

ZR = ZF + 0.1.
(4)

A common setting for the forward threshold is half of the
line impedance. Then, the reverse threshold is calculated by
adding 0.1 Ω to the previous result. Using these settings, an
ample margin is provided between the thresholds and the ideal
measured quantities.
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IV. PERFORMANCE EVALUATION

A. Model Validation

The IEEE 9-bus system shown in Fig. 7 is modeled in
PSCAD/EMTDC for performing simulations and studying
different scenarios [16]. G3 is replaced by an equivalent
wind farm for performance evaluation. The wind farm is
an aggregated model of 42 wind turbines, each having a
2.5MW rating [17]. Since the performance of distance relays
protecting the line adjacent to the wind farm is to be studied,
two circuit breakers are added to protect the line between
bus 8 and bus 9. In order to validate the distance relay
models built in PSCAD/EMTDC, a reverse line-to-ground (L-
G) fault is simulated at bus 8. Fig. 8(a) shows the positive-
sequence impedance trajectory at bus 9. As expected, the
impedance trajectory settles in zone 2. As shown in Fig. 8(b),
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the negative-sequence impedance settles above the dashed red
line, confirming that the relay models comply with the theory
presented in the Section III.

B. Simulation Results

Eight case studies are designed in this paper to evaluate the
performance of distance relays at buses 8 and 9. Only L-G
and line-to-line (L-L) faults are considered in this paper. The
protection system worked correctly for five cases. However,
it misoperated for three cases. These three test cases that
exhibited results worthy of further analysis are reverse L-G
fault at bus 9, forward L-L fault at bus 9, and reverse L-L at
bus 8.

For the first case, the positive sequence impedance is
conventional. However, the negative sequence value has an
unconventional characteristic. A plot of the measured negative
sequence impedance is given by Fig. 9. During the initial
transients of the fault, the measured impedance rises sharply
to the reverse area and then swings out beneath the forward
threshold. It remains at this point for some time before
returning again to the previous location. This is due to an
extremely small magnitude negative sequence current being
sourced by the DFIG, as well as a distorted wave pattern. If
the reverse declaration is delayed longer than the intentional
zone 2 delay, a trip signal is incorrectly issued for an out of
zone fault.

The second case involves a forward L-L fault at bus 9. In
this scenario the positive sequence impedance settles out in
the fourth quadrant, extremely far from zone 1, as shown in
Fig. 10. Due to the LVRT control structure, reactive power is
injected to the grid during faults. This causes the measured
impedance to be drastically different from the conventional
value. Thus, the zone 1 element is not triggered in the relay.
Since the fault is directly in front of the bus 9 relay, the
protection should act instantaneously.

The reactive power injection affects fault sensing at the
remote terminal as well. Case 3 presents a reverse L-L fault
at the remote relay. Similarly to Case 2, there are errors in
the measured positive sequence impedance. Fig. 11 shows
the impedance trajectory crossing through the zone 1 element
during the fault. The DFIG is unable to provide a signifi-
cant amount of current at the remote bus so the measured
impedance is incorrect, resulting in the trajectory shown in Fig.
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Fig. 8. Simulation results for a L-G fault at bus 8: (a) positive-sequence
impedance trajectory measured at bus 9 and (b) negative-sequence impedance
trajectory measured at bus 8.

11. These three cases represent situations where the protection
response does not operate exactly as intended. If settings are
not changed the protection may not detect faults correctly,
putting the system at an increased risk of going unstable.

V. CONCLUSIONS

This paper studies the performance of distance relays
protecting the line adjacent to a wind farm with Type III
wind turbines. The wind turbines and relays are modeled in
PSCAD/EMTDC software and their performance is tested on
the IEEE 9-bus system. Simulation results demonstrate that
distance relays may misoperate under circumstances that are
imposed by the LVRT system of wind turbines, the negative
sequence current sourced by the DFIGs, and their power
electronics control system.
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Fig. 10. Positive sequence impedance for forward L-L fault at bus 9.
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