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Abstract: A protection relay for a wind turbine generator (WTG) based on positive- and negative-sequence fault components is
proposed in the paper. The relay uses the magnitude of the positive-sequence component in the fault current to detect a fault on a
parallel WTG, connected to the same power collection feeder, or a fault on an adjacent feeder; but for these faults, the relay remains
stable and inoperative. A fault on the power collection feeder or a fault on the collection bus, both of which require an instantaneous
tripping response, are distinguished from an inter-tie fault or a grid fault, which require a delayed tripping, using the magnitude of the
positive-sequence component in the fault current. The fault type is first evaluated using the relationships between the positive- and
negative-sequence fault components depending on type of fault. Then the magnitude of the positive-sequence component in the fault
current is used to decide on either instantaneous or delayed operation. The operating performance of the relay is then verified using
various fault scenarios modelled using EMTP-RV. The scenarios involve changes in the position and type of fault, and the faulted
phases. Results confirm that the relay can successfully distinguish between faults that require an instantaneous, delayed or
non-operation response.

Keywords: Wind turbine generator protection, Outage section minimization, Instantaneous operation, Delayed opera-

tion, Non-operation, and Symmetrical components

Introduction

During the last decade, wind generation has become the most
promising renewable energy technology. The EU, USA,
China and India have integrated significant amounts of wind
energy onto their electrical networks; this involved the
construction of large wind farms, which resulted in economics
of scale and the minimization of the adverse effects of wind
fluctuations. Korea has started a project to construct a 2.5 GW
off-shore wind farm near Jeollabuk-do on the western coast
until 2019. As the penetration level increases, more reliable
operation, control and protection systems are required.

New techniques for protecting a wind farm have been
reported [1—3]. A source based protection relay using a shaped
directional operating characteristic was proposed in [1, 2].
Whilst in [3], an adaptive distance relay that considered the
conditions of the wind farm was described. These relays were
installed at the point of common coupling, and if a fault
occurred in the wind farm, the entire farm would be
disconnected.

More conventional methods to protect an individual wind
turbine generator (WTG) were proposed in [4, 5]. These
methods use over/under voltage, over/under frequency,
instantaneous  phase/neutral over-current for generator
phase/ground faults, and inverse time phase over-current for
generator overload. They can successfully protect a WTG
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when an internal fault occurs. However, they are not able to
distinguish a collector feeder fault, a collector bus fault, an
inter-tie fault and a grid fault. In addition, they cannot
distinguish whether it is a connected feeder fault or an
adjacent feeder fault. Thus, the outage section can be wider.

The above relays might be attractive for a small wind farm,
but concern about the undesirable disconnection of a large
wind farm is an issue for many operators. Ideally when a fault
occurs, the size of the outage zone should be minimized; this
increases the availability of the WTGs and reduces the impact
on grid stability.

To achieve this objective, the protection relay for a WTG
should operate instantaneously for a fault on the WTG, a
connected feeder fault or a collector bus fault, and should
operate after a delay for an inter-tie fault or a grid fault. In
addition, the relay should remain stable for a fault on a parallel
WTG connected to the same feeder or an adjacent feeder fault.

In order to minimize the outage zone in a wind farm, a
protection relay for a wind turbine generator based on
positive- and negative-sequence fault components is proposed
in the paper. The relay uses an instantaneous directional
algorithm based on the positive-sequence fault components to
discriminate short-circuit faults internal to the generator from
other faults. A fault on a parallel WTG, connected to the same
power collection feeder, or a fault on an adjacent feeder, for
which the relay should remain stable and inoperative, is
detected using the magnitude of the positive-sequence fault
component. A fault on the power collection feeder or a fault
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on the collection bus, both of which requires an instantaneous
tripping response, are distinguished from an inter-tie fault or a
grid fault, which require delayed trippings, using the
magnitude of the positive-sequence fault component. The fault
type is first evaluated using the relationships between the
positive- and negative-sequence fault components, which
depends on type of fault. Then the magnitude of the
positive-sequence fault component is used to decide on either
instantaneous or delayed operation. In order to verify the
operating performance of the proposed relay, various fault
scenarios, involving changes in the position and type of fault,
and the phases involved in the fault, are modelled using
EMTP-RV.

2 Wind farm model and WTG relay functions

2.1 Configuration of a wind farm

Fig. 1 shows a model of the 100 MW wind farm studied in
this paper. Ten power collection feeders are connected to a
collector bus, which is connected to the grid through a main
transformer, substation bus and parallel inter-tie lines. Five
induction generators, each rated at 2 MW, are connected to
each feeder. All WTGs are fixed speed asynchronous squirrel
cage induction generators (Type 1).
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Wind farm model.

Figure 1

Table 1 Required relay functions for WT}; to minimize an outage section.

Fault positions Fault types Required relay operation
F1-F4 Instantaneous operation
SLG, LL, .
F5-F6 DLG, 3P Delayed operation
F7-F10 Non-operation

Fault current limiters (FCLs) are installed on each feeder at
the feeder circuit breaker (CB), as seen in Fig. 1. FCLs are
often used in a large wind farm to limit the fault current [6, 7].
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The grounding impedance of the main transformer limits the
fault current when a single line-to-ground (SLG) fault or a
double line-to-ground (DLG) fault occurs, but it is not
effective when a line-line (LL) fault or a three-phase (3P) fault
occurs. The winding connection of the step-up transformers
used with each WTG is grounded-wye-delta connected. This
is because this connection provides isolation of the WTGs
from the zero-sequence behavior of the collector feeder and a
solid ground source for the low voltage side connected to
WTGs [8]. A grounded-wye-grounded-wye transformer with
a delta tertiary is used in the substation. The delta tertiary
provides a ground source to both the medium voltage (MV)
and high voltage (HV) level [9].

In some countries, a grounded-wye-delta transformer is
used in the substation, identical to the connection typically
used for conventional power plants. To provide effective
grounding to the MV level, a very large and expensive
grounding transformer is needed on the MV collector bus. It
may be possible to design the MV system to have acceptable
insulation coordination with a high-impedance ground using a
smaller grounding transformer. However, this can be very
challenging because of the unavailability of distribution-grade
equipment that has sufficient insulation levels [9].

2.2 Required WTG relay functions

This subsection describes WTG (WT;;, connected to Feeder I)
protection relay’s functions to minimize an outage section
when a fault occurs in a wind farm. Table 1 shows the
functions that the WTG protection relay should have. F1-F10
in Fig. 1 show the fault positions.

F1 means an internal fault of a WT,; whilst F2 and F3
mean connected feeder faults. F4 means a collector bus fault.
In the cases F1-F4, the relay for WTy; should operate
instantaneously.

F5 represents an inter-tie fault. In this case, the WTG relay
operation depends on the configuration of the inter-tie, single-
or multiple-lines. The relay for WT}; for a single-line should
operate instantaneously. However, for multiple-lines, the relay
should detect the fault and operate with a delay. In this paper,
the configuration of the inter-tie assumes multiple-lines, which
is necessary for a modern large wind farm. Thus, the WTG
relay should operate with a delay. The delay time should be
determined considering coordination time between the
corresponding relays.

F6 indicates a grid fault, which locates far from a WTG.
Modern grid codes in many countries require that the WTG or
wind farm protection relay should have the low voltage
ride-through (LVRT) capability in this case. Therefore, the
WTG relay should be carefully designed to have LVRT
capability considering grid codes of each country.

F7 means an internal fault on another WTG (WT;s)
connected to the same feeder. In this situation, the relay for
WT|;5 should operate instantaneously whilst the relay for WT;
should not operate. F8—F10 mean adjacent feeder faults,
including an internal fault of a WTG connected to an adjacent
feeder, where the relay for WT; should not operate.
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3 Positive- and negative sequence fault
components based protection relay for a WTG

This paper uses the fault component of the current at the
relaying point, which is defined as the fault-generated current,
instead of the measured current at the relaying point. The fault
component of the current at the relaying point is obtained by
subtracting the load current from the measured current after
the fault inception. It can be assumed that the magnitude of the
load current during a very short period (e.g. two or three
cycles) after the fault inception, remains the same as that prior
to the fault. In this paper, the fault component of the current is
calculated by subtracting the load current from the measured
current at the relaying point during the fault as in [10].

Fig. 2 shows the flowchart of the proposed algorithm. The
proposed algorithm is composed of the three stages. At stage 1,
the magnitude of the positive-sequence fault component is
used to distinguish F7-F10 faults from F1-F4, and F5/F6
faults. At stage 2, the fault direction is discriminated using an
instantanecous  directional  algorithm based on the
positive-sequence fault components, to distinguish F1 faults
(forward faults) from F2—F4, and F5/F6 faults (backward
faults). At the last stage, the type of fault i.e. SLG, LL, DLG
or 3P, is evaluated using the relationships between the
positive- and negative-sequence fault components, which
depends on the type of fault. Then, the magnitude of the
positive-sequence fault component is used to decide on either
instantaneous operation (F2-F4 faults) or delayed operation
(F5/F6 faults).

In this paper, at State 1 and the second part at Stage 3, the
fault component is used rather than the phase current. The
reason is as follows. Prior to the fault, the fault component is
almost zero because the measured current at the relaying point
equals the load current. When a fault occurs, however, the
fault component significantly increases. Hence, the fault
component is more effective in terms of detecting a fault and
discriminating between the instantaneous operation and the
delayed operation.

3.1 Stage 1: Distinguishing F7-F10 Faults from F1-F4
and F5/F6 Faults

The magnitude of the positive-sequence fault component is
used to distinguish faults at F7—-F10 from those at F1-F4 and
F5/F6. When a fault occurs at F7-F10, the relay for a WTG
connected to the healthy feeder would “see” the fault through
its step-up transformer and the FCL installed at the faulted
feeder. The equivalent impedance to the fault is so large that
the fault current flowing out are limited to a small value,
which is almost similar to a normal load current. Hence, the
magnitude of the positive-sequence fault component is not
increased significantly, and is smaller than a threshold (K;) of
a magnitude detector. K, is decided by fault analysis of the
studied system based on symmetrical components. It is
reasonable to represent a Type 1 WTG as a voltage source in
series with a direct axis sub-transient inductance, and calculate
the maximum fault current using symmetrical components
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during the first few cycles after a fault [9].

On the other hand, the relay for a WTG connected to the
faulted feeder would “see” the fault only through its step-up
transformer. That is why the magnitude of the
positive-sequence fault component is increased significantly.

Thus, an internal fault of another WTG connected to the
same feeder or an adjacent feeder fault, where the relay should
not operate, can be discriminated successfully based on the
magnitude of the positive-sequence fault component.

3.2 Stage 2: Distinguishing F1 Faults from F2-F4 and
F5/F6 Faults

The proposed protection algorithm protects the WTy; from
any fault occurring at wind farm, inter-tie or grid. Among
these faults, only F1 faults are forward faults whilst other
faults i.e. F2—F4 and F5/F6 faults are backward faults. Many
directional relays normally operate using the fundamental
phasors voltage and current, the negative- or zero-sequence
components. However, the direction relay using the
fundamental phasor voltage and current has the voltage dead
zone for close-up faults, whilst those using the negative- or
zero-sequence components cannot respond to all types of
faults.

N
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Figure 2 Flow chart of the proposed algorithm.

A directional algorithm based on the positive-sequence
fault components [8] is used in this paper. This algorithm is
suitable for any type of fault, has no voltage dead zone for
close-up faults and can hold their fault direction decision
stably.
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3.3 Stage 3: Distinguishing F2—F4 Faults from F5/F6
Faults
In this stage, the proposed relay discriminates F2-F4 faults
(instantaneous operation) from F5/F6 faults (delayed
operation). The magnitude of the fault current depends on the
fault position and the fault type. In other words, the fault
currents even with the same type of fault are different at
different fault positions and the fault currents even at the same
fault position are different with different fault type. For
example, the fault current for the F5 3P fault can be larger
than that of F4 LL fault. Thus, in this paper, the fault type is
evaluated first to discriminate F2—F4 faults from F5/F6 faults.
Conventionally, the zero-sequence current has been used
to distinguish the grounded fault and the phase-to-phase fault.
However, it is unable to evaluate the four kinds of fault types,
i.e. SLG, LL, DLG or 3P. In addition, the zero-sequence
current does not flow through the relaying point due to the
grounded-wye-delta connection of the step-up transformers in
the configuration of the wind farm as shown in Fig. 1.

Thus, in this paper, an algorithm to evaluate the type of
fault based on the positive- and negative-sequence fault
components at the relaying point rather than those at the fault
point is developed. The algorithm can distinguish four types of
faults. Table 2 shows the relationships of the symmetrical
currents at the fault point and the relaying point depending on
type of fault. Because the fault current at the fault point is
unavailable, the relationships of the symmetrical components
at the relaying point are used to evaluate the fault type. From
Table 2, it can be concluded that:

I)when an SLG fault occurs at F2-F6, the magnitude of
the positive-sequence fault component equals to that of
the negative-sequence fault component, and the phase
angle difference between these two components are 60°,
—60° or 180°, which depends on the phase involved in
the fault and the chosen reference frame.

2)when an LL fault occurs at F2—F6, the magnitude of the
positive-sequence fault component equals to that of the
negative-sequence fault component, and the phase angle
difference between these two components are —120°,
120° or 0°, depending on the phase involved in the fault
and the chosen reference frame.

Table 2 Relationships of the symmetrical currents at the fault point and
the relaying point for four types of faults.

Fault type Currents (Fault point) Currents (Relaying point)
SLG Iry = Klryy = K'Ir,f In" = Ky
LL Ly + Kl =0 Ly + Kl =0
DLG Iny + Kl + KT, =0 Inys + gKIrys =0
3P Iry =Iry/ =0 Iy =0

3)when a DLG fault occurs at F2—F6, the magnitude of the
positive-sequence fault component is larger than that of
the negative-sequence fault component.

4)when a 3P fault occurs, there is no negative-sequence
fault component flowing through the relaying point.

Since the type of fault is evaluated, for each type of fault,
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the magnitude of the positive-sequence fault component can
be used to distinguish the faults at F2-F4 or F5/F6. Hence, the
relay for a WTG can decide an appropriate operation i.e.
delayed operation or instantaneous operation.

4 Case studies

To verify the performance of the proposed algorithm, a wind
farm as shown in Fig. 1 is modeled using the EMTP-RV
simulator. The configuration of the wind farm was mentioned
in Section 2. The sampling rate is 64 samples/cycle.

The performance of the algorithm is verified under the
various fault conditions with the fault positions (F1-F4,
F5-F6, F7-F10), the types of faults (SLG, LL, DLG and 3P
fault), and the faulted phases. Among them, the results of two
cases, i.e. an SLG fault at F2 (the instantaneous operation) and
an SLG fault at F5 (the delayed operation region) are shown in
this paper.

4.1 A-phase SLG fault occurs at F2 (F2_AG)

Fig. 3 shows the results for this case, where an A-phase SLG
fault occurs at Feeder I at 33.33 ms. The 3P currents (i.c.,
iaiWTII) ibﬁWTll, and iciWTll) measured at the terminal of WT]],
connected to the faulted feeder, are shown in Fig. 3a, where
the solid, dashed, and dotted lines represent i, w711, i w1, and
i w1, respectively. The 3P currents (i.e., iy w1, i wr21, and
ic wr21) measured at the terminal of WT,;, connected to the
healthy feeder, are shown in Fig. 3b. In Fig. 3c, the solid line
shows the magnitude of the positive-sequence fault
component (|Ia_WT11+|) calculated from i, yri1, & wrii, and
i. wn1, and the dashed line shows that (|, yr |) calculated
from i, w1, iy w1, and i ypi. In the current paper, both
\l, wrii'| and |1, 2| are shown with per unit quantities. The
two dashed-dotted lines show the thresholds of two magnitude
detectors, where K; and Kg; are set to be 1 and 2 p.u,
respectively.

In this case, because the SLG fault occurs at Feeder I,
|IE,_WT11+| significantly increases, whereas |IE,_W721+| does not,
due to the large impedance of an FCL and a step-up
transformer. Thus, as mentioned in Section 3, the magnitude
of the positive-sequence fault component of WT,;, which is
connected to an adjacent healthy feeder, increases but not
enough to detect a fault. Therefore, the WT,; relay does not
operate, which means that the proposed WTG protection
algorithm does not operate for an adjacent feeder fault.

Figs. 3d, 3e, 3f and 3g show Ouecion Wi wri |,
|Ia7WT11+|/\Iafwﬂf| and 6,y respectively. Because the fault
occurs at F2, Oecion goes into the operation region for the
backward fault. Since the fault is an unbalanced fault, [, 7 |
increase significantly. The fault is judged to be an SLG or LL
fault, as |1, yr'|/|I, w1 | is nearly one. From Fig. 3g, O, is
larger than 30° and smaller than 90°, which proves that the
fault is an SLG fault.

From Fig. 3c, because |Ia7WT11+| is larger than Ky, an
instantaneous trip is activated. Fig. 3h shows the magnitude
detector output, fault direction detector output and



2011The International Conference on Advanced Power System Automation and Protection

instantaneous trip signal, respectively, from top to bottom.
This case is a connected feeder fault, where the relay should
operate instantaneously. Thus, the first output signal is
activated at 38.02 ms, where the magnitude of the positive
sequence current exceeds the threshold; the second signal is
activated at 44.79 ms since the fault is a backward fault; the
third signal is activated at 60.94 ms since the fault requires the
instantaneous trip response.

4.2 A-phase SLG fault at F5 (F5_AG)

Fig. 4 shows the results for this case, where an A-phase SLG
fault occurs at the inter-tie at 33.33 ms, and the relay should
operate with a delay. In Figs. 4a and 4b, i, wri1, i wr and
i wri are larger than those prior to the fault, and both |I, yr 1+|
and \Iafwn1+| exceed K. However, due to the impedance of the
main transformer in the substation, these cannot exceed Ky,
as seen in Fig. 4b. Figs. 4c, 4d, 4e and 4f show that the
proposed protection algorithm correctly evaluates the fault as
an SLG fault. In Fig. 4g, the first and second output signals are
activated at 41.41 and 46.35 ms, respectively. The delayed
operation signal is activated at 62.50 ms. Finally, the delayed
trip signal is activated at 362.50 ms. In the current paper, the
coordination time is set to 300 ms, which is commonly used in
distribution system protection. The results indicate that when
an inter-tie fault occurs, a delayed operation signal rather than
an instantaneous operation signal is activated successfully.

5 Conclusion

A protection relay for a WTG in a large wind farm based on
the positive- and negative-sequence fault components was
proposed in the paper. An internal fault of another WTG
connected to the same feeder or an adjacent feeder fault,
where the relay should not operate, is discriminated based on
the magnitude of the positive-sequence fault component. An
internal fault, where the relay should operate instantaneously,
is distinguished by a directional algorithm based on the
positive-sequence fault components. The relationships
between the positive- and negative-sequence fault components,
which depend on type of fault, are used to distinguish the fault
type i.e. SLG, LL, DLG or 3P first. Then, the magnitude of the
positive-sequence fault component is used to decide either
instantaneous or delayed operation.

The simulation results clearly indicate that the proposed
WTG protection relay can successfully distinguish an
instantaneous, delayed or non-operation depending on fault
positions, irrespectively of type of fault and the phases
involved in the fault. The proposed relay can minimize the
outage section, and the undesirable disconnection of the whole
large wind farm or some healthy WTGs can be avoided.
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