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Abstract—The growth of wind energy has mushroomed over the
past decade. Over the next twenty years, there will be more
significant growth in wind energy with the expectation of 20%
wind grid penetration by 2030. To accommodate this amount of
wind power into our grid, the infrastructure of the transmission
grid must be improved. In the high penetration scenario, the
ability of wind power plants to stay connected during
disturbances is important to avoid a cascading effect due to lack
of generation. So-called voltage ride-through capability has
become a key criterion for wind integration.
This paper analyzes the fault characteristics observed at a
wind power plant, and the behavior of the wind power plant
under fault events. The focus of observation is a wind power
plant monitored in the Electric Reliability Council of Texas
(ERCOT) control area [1]. The wind power plant is monitored
during fault events for a period of one year. The fault events are
actual faults occurring naturally in the surrounding wind power
plants.
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Figure 1. A typical network topology of a large wind power plant.

developing dynamic models of wind turbines and wind power
plants [5-6].
A typical wind power plant can be illustrated by the singleline diagram shown in Figure 1. The wind power plant
consists of the equivalent generator, equivalent pad-mount
transformer, equivalent collector system, substation
transformer, transmission line, and the rest of the grid (infinite
bus). The monitoring equipment is placed at the point of
interconnection (i.e., the high side of the substation
transformer).
In section II, the data monitored and method of analysis are
presented. The actual data analysis is presented in section III.
Finally, conclusions are summarized in Section IV.

Index Terms-- wind turbine, wind farm, wind integration,
wind power plant, stability, wind energy, aggregation, power
system, variable-speed generation, renewable energy, low voltage
ride-through, fault analysis

I. INTRODUCTION
n the next twenty years, there will be more significant
growth in wind energy with the expectation of 20% wind
grid penetration by 2030. To accommodate this amount of
wind power into our grid, the ability of a wind power plant to
stay connected during disturbances is important to avoid
cascading disturbances due to lack of generation [2].
Although operational characteristic of the wind power plant is
an important aspect of wind power plant [3], the so-called
voltage ride-through capability has become a key criterion for
wind integration studies. FERC Order 661A requires that
wind power plants stay connected during a fault, with the
voltage at the point of interconnection (POI) dropping to zero
for the duration of nine cycles (150 milliseconds).
The data collected at a Texas wind power plant for a period
of one year will be the basis for this analysis. The fault events
are actual faults occurring naturally in the surrounding wind
power plant. The three-phase voltages and currents were
recorded during abnormal values (triggered by events). Thus,
the behavior of the wind power plant is recorded during fault
events, including pre-faults and post-fault events. Dynamic
transients are considered to be a very important aspect of wind
power plant contribution to the power grid, and many dynamic
models are developed with international collaboration [4]. In
the U.S., both ERCOT and WECC are strong supporters in
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II. DATA MONITORED
Data monitored include three-phase currents and threephase voltage. Two types of data are collected: the operational
data and the transient data. The operational data is collected at
1-Hz sampling rates and the transient data is collected at high
speed of 7760 Hz sampling rates.
The transient data is
collected only during transient events (i.e., event triggered)
when there is a sudden change of voltage due to transient
events. A window event consisting of several seconds of data
is recorded and stored permanently. The data is then stored
and accessible through a web link protected by a username and
password.
In this paper, only the transient data will be used for the
analysis. The voltages and currents recorded went through
several types of analysis. An example of the recorded data can
be seen in Figure 2a. The instantaneous voltage captured
during transients show momentary dips. The corresponding
currents are shown in Figure 2b, showing a significant increase
of the current, indicating that the wind power plant contributes
to the fault current.
From the instantaneous data, the rms values of the voltages
and current can be computed. From the voltage traces, the
1

duration of the fault and the voltage dip is shown. From the
current traces, the current conditions are seen before, during,
and after transients.
From the voltage wave form in Figure 2, the severity and
duration of the fault is described. From the current waveform,
the level of power production before and after the fault is
evident, as well as the impact of the fault on power production.

system. Within the fault duration it can be assumed that the
wind speed does not change. The power production does not
change either, unless the fault triggered the relay protection
disconnecting some of the turbines due to voltage, current, or
frequency as the turbines exceed their allowable range.
With the assumptions presented above, we can characterize
the wind power plant behavior under faults. For example, we
monitored the data from the wind power plant for a year, and
this data is used to characterize the wind power plant during
the period of observation (e.g., a year or several years).
In this analysis, it is assumed that all turbines are in
working condition and produce power when the wind speed
reaches above the cut-in wind speed (assumes no turbine is
off-line for repair). The level of power production before the
fault event can be determined by finding the ratio of the prefault output current to the rated output current. This number
indicates the level of wind speed. For high wind speeds, this
number is equal or close to 100%.

Voltage
Vpre-fault
Vfault

ΔVdip

Time (cycles)
Irated
Ipre-fault
Ipost-fault

%Power_at_prefault = Ipre_fault/Irated
Duration of
the fault

Time (cycles)

The level of power production can be established after the
fault event by finding the ratio of the post-fault output current
to the rated output current.

Figure 2. Illustration of voltage and current
waveforms during a fault event.

%Power_at_postfault = Ipost_fault/Irated

The variables that can be used to measure the fault
condition are defined as follows:
ΔVdip = the highest voltage drop during the fault event.
Δtfault = the duration of the fault event.
Vfault = the lowest voltage during the fault event.
Vpre_fault = the pre fault voltage (1.0 + 0.05) p.u.
Irated = the rated current of the wind power plant.
Ipre_fault = the pre fault current.
Ipost_fault = the post fault current.

If no turbine is disconnected during this short time of
observation (fault duration), this number is the same as the
pre-fault power production. On the other hand, the post-fault
power production will be less than the pre-fault power
production if there are some turbines disconnected from the
grid.
The number of turbines that stay connected during the fault
event can be determined by finding the ratio of post-fault
power production to the pre-fault power production.

In general, acceptable voltage variation during normal
operation is within + 5% of nominal voltage. For simplicity of
general calculations, it is assumed that normal operating
voltage is 100% or 1.0 p.u. Also, in general, the output of
wind power plants is compensated such that the power factor
at the point of interconnection is about 1.0 per unit. The
output power of the wind power plant varies with wind speed.
For low winds, the output power is low, and during high
winds, the output power of the wind power plant is at rated
capacity (1.0 per unit). With the voltage assumed to be at its
per unit value, under a normal situation, the output current of
the wind power plant is thus an indication of the output of the
wind power plant (i.e., the output current is proportional to the
output power of the wind power plant).
During normal operation in a wind power plant, all wind
turbines produce the same output level in steady state
conditions. The duration of the fault is usually less than nine
cycles (tfault < 150 ms), before the circuit breaker clears the
fault by removing the faulted lines from the rest of the power

%Turbines_stays_online=
%Power_at_postfault / %Power_at_prefault
Or, it is the same as the post-fault output current to the prefault rated output current.
%Turbines_stays_online = Ipost_fault/Ipre_fault
In this particular analysis, the following criteria are used for
sorting out the number of fault events for the most and least
favorable categories.
The most favorable event =
If the power production is less than 10% Prated and the
number of turbines disconnected is less than 20% of the
total number of the turbines.
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The least favorable event =
If the power production is more than 80%Prated and the
number of turbines disconnected is more than 80% of the
total turbines.

Measured Voltage

III. DATA ANALYSIS
Data collected over a year period are analyzed and
presented in this paper. Note that there are many factors
impacting the operation and survival of a wind power plant
when subjected to fault events, and some of them are listed
below:
• The location of the fault with respect to the location
of the wind power plant.
• The severity of fault and the type of fault (single line
to ground, line-to-line to ground, line to line, threephase to ground).
• The setting of the relay protection.
• The type of wind turbine generator (WTG) used in
the wind power plant.
• The control algorithms implemented in the wind
power plant (for example, type 3 and type 4 wind
turbines are able to operate under voltage control,
power factor control, and reactive power control).
• The power system network characteristics (stiff or
weak grid).
• The electrical distance of the generator from the load
center (i.e., close to the load or far away connected
via long radial lines).
• The method of reactive power compensation at the
turbine level as well as the power plant level.

Figure 3: Measurements at the point of interconnection
during the fault event. a) Voltage traces b) Current traces.

A. Typical fault characteristics
The rms values of the voltages and currents are calculated
from the instantaneous data, allowing for determination of the
wind power plant operation before and after the fault. Figure
3 shows an illustration of the voltage and the current behavior
measured at the point of interconnection during the fault event.
From the voltage traces, the duration of the fault and the
voltage dip can be quantified. As shown here, the voltage
drops about 14% for 6 cycles due to the fault occurring
somewhere along the transmission line. The voltage drop with
respect to the nominal value indicates the distance of the fault
from the wind power plant. The relay protection at each
turbine is usually set at the same set values. However, due to
diversity within the wind power plant, the voltage for each
wind turbine will have some differences. When the fault
occurs at some point within the transmission line, the voltage
presented at the wind power plant, i.e., at individual turbines,
may be different. The relay protection at different turbines
sense the voltage at different levels and some of the turbines
may be triggered to disconnect from the power grid, while
others may experience a voltage that is higher than its trigger
level. It shown in Figure 3, that all wind turbines within the
wind power plant are still connected to the grid.
Figure 4 shows trace currents measured at the POI for
different wind power plants at a different location than the one

Figure 4: Measurements at the point of interconnection
during the fault event. a) Voltage traces b) Current traces.
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shown in Figure 3. In Figure 4, the fault event drops the
voltage by 19% for 38 cycles, and the majority of the wind
turbines within this wind power plant are disconnected from
the power grid. The larger voltage drop at the POI and the
longer duration of the fault may be the cause of the
disconnection of the majority of wind turbines within the
power plant.
Note that the wind power plant shown in Figure 3 consists
of type 1 (squirrel cage directly connected to the grid) wind
turbines. Both wind power plants were not designed to have
the low voltage ride-through (LVRT) capability.

Duration of the Fault Events
(percentage is based on 215 events)
70.00%

Percent of all Events

60.00%

B. Wind Power Plant in Year 2005
In this section, a wind power plant is used as the subject of
analysis. The first graph, as shown in Figure 5 is voltage at the
POI plotted against the duration of the faults. In general, the
longer the fault is left un-cleared and the lower the voltage at
the POI during the fault, the higher the probability that the
wind power plant will stay connected to the power grid.
Figures 6 and 7 probe the data in more detail.

Voltage (p.u.)

0.20
0.00
140

Duration (cycles)

Figure 5. Voltage at the POI versus duration of the fault.
Voltage Level for Fault Events
(percentage is based on 215 events)

80.00%

73%

Percent of all Events

70.00%
60.00%
50.00%
40.00%
30.00%

23%

20.00%
10.00%

4%

0.00%
V<0.2 p.u.

0.2 p.u.<V<0.8 p.u.

10cy<T_flt< 20cy

> 20cycles

2) Wind Turbine Characteristics during Faults
Note that the information presented in Figures 5 through 7
is related to the fault characteristics only. It is not related to
the level of production of the wind power plant, nor is it
related to the number of turbines dropped due to the fault
event. Figure 8 shows the level of power production during
the fault events. This figure shows that there is no correlation
between the faults and the level of power production (i.e., the
grid is stiff enough to transmit power regardless of the level of
power production). This information is important because
during power generation, it is desirable that the wind power
plant help support the power system generation to maintain
high reliability. For a high wind penetration scenario, if the
wind power plant is removed from the generation pool during
the slightest fault event, it may induce the cascading effect
commonly associated with a pre-blackout event.
In Figure 8, only 27% of the fault events occur when the
wind turbine produces high power (Pgen >0.8Prated). The rest of
fault events (73%) occur during low power production.
Another angle for looking into fault event-related operation
is by assessing the survivability of the wind power plant. As
described in section II, the number of turbines disconnected
from the power grid can be gauged by finding the ratio of the
output current during post-fault and pre-fault conditions to the
rated current.
Thus, the percentage of the turbines
disconnected from the wind power plant can be established.

0.40

120

7%

all events cause the POI voltage to drop below 0.8 p.u., thus,
the majority of the faults are far-fault events.
Figure 7, shows the bar chart of the fault classification
measured at the POI, based on the duration of the fault. It is
shown that the majority of the faults occur far away from the
wind power plant. It shows that the majority or 59% of the
fault events are cleared in less than 10 cycles, and only 34 %
of the faults are cleared by more than 20 cycles. This fault
clearing time is not dependent on the wind power plant, but it
is set by the relay protection engineers on the circuit breakers
installed within the area of the wind power plant.

0.60

100

20.00%

Figure 7. Duration of the fault.

0.80

80

30.00%

Duration of the Fault

1.00

60

34%

< 10 cycles

1.20

40

40.00%

0.00%

Voltage vs. Duration

20

50.00%

10.00%

1) Fault Characteristics
Figure 6 shows the bar chart of the fault classification
measured at the POI (based on voltage magnitude) of this wind
power plant during 2005. It is shown that the majority of the
faults occur far away from the wind power plant. Only 27% of

0

59%

V>0.8 p.u.

Voltage (p.u.)

Figure 6. Voltage at the POI during the fault.
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Most and Least Favorable Faults

Level of Production During Faults

(percentage is based on 215 events)

(percentage is based on 215 events)
120%

P e rc e n t o f a ll E v e n ts

100%

16%

100%

15%

14%
P e rc e n t o f a ll E ve n ts

80%
60%
41%

40%

32%

27%

20%

12%
10%
8%
6%
4%
2%

0%
Total # of Faults

< 0.2 P_rated

1%

0%

> 0.8 of P_rated 0.1 P_rated < Pout
< 0.8 P_rated

Most Favorable

Least Favorable

Event Results

Figure 8. Wind power plant output at the pre-fault condition.

Figure 10. Illustration of the loss of generation during faults.

Figure 9 illustrates the number of turbines that stay
connected when there is a fault event. It turns out that 88% of
the time, less than 20% of the total turbines were disconnected
from the grid, while only 5% of the time did the wind power
plant lose 80% of the total turbines. However, this number
does not mean anything to the loss of power generation.
Loosing 80% of existing turbines in a wind power plant does
not create any significant threats to the power system stability
if this event occurs during low wind (low output power).
Figure 10 illustrates the most favorable events (15%) and
the least favorable events (1%). The most favorable events are
those which cause the least number of turbines to disconnect
from the wind power plant, and the wind speed for that
particular event was low. The most favorable events can be
translated into the least amount of loss of generated power.

The least favorable events are those which cause the highest
number of turbines to disconnect when the wind speed is high.
The least favorable events can be translated into the highest
loss of generated power.
3) Seasonal Variations
Figure 11, shows the seasonal variation effect on the
number of fault events. From this graph, the number of events
are almost equal during summer (52%) and winter (48%). The
slightly higher number of events associated with summer in
this particular year at this wind power plant can probably be
attributed to the faults created by increased vegetation growth
that touch the lines.
Next, comparing the events that occur when the output of
the wind power plant is higher than 80% of rated power, it can

Loss of Turbine within Wind Power Plant

Fault Events per Season

(percentage is based on 215 events)

(percentage is based on 215 events)

100%

60%
P e rc e n t o f a ll E v e n ts

P e r c e n t o f a ll E v e n ts

88%
80%

60%

40%

20%
5%

20% < Loss of Turbines <
80%

52%

48%

40%
30%
20%

15%
7%

10%

2%

0%

7%

Total Winter Pout > 0.8
Events
P_rated
Winter

0%
>80% Loss of Turbines

50%

< 20% Loss of Turbines

Percentage of Turbines Stay Connected After an Event

Total
Summer
Events

Pout > 0.8
Drop in
P_rated Power > 0.5
Summer
P_rated

Type of Event

Figure 9. Percentage of turbines that stay on line.

Figure 11. Seasonal variations
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be shown that although the number of fault events are almost
the same, the higher incidence of fault events during high
power generation in winter (15% versus 7%) is only an
indication that the average wind speed is higher in winter than
in the summer.
Finally, let’s look into the drop of the power production due
to the fault events (Pprefault – Ppostfault)/Prated. In Figure 11, it is
shown that for only 2% of all events, there is a drop of
50%Prated. Now, we can also add (from Figure 10) that for
only 1% of all events, the wind power plant experienced a
drop of 80% Prated.

[3]
[4]

[5]

IV. CONCLUSIONS
From this analysis, it is shown that most of the wind power
plant faults are cleared in less than 10 cycles. The fault events
mostly occur far from the wind power plant. The loss of
generation during fault varies from 0 to 100% rated power. In
terms of loss of generation, the benefit of wind power
generation with respect to a conventional synchronous
generator is the size of output power disconnected from the
plant. For a conventional generator plant, the loss of one
single generator can also mean the loss of the rated power for
the entire plant. On the other hand, the loss of a single
generator in a wind power plant may only equate to the loss of
less than 1% of the total generation. This benefit is clearly
displayed in Figure 10 where only 1% of all the faults of the
wind power plant caused high power generation losses (Pgen >
0.8 Prated).
In this paper, fault analysis for a wind power plant was
conducted using one year of data collection during 2005. The
analysis was conducted using old data, not reflecting current
operating condition. The present wind power plant has been
improved significantly. If the same analysis is conducted
today, it is expected that we can arrive at an even more
optimistic conclusion.

[6]
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