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The present report is a part of the research project “Grid fault and design-
basis for wind turbine” supported by Energinet.dk through the grant PSO
F&U 6319.

The objective of this project is to investigate into the consequences of the
new grid connection requirements for the fatigue and extreme loads of wind
turbines. The goal is also to clarify and define possible new directions in
the certification process of power plant wind turbines, namely wind
turbines, which participate actively in the stabilisation of power systems.
Practical experience shows that there is a need for such investigations. The
grid connection requirements for wind turbines have increased significantly
during the last 5-10 years. Especially the requirements for wind turbines to
stay connected to the grid during and after voltage sags, imply potential
challenges in the design of wind turbines. These requirements pose
challenges for the design of both the electrical system and the mechanical
structure of wind turbines. An overview over the frequency of grid faults
and the grid connection requirements in different relevant countries is done
in this report. The most relevant study cases for the quantification of the
loads’ impact on the wind turbines’ lifetime are defined.

The goal of this report is to present a mapping of different grid fault types
and their frequency in different countries. The report provides also a
detailed overview of the Low Voltage Ride-Through Capabilities for wind
turbines in different relevant countries. The most relevant study cases for
the quantification of the loads’ impact on the wind turbines’ lifetime are
defined
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1 Introduction

The World Energy Council predicts that by 2050, the global energy mix will be made up
of different energy sources in which renewables will have an important share. On the
same time the European Union has a target of 22% electricity generation from
renewables by 2010 and recognizes that wind power will be the main contributor to
meeting this goal [1]. A study from European Wind Energy Association [2] estimates
that wind is capable of delivering 12% from the electricity consumption by 2020 and in
excess of 20% by 2030. According with International Energy Agency in the last decade
wind power had one of the highest average annual growth rates among renewable
sources [3]. On the same time the wind turbines become in the last decade bigger and
bigger and currently single units up to 5 MW are commercially available. Europe seems
to lead at this moment the penetration of the wind power into the electrical network,
Denmark and the northern Germany having the highest level of penetration. In 2006
more than 20% from the total electricity consumption in Denmark was provided by the
wind power. Spain and Ireland as well as Great Britain will install more wind power in
the near future. The future development of wind power is also expected in Canada,
Australia and Japan.

Modern MW wind turbines currently replace a large number of small wind turbines and
there is a significant attention to offshore wind parks/farms, mainly because of higher
average wind speed and no space limitations. Large wind farms like Horns Rev (160
MW) or Nysted (170 MW) in Denmark are in operation and more large wind farms are
in construction or in the planning stage all over Europe.

However, in order to achieve objectives as continuity and security of the supply a high
level of wind power into electrical network posses new challenges as well as new
approaches in operation of the power system. Therefore some countries have issued
dedicated grid codes for connecting the wind turbines/farms to the electrical network
addressed to transmission and/or distributed system. In most of the cases, e.g. Denmark,
Germany, Ireland these requirements have focus on power controllability, power quality,
fault ride-through capability. Moreover, some grid codes require grid support during
network disturbances e.g. Germany and Spain. Denmark has the most demanding
requirements regarding the controllability of the produced power. Wind farms connected
at the transmission level shall act as a conventional power plant providing a wide range
of controlling the output power based on Transmission Network Operators demands and
also participation in primary and secondary control. The power quality requirements are
very demanding in respect with flicker emission as well as the harmonic compatibility
levels for voltages especially at Distribution System level comparing with relevant
standards. All existing grid codes require fault ride-through capabilities for wind
turbines. Voltage profiles are given specifying the depth of the voltage dip and the
clearance time as well. However, in some of the grid codes the calculation of the voltage
during all types of unsymmetrical faults is very well defined e.g. Ireland, while others do
not define clearly this procedure.

Many references e.g. [2], [27] and [33] consider that the present grid codes often contain
costly and demanding requirements e.g. fault ride-through capability and primary control
which are not reflecting the real penetration of the wind power in a given area.

6 Risg-R-1617(EN)



Moreover, according to [2] “grid codes and other technical requirements should reflect
the true technical needs for system operation and should be developed in cooperation
between Transmission System Operators, the wind energy sector and government bodies.

The present report will give first an overview regarding the definitions and classification
of the events in the electrical network with a focus on voltage sags. The origins and the
influence of the transformer connection are also treated. Then, some statistics in different
countries e.g. US, France and Nordic countries regarding the frequency of the faults in
terms of amplitude, duration and fault types are given.

Next, an overview of the existing grid codes regarding the Low Voltage Ride-Through
capability of the wind turbines connected at distribution and/or transmission networks in
different countries is presented.

In order to asses the impact of different fault types as well as the grid conditions on the
drive train of a directly grid connected based induction generator wind turbine some
simulation studies are carried out.

Finally some overall conclusions are drawn.

Ris-R-1617(EN) 7



2 Events in Electrical Network

2.1 Definitions and Classifications

Various events can occur in the electrical networks and most of them are related with the
network voltage. These voltage events usually are characterized by a change in the
magnitude of the voltage and they can have different time durations from milliseconds
up to hours [4]. Based on these two main characteristics namely magnitude and duration
the voltage events are classified by standards in different ways [4].

The standard EN 50160 [5] is focused on characterisation of voltage in low and medium
voltage networks while IEEE Std. 1159 states that “there is no implied limitation on the
voltage rating of the power system being monitored” [6]. The momentary voltage
disturbances are classified in IEEE Std. 1250 [7] for duration up to a few seconds.

Moreover, the terminology used in these standards is very different. For example the
same event in EN 50160 is called “voltage dip” while in IEEE Std 1159 it is referred as
“voltage sag”. However, the magnitude of this event is defined different in these
standards.

In order to illustrate these differences the definitions of voltage magnitude events from
both standards are presented in Fig. 1.

ge

overvoltage

Transients

Temporary overvoltage (7) overvoltage

Swell

I |
I I
I I
I I
I |

Transient overvolta

2 1109
2 Mormal operating voltage
5,100% — 2
T MNormal operating voltage
E g0%
c
@
>
L
o~ undervoltage
Voltage dip (?) undervoltage
3 Voltaoe 52
g Voltage sag
g
10%—5
5 Momentary Temporary Sustained interruption
1% —+—
Short interruption Long interruption
0.5 3 sec 1 min 3 min

cycle Event duration IEEE Std 1159-1995

EN 50160
Fig. 1. Definition of voltage magnitude events based on standards.
(source [4], [5] and [6])

This method of classification of events in the electrical network based on magnitude and
duration has advantages and drawbacks. In reference [4] it is stated that the following
items are of concern when using this method:

e The RMS voltage during the event is not always constant and therefore this
method might lead to ambiguities in defining the magnitude and duration of the
event.

e Fast events with duration of less that one cycle cannot be defined very well
because the RMS voltage cannot be calculated precisely.
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e Repetitive events can give erroneous results. In this case the numbers of events
can either be underestimated or overestimated.

In this report the focus is on network events characterized by a voltage drop down to 0.1
pu or less and durations up to 1 second. Based on [4] two types of events are
characterized by this magnitude and duration namely short interruptions and voltage
sags. These events can mainly be related with short-circuits in the electrical networks.

2.2 Short interruptions

2.2.1 Terms and definitions

The definitions for this class of events as defined in the standards [5], [6] and [7] are
summarized in Table 1.

Table 1. Definitions for short interruption in various standards

Standard Definition Magnitude Duration Applicability
Short . LV and MV
EN 50160 . . < 1% Up to 3 min
interruption ° P ! (up to 35 kV)
IEEE Std 1159- | M
Std 1159 . omentgry <10% 0.5 cycles to 3 sec LV, MV, HV
1995 interruption
Instantaneous
IEEE Std 1250- | interruption | Complete loss 05cyclesto 0.5sec | LV, MV, HV
1995 of voltage
Momentary vorag 0.5 sec to 2 sec LV, MV, HV
interruption

As it can be observed in Table 1 only IEEE Std 1159-1995 covers the whole range of
voltages while EN 50160 is limited to 30 kV networks.

2.2.2 Origin

The origins of the voltage interruptions in general are “faults which subsequently trigger
protection measure” [4]. Among other causes the following shall be mentioned [4]:

e Protection operation when there is no fault;
e Broken conductors not triggering protective measure
e  Operator intervention

“When the supply is restored automatically, the result event is called a short
interruption” [4]. Based on the network layout between the location of the fault and the
point where the voltage is measured and the protection schemes used, the event is “seen”
in a different way as shown in Fig. 2.

l,

Short-circuit

4 Voltage sa
Lateral feeders gy =2g

o |

1) Faulted feeder

RMS voltage on

! non-faulted feeder
-:--d

Recloser
SNE
) $

Fig. 2. Fault in a distribution network: a) network layout and
b) RMS voltages on feeders.

RMS voltage on
faulted feeder

Non-faulted feeder

Distribution substation

Short interruption

- »a - time

‘ | ; ]

Fault-clearing Reclosing

Lateral feeders time interval

a) b)
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The voltage on the faulted feeder will drop to zero while the non-faulted feeder will
“see” a voltage sag.

2.3 Voltage sags
2.3.1 Terms and definitions

A summary of different terms and definitions for voltage sags as given in standards is
presented in Table 2.

Table 2. Definitions of voltage sags in various standards.

Standard Magnitude Duration Applicability
EN 50160 1% - 90% 0.5 cycles to 1 min I(_u\l:/J ?:(;;\Ak\\//)
|1|3§5E Std 1159- 10% - 90% 0.5 cycles to 1 min LV, MV, HV
|1I3§5E Std 1250- Reduction of voltage 0.5 cycles to few sec LV, MV, HV
2.3.2 Origin

According to [4] the voltage sags “are short duration reductions in RMS voltage, caused
by short circuits, overloads and starting of large motors. Since voltage sags are caused by
short-circuit faults located at hundreds of kilometres away in the transmission system
these events are a more “global” problems than an interruption [4].

The magnitude of the voltage sags are determined by the following factors [4]:
e Distance to fault
e Cross section of the lines and cables

e Connection type of transformers between the location of fault and the recording
point

e Type of the network (radial or loops)

e Short-circuit impedance of the network, etc
An overview regarding the influence of transformer winding connections on the
propagation of voltage sags is given in [8].

For example different short-circuit types on the high-voltage windings of an Dyl or
Dy11 transformer, which is very common in wind turbine systems, leads to different
voltage sags on the low voltage side of it as shown in Fig. 3. However, when several
cascaded transformers are present between the fault location and the “reading” point of
voltage, the voltage sag will be determined by the connection types of all these
transformers.

10 Risg-R-1617(EN)
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Fig. 3. Propagation of voltage sags caused by asymmetrical faults on a Dyl transformer.

2.4 Events survey in different countries
2.4.1 US and Canada

A very comprehensive investigation regarding power quality for US and Canada is
presented in [9] and [10]. This study is based on three surveys conducted by National
Power Laboratory (NPL), the Canadian Electrical Association (CEA) and the Electric
Power Research Institute (EPRI).

The CEA survey of power quality has run for three years since 1991 and 22 utility
companies have participated. The main focus was on residential, commercial and
industrial customer sites which have been monitored at their low voltage connection.

The NPL survey had also focused on low voltage networks and it has been running for a
five years beginning with 1990. The main goal was to monitor single-phase normal-
mode electrical disturbances.

The EPRI survey run between June 1993 and September 1995 aimed to “perform the
most thorough study .... to describe power quality levels on primary distribution system
in the US” [10]. During this survey the medium voltage networks ranged between 4.16
kV and 34.5 kV and lengths from 1 to 80 km were monitored. “One third of the monitors
were located at substations just down line from the feeder circuit breaker, while the
remaining monitors were randomly placed along three-phase sections of the feeder
primary” [10]. The data presented in [9] and [10] are also used in [4].

Since in the present report the focus is on the network events at the medium and high
voltage levels, only some results from the EPRI survey will be highlighted.

The EPRI low RMS event data for substation monitors with a 5 min filter are shown in
Fig. 4 while the survey for feeder monitors is given in Fig. 5. Both data are filtered with
a 5-min filter. The reason of using this filter is that “from a critical process perspective, it
is likely that once a process drops out, other events within a 5 min period are probably
not going to impact that process” [10]. However, using this filter “it is expected that the
numbers .... are 50 — 70 % lower than if no filters was used” [10].

Ris-R-1617(EN) 11
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Fig. 4. EPRI data for substations monitors with a 5-min filter.

events per year
o

80-90%

70-80%

50-70% )
10.508,  magnitude

’\Qﬂ,q} ,@0 & 0-10%
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Fig. 5. EPRI data for feeder monitors with a 5-min filter.

As it can be observed in Fig. 4 and Fig. 5 the highest number of the events is
characterized by drops in magnitude down to 0.8 pu from the rated voltage and with
duration of maximum 6 cycles. Also, most of the events have duration up to 6 cycles
especially on the feeder monitors.

2.4.2 France

A statistic regarding the number of faults per year in the whole French transmission and
sub-transmission systems is presented in [11]. Here, based on the duration of the events
the faults are divided mainly in two categories namely momentary and permanent fault.
According to [11] the momentary fault has duration in the order of several hundreds of
milliseconds and it is related to the operating time of a recloser. On the other hand a
permanent fault “lasts several minutes to several hours and it requires human
intervention” [11].

A summary of this fault statistic is shown in Fig. 6 based on [11].

12 Risg-R-1617(EN)



events/100km/year

momentary  momentary  pemanent  pennanent
single-phase  poly-phase  single-phase  poly-phase

Fig. 6. Fault statistics in the France’s transmission and sub-transmission lines.

It is obviously that most of the faults are located in MV networks especially momentary
ones. Moreover, the frequency of the momentary single phase faults is dominant in the
entire network, while the permanent poly-phase faults have the lowest occurrence.

2.4.3 Nordel

Statistics regarding the faults in the transmission system of the Nordic countries are
available on Nordel’s web-page [12]. Each year a document summarizing the faults in
the transmission systems of the members is available from Nordel. This very
comprehensive document gives in details the number of faults on each voltage level, per
subcomponents, etc.

According to [12] more than 50% from the total number of faults per year in the period
2000-2005 in Denmark, Finland and Sweden are located on overhead lines as shown in
Fig. 7. Exception is Norway where faults located in substations are predominant
compared with faults on overhead lines.

faults per year2000-2005

100% ~

80% -

60% -

40% -

20%

0% -

Denmark Finland Norway Sweden

|E| overhead-lines B cables O substations O other |

Fig. 7. Sharing of faults on the transmission systems of Nordic countries
in the period 2000-2005.

In all Nordic countries the number of faults located on cables is less than 2.5% from the
total number of faults in the considered period.

Risg-R-1617(EN) 13



In all considered countries most of the faults on overhead lines in the last ten years are
on 132 kV lines, while 400 kV lines are less susceptible to faults as shown in Fig. 8.
Exception is Norway where the number of faults on 400 kV lines as well as on 132 kV
ones are almost equal.

faults per 100 km 1996-2005

4
3
2
T 132KV
1 220 KV
0 400 KV

Denmark Finland Morway Sweden

Fig. 8. Number of faults per 100km of overhead lines in the last ten years
in the Nordic Countries.

An analysis of the fault type on all voltage levels in the considered Nordic Countries is
given in Fig. 9, Fig. 10 and Fig. 11.

This analysis reveals that the highest number of faults is of single phase type in all
considered countries.

Faults on 400 kV overheadlines 1996-2005

8

humber of faults
88888383

=
o

o

Denmark Finland Norway Sweden

||:| single phase fault m continuous fault |

Fig. 9. Sharing of fault types on 400 kV overheads lines.

Denmark has the highest number of events on the 220 kV lines, while Sweden on the
400 kV systems.

Continuous faults have a relative low sharing in all considered countries.
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Faults on 220 kV overhead lines 1956-2005

number of faults

Denmark Finland Norway Sweden

| msingle phase fault m continuous fault |

Fig. 10. Sharing of fault types on 220 kV overheads lines.

Faults on 132 kV overhe ad line s 1996-2005

number of faults

Denmark Finland Nerway Sweden

||:| single phase fault mcontinuous fault |

Fig. 11. Sharing of fault types on 132 kV overheads lines.

2.4.4 Summary

Based on the presented survey regarding faults on the electrical network it can be drawn
the following conclusions:

e Most of the events are located on overhead lines
e Most of the faults are located on 132 kV networks.

e The single phase fault has the highest probability to occur compared with other
types of faults

e Voltage drops down to 0.75 pu have a duration of several cycles while voltage
drops down to 0.25 pu from the rated voltage have duration of several seconds
up to minutes.

Ris-R-1617(EN) 15



3 Requirements for LVRT Capability in National
Grid Codes

In the following paragraphs an overview of the Low Voltage Ride-Through (LVRT)
requirements in the national grid codes for wind turbines is presented. Some national
grid codes e.g. Denmark and Ireland have specific fault ride-through requirements for
distribution networks as well as for transmission ones while other national grid codes
have focus only on the transmission level, e.g. Germany and Spain.

3.1 Denmark

3.1.1 Distribution System

According with the specifications from EnergyNet.dk [14] the wind turbines connected
to grids with voltages below 100 kV must remain connected during grid faults as shown
in Fig. 12.

A [pu]

1.4 —
not allowed voltages
T L]
i must stay connected
0.8 -
0.6 - [ must
|disconnect

0.4 - |
0.2 - may disconnect

— 1 1 T -

0.01 0.1 0-757y 10 100 [sec]

Fig. 12. Requirements for disconnection of wind turbines in the event of deviations in
voltage (source [14]).

Some special situations when a WT, as well as the compensation equipment ,must not be
disconnected from the electrical network are specified also in [14] as follows:

e 3-phase short-circuit for 100 msec;

e 2-phase short-circuit with or without ground for 100 msec followed after 300-
500 msec by a new short-circuit of 100 msec duration.

A summary of the voltage profile in these special conditions is given in Fig. 13.

4 Voltage[%]

UHF — Full-load
4 voltage range
100 -

shall remain

o I connected
3-phase

75 —

a5l \z-phase i \

>

100"  «x 100

[msec]

Fig. 13. Fault ride-through capabilities of WTs connected to the Distribution System.
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The upper voltage limit for at full load UHF and the lower voltage limit at low load ULF
in the distribution networks are defined in Table 3.

Table 3. Voltage levels in the Danish distribution networks.

Nominal voltage Lower limit full load U g Upper-limit full-load Uy
0.4 kV 380 V 440V

10 kV 10 kV 11 kV

15 kV 145 kV 16.5 kV

20 kv 20 kv 22 kV

30 kv 28.5 kV 33kV

50 kV 475 kV 55 kV

60 kV 57 kV 66 kV

A wind turbine shall have sufficient capacity to fulfil the above mentioned requirements
for the following sequences [14]:

e At least two 2-phases short-circuits within 2 min interval;
e At least two 3-phases short-circuit within 2 min interval.

Also, it shall be sufficient energy reserve (emergency, hydraulic and pneumatic) for the
following sequences:

e At least six 2-phases short-circuits with 5 min interval;
e At least six 3-phases short-circuit with 5 min interval.

3.1.2 Transmission System

The fault ride-through requirements for wind farms connected to grids with voltages
above 100 kV are specified in [15].

A wind farm shall not disconnect in the following situations:
e 3-phase short-circuit — up to 100 msec;

e 2-phase short-circuit with/without ground for up to 100 msec followed after
300-500 msec by a new short-circuit of max 100 msec duration

e 1-phase short-circuit for up to 100 msec followed after 300-500 msec by a new
short-circuit of max 100 msec duration

A wind turbine shall have sufficient capacity to fulfil the above mentioned requirements
for the following sequences:

e At least two 1-phase short-circuits within 2 min interval;
e At least two 2-phases short-circuits within 2 min interval;
o At least two 3-phases short-circuit within 2 min interval.

Also, it shall be sufficient energy reserve (emergency, hydraulic and pneumatic) for the
following sequences:

e At least six 1-phase short-circuits with 5 min interval

Ris-R-1617(EN) 17



e At least six 2-phases short-circuits with 5 min interval;
e At least six 3-phases short-circuit with 5 min interval.

In [15] it is specified that the basic stability proprieties which are incorporated in the
design of a wind turbine shall be verified by means of a turbine test for all types of wind
turbines included in the wind farm.

This turbine test “is carried out by simulation of the wind farm stability by applying a
symmetric three-phase short circuit to the power grid” [15]. Additionally, the impact of
asymmetrical faults, with unsuccessful automatic reclosure, on the wind farm must be
documented. In this case the wind turbine shall not be disconnected from the grid.

3.1.2.1 Stability analysis during symmetric three-phase faults

According to [15] the wind farm owner must provide to the System Operator a report
detailing the simulation model and results for a voltage profile with a slowly recovering
time as shown in Fig. 14.

i Voltage[%]

S
100 - pr—
must stay
connected
75 —
2311 [sec]
L . -
Y b »
0.1 0.65 10

Fig. 14. Voltage profile for simulation of symmetric three-phase faults.

Simulation model shall have a structure as shown in Fig. 15. This model is based on the
Thevenin equivalent of the power system.
Voltage Grid Wind

Transformer .
Source Impedance Turbine

PCC
Busbar

Fig. 15. Equivalent model of the power system used in stability analysis of symmetrical
faults.

The voltage source shall simulate the voltage profile given in Fig. 14 with a correction
factor so that the voltage level in the Point of Common Coupling (PCC) is 1 pu before
the fault. The grid impedance is characterized by a short-circuit power Sy ten time bigger

than the wind turbine’s rated power P, and an impedance ratio R/X of 0.1. This

impedance ratio corresponds to a grid angle of 84.3° The report shall describe how the
internal network is included in the model.
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Rated wind speed, rated rotor speed and zero reactive power in the PCC are the initial
conditions for the wind turbine.

In the report the simulation tool used in stability analysis shall be specified as well as a
description of the wind farm model *“to a level of detail that makes possible to repeat the
calculation in the analysis tool of the system operator” [15].

The wind farm will meet the interconnection requirements when:

e The delivered power reaches the rated value no later than 10 sec after the
voltage is above 0.9 pu:

e The active power in the PCC during the voltage dip meet the following

condition:
Y 2
Pactual 2 kp ) P|t:0 {Lual]
Vleo
where:
P.ctual — active power in the PCC during the simulation

P|,_, - active power measured in the PCC before the fault
Vacua - VOItage in the PCC during simulation
V|._, - voltage measured in the PCC before fault

k, - reduction factor considering any voltage dips to the generator
terminals

e The reactive power exchange in the PCC shall be in the normal limits (see Fig.
16) no later than 10 sec after the voltage is above 0.9 pu. During the voltage dip
the reactive current in the PCC shall not exceed the rated value.
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Fig. 16. Reactive power control range for normal operation of a wind turbine.

e During the voltage dip the reactive power control must be changed from normal
operation to a maximum voltage support strategy so that the normal grid voltage
is re-establish as soon as possible. Also, this control must be able to avoid
overshoots.
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3.1.2.2 Stability analysis during asymmetric faults and unsuccessful
reclosure

The wind farm must be able to withstand the impacts from the asymmetric faults in the
grid without requiring disconnection of wind turbines in the wind farm [15]. Two
asymmetrical faults are considered here namely a two phase fault on the transmission
line with unsuccessful reclosure and a single phase one in the same conditions. The
voltage profile for these asymmetric faults are shown in

4 Voltage[%] A voltage[%]
Phase T Phase S & Phase T
100 + 100
75 Phase R 75
& Phase R
50 Phase S 50
25 25
| L 1
001 Tolatole ;s 00.1 0.4 ' 0.6 [secl
2-phase 1-phase
asymetrical fault asymetrical fault

Fig. 17. Voltage profile for asymmetrical faults used in simulations.

Special remarks are made regarding the point of common coupling comparative to the
transformer windings. When the PCC is on the secondary side of the transformer the
vector group and phase shift of it must be considered in fault analysis. “Unless otherwise
agreed, it shall be assumed that the transformer is YNd11-connected”.

3.2 Ireland
3.2.1 Distribution system

The general grid connection requirements to the Distribution System (DS) in Ireland for
distributed generation as well as specific requirements for wind farms are given in [16].
These additional requirements are applied to Wind Farm Power Stations (WFPS) with
Registered Capacity of 5 MW or more or with Registered Capacity less than 5MW due
to be developed on a Contiguous Wind Farm Site (CWFS) where the development of the
WEFPS results in the total Registered Capacity of WFPS on the CWFS exceeding or
remaining above 5 MW.

Based on the connection type and voltage level five categories of Wind Farm Power
Stations are identified as shown in Fig. 18.The voltage profile for disconnection of these
WEFPS from the grid in case of a fault is summarized in Fig. 19.

110 kV 110 kV 38 kV 110 kV 38 kV

- é é $ é é
38/20/10 kV 38/20/10 kV 20/10 kV 38/20/10 kV 20/10 kV
PCC PCC PCC J7 PCC ‘L
Load Load

Load
Connection Type A Connection Type B Connection Type E  Connection Type C Connection Type D

Fig. 18. Classification of Wind Farm Power Stations connected to
Ireland’s Distribution System.
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Fig. 19. Fault ride-through requirement for WFPS connected to the
Ireland’s distribution system

The WFPS shall remain connected to the DS for voltage dips on any or all phases.
During the voltage dip the WFPS shall have the technical capability to provide active
power in proportion to retained voltage and maximize reactive current to the DS without
exceeding the WT limits for at least 600 msec or until the DS voltage recovers to the
normal operational range. Moreover the WFPS shall provide at least 90% of its
maximum available active power as quickly as the technology allows and in any event
within 1 sec of the DS voltage recovering to the normal operating range.

3.2.2 Transmission System

The connection requirements for wind farms connected to the Transmission System are
specified in [17]. These requirements are identical with those for the Distribution System
[16]. However some special remarks shall be mentioned

e Voltage measurements are made in the high-voltage side of the transformer;

e Fault ride-through capabilities for all connection types are identical with the
requirements valid for wind farms with connection Type A to the DS (see Fig.
18);

e Wind farms shall remain continuously connected to the TS at maximum
available power or curtailed active power output for normal and disturbed
system conditions and for step changes in the TS voltage of up to 10%.

¢ WF grid connected transformer may be connected either:

0 Indelta on the LV side and in star (with the star point or neutral brought
out) on the HV side

o0 Instar on both HV and LV sides with a delta tertiary winding provided.

3.3 Germany

In the event of faults in the grid outside the protection range of the generating plant,
there must be no disconnection from the grid. The generating unit shall fed short-circuit
current into the grid during the fault period. This contribution shall be agreed with E-On
in each individual case.

The limit curves for the voltage pattern at the grid connection point for fault events are
shown in Fig. 20.
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Fig. 20. Voltage limits for disconnection of generating units in the case of faults in the
grid.

The highest value of the 3-phase line-to-line grid voltage is considered in Fig. 20. Three-
phase short-circuits or fault related symmetrical voltage dips must not lead to instability
above the red line in Fig. 20.

Special situations when the generating unit must be disconnected from the grid are
considered in the following.

Voltage in the PCC has a value of and below 85% from the rated voltage and with a
leading operation. The generating unit shall be disconnected after a time delay of 0.5 sec.

If the voltage on the low voltage side of each individual generator transformer falls and
remains at and below 80% of the lower band of the voltage band (95%) based on a
resetting ratio of 0.98, one quarter of the generators must disconnect themselves from the
grid after 1.5 sec, after 1.8 sec, after 2.1 sec and after 2.4 sec respectively. The voltage
value refers to the highest value of the three-phase line-to-line voltages;

If the voltage on the low voltage side of each individual generator transformer rises and
remains over 120% of the upper value of the voltage band (105%) based on a resetting
ratio of 1.02, the generator affected shall disconnect itself from the grid with a time delay
of 100 msec. The voltage value refers to the lowest value of the three-phase line-to-line
voltages

The following applies within the Area 1 in Fig. 20:

o All generating plants should experience the fault without disconnection from the
grid. If, due to the grid connection concept, a generating plant cannot fulfil this
requirement, it is permitted with agreement from E-On to shift the limit line
while at the same time reducing the resynchronisation time and ensuring a
minimum reactive power injection during the fault.

o If, when experiencing the fault, the individual generators becomes unstable or
the generator protection responds, a brief disconnection of the generating plant
from the grid is allowed by agreement with E-On. At the start of a brief
disconnection resynchronisation of the generating plant shall take place within 2
seconds at the latest. The active power infeed must be increased to the original
value with a gradient of at least 10% of the rated generator power per second.

The generating plants shall support the grid voltage with additional reactive current
during a voltage dip. The voltage control in this case shall act as shown in Fig. 21 and
must take place within 20 msec after fault recognition. The generator unit shall provide a
reactive current on the low voltage side of the transformer equal to at last 2% from the
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rated current for each percent of the voltage dip. If necessary the generating unit shall be
able to provide full rated reactive current

A A Required additional
reactive current
Dead-band | I

o

=50% -10% . |0 10P 20%

AU,
.
Voltage drop/rise

| =100%

Fig. 21. Voltage support requirement from E.On Netz during grid faults.

After the voltage returns to the dead-band, the voltage support shall be maintained for a
further 500 msec.

3.4 Great Britain

The interconnection requirements for the transmission system in Great Britain (GB) are
given in [21]. However, for connection of embedded generators below a certain power
level e.g. 30 MW the Distribution System Operators in particular regions shall be
contacted [21]. Also the interconnection requirements are different for different regions
in GB, e.g. England and Wales, and Scotland. In the following paragraphs a summary of
the most important grid connection requirements for distributed sources with a
completion date after 1 January 2006 are presented.

Generating units shall remain connected and transiently stable without tripping for a
close-up solid three-phase short circuit fault or any unbalanced short-circuit fault on the
transmission system operating at supergrid voltages for a total fault clearance time of up
to 140 msec. The duration of zero voltage is dependent on local protection and circuit
breaker operating times. This duration and the fault clearance time will be specified in
the individual agreement between TSO and the owner of the production unit. Following
fault clearance, recovery of the supergrid voltage to 90% may take longer than 140 msec
as illustrated in Fig. 22

A vVoltage[%]

100 —
90 — r—
80 —
15 [msec]
| | | |-
140 1200 2500 3000

Fig. 22. Requirement for fault ride through capability in the GB networks.
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Same requirements as above are valid for voltage dips greater than 140 msec in duration.

In order to avoid unwanted island operation the generating units in Scotland shall be
tripped for the following conditions:

e Voltage as measured in the PCC below 80% for more than 2 sec;

e Voltage as measured in the PCC above 120% (115% for 275 kV) for more than
1 sec.

3.5 Spain

A document detailing the minimal interconnection requirements for wind turbines has
been issued by REE Spain [22] and it was published officially in October 2006. This
document addressed just two topics namely fault ride-through capabilities and reactive
power/voltage control during faults and it applies to all operators connected to the main
transmission grid. However according with [27] “REE is considering including wind
plant connected” at the distribution system level.

The wind turbines shall remain connected during faults for a voltage profile as shown in
Fig. 23. There is no specification regarding the procedure for calculation of voltages
during the fault.

4 Voltage[%]
100 - 95%

shall remain
connected

20

| | | ” | bRl

0 0.5 1 15

Fig. 23. Fault ride-through requirement for wind turbines in the
Spanish transmission grid.

The wind power plants are required to stop drawing the reactive power within 100 msec
of a drop voltage and to be able to inject reactive power within 150 msec of grid
recovery as shown in Fig. 24.

4 Ireactive/Irated[%] Fault Normal
100 - operation "_*operati_on
90
leading
Voltage[%]
| | - >
0 50 85| 100

lagging

Uy U

Fig. 24. Grid support during faults by reactive current injection as specified in the
Spanish grid codes.
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3.6 Italy

The general rules for connecting to the transmission system in Italy are given in [23],
[24] and [25]. A draft document with connection requirements for wind power was
issued in February 2006 [26]. The document is addressed to wind power installations
with a rated power over 25 MW connected to voltage levels up to 30 kV

The voltage profile for the fault ride-through capability of the wind turbines is given in
Fig. 25.

A Voltage[%]

100
90

] E——— —
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connected

j i | { | [sec]__
0.5 0.8 2 2.5

Fig. 25. Voltage profile for fault ride-through capability

3.7 USA

The interconnection requirements for wind energy connected to the transmission
networks are defined in [28] issued by Federal Energy Regulatory Commission (FERC)
in US. These requirements are applicable to wind power facilities larger than 20 MW.
This document addresses mainly three topics namely the low voltage ride-through
capability, power factor design criteria and Supervisory control and data acquisition
capability.

According with this document the wind power plants “shall be able to remain online
during voltage disturbances up to the time periods and associated voltage levels” as
shown in Fig. 26. Also the “wind generating plant must be able to operate continuously
at 90% of the rated line voltage, measured at the high voltage side of the wind plant
substation transformer” [28].

A Voltage[pu]

1.0
0.9 -
0.8 - shall remain
connected
0.4 Not required
to remain
connected
0.15 - E [msec]
B | | : l»
0 150 625 1000 3000

Fig. 26. Minimum required wind plant response to emergency low voltage.

As it can be seen in Fig. 26 the Low Voltage Ride-Through capability is similar with
Ireland’s requirements for Wind Farm Power Stations with a Connection Type A.
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FERC has also issued specific interconnection requirements for small generators with
registered capacity of less than 20 MW.

3.8 Canada

A comprehensive study regarding the status of the wind power penetration into the
Canadian power system as well as further development is given in [29]. The existing
installed wind power is shared uneven among the 13 Canadian provinces. According to
[29] there were 570 MW installed wind power capacity across Canada in 2005, Alberta
and Quebec having most of this installed power; 275 MW and 212 MW respectively.
Another approximately 2 GW are “under construction or have secured power purchase
agreements” [29]. The existing grid connection requirements reflect also this situation.
Thus, just Alberta, Ontario and Quebec have specific interconnection requirements for
wind power issued in the last 3 years [30], [31]. However, the Low Voltage-Ride
Though capability for wind power is well-defined only for Alberta and Quebec [30],
[31].

3.8.1 Hydro-Quebec

Hydro-Quebec’s LVRT requirement is defined for “the positive sequence voltage on the
high-voltage side of the switchyard” [30] as given in Fig. 27. According to [30] the wind
generators must remain to the transmission system without tripping during:

0 A three-phase fault cleared in 9 Cycles including a fault on the high-voltage side
of the switchyard and for the time required to restore voltage after the fault is
cleared as specified in Fig. 27 for the positive-sequence voltage;

0 A two-phase-to-ground fault or a phase-to-phase fault cleared in 9 cycles
including a fault on the high-voltage side of the switchyard and for the time
required to restore voltage after the fault is cleared;

0 A single-phase-to-ground fault cleared in 15 cycles including a fault on the
high-voltage side of the switchyard and for the time required to restore voltage
after the fault is cleared.

4 Voltage[pu]
Positive-sequence voltage on the high-voltage side of the switchyard

1.0 —
0.85 1] —
0.75 - J
must remain
connected Hydro Quebec tripping allowed
0.25 -
0.15 -+ [sec]
0 0.15 1 2 3

Fig. 27. LVRT requirement from Hydro-Quebec for wind generators during
a three-phase fault.

Also, the wind generators must remain in service without tripping during a remote fault
cleared by slow protective device (up to 45 cycles) and for the time required to restore
voltage after the fault is cleared, whether the remote fault is:

0 A three-phase fault, if the positive-sequence voltage on the high-voltage side of
the switchyard does not fall below 0.25 pu;
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0 A two-phase-to-ground fault, if the positive-sequence voltage on the high-
voltage side of the switchyard does not fall below 0.5 pu;

0 A phase-to-phase fault if the positive-sequence voltage on the high-voltage side
of the switchyard does not fall below 0.6 pu.

The following statement in [30] must be mentioned: “Power producer facilities must also
help restore the power system to normal operating conditions after a disturbance”.
However, no details for clarifying how the wind power facility shall help the restoration
of the power system after disturbances are given. Under the requirements concerning
voltage regulation and power factor is stated that the power producer facilities can
supply or absorb reactive power corresponding to a power factor equal or less than 0.95
on the high-voltage side of the wind power plant switchyard.

3.8.2 AESO-Alberta

The LVRT requirement for Alberta [31] applies to voltage at the PCC and all
transmission connected wind farms above 5 MW capacity, as shown in Fig. 28.

4 Voltage[pu]

1.0 —
0.90 T
0.75 -
AESO-Alberta
must remain may disconnect
connected
0.15 -

[sec]
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0 0.625 3

Fig. 28. Voltage ride-through requirements from AESO-Alberta for low voltage
conditions.

A wind power farm shall not trip any loaded wind turbine generators for voltage dips
resulting from normally cleared transmission faults on any phase or combination of
phases at or beyond the point of connection.

The following exceptions are given in [31] for wind power farms:

0 Are not required to ride-through transmission system faults that cause a forced
outage of a radial line to the farm;

0 Are not expected to ride-through faults that occur on the lower voltage networks
of the farm

3.8.3 IESO-Ontario

According to Garrad Hassan’s study [29] the Independent System Operator (IESO) has
issued in July 2005 a document regarding interconnection requirements for wind power
in Ontario province entitled “Summary of IESO Reliability Requirements for Wind
Generation Installations”. “The generation units are required to ride-through
contingencies on the system resulting in low voltage” [29]. However, “no further detail
of the requirement is given” [29].
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3.8.4 Conclusions

Garrad Hassan concludes in [29] that “the Quebec LVRT requirement is likely to
become standard across many Canadian provinces and that Alberta and other grid codes
will cede to this”.

3.9 Summary

All considered grid codes require fault ride-through capabilities for wind turbines. A
summary of these requirements is given in Table 4. VVoltage profiles are given specifying
the depth of the voltage dip and the clearance time as well. However, in some of the grid
codes the calculation of the voltage during all types of unsymmetrical faults is very well
defined e.g Ireland, while others does not define clearly this procedure.

Table 4. Summary of ride-through capability for wind turbines/farms in different
national grid codes.

Fault ride-through capability
Country Voltage Fault Voltage | Recovery | Voltage Reactive
Level . . . current
duration | drop level time profile o
injection
Denmark DS 100 msec 25%U, 1 sec 2, 3-ph no
TS 100 msec 25%U, 1sec 1,2, 3-ph no
Ireland DS/TS 625 msec 15%U, 3 sec 1,2,3-ph no
Germany DS/TS 150 msec 0%U, 1.5sec generic Up to 100%
Great DS/TS 140 msec 15%U, 1.2 sec generic no
Britain
Spain TS 500 msec 20%U, 1 sec generic Up to 100%
Italy > 35 kV 500 msec 20%U, 0.3 sec generic no
USA TS 625 msec 15%U, 2.3 sec generic no
Ontario TS 625 msec 15%Ur - - no
TS 150 msec 0%U, 0.18 sec Positive- no
Quebec
sequence

The voltage profile for ride-through capability can be summarized as shown in Fig. 29.
Ireland’s grid code is very demanding in respect with the fault duration while Denmark
has the lowest short circuit time duration with only 100 msec. However, Denmark’s grid
code requires that the wind turbine shall remain connected to the electrical network
during successive faults. The German grid code requires to wind power installations to
remain connected during voltage sags down to 0% from the rated voltage in the PCC for
a duration of 150 msec. Morever, during the fault a reactive current injection up to 100%
is required. Same requirement regarding reactive current injection is present in the
Spanish grid code. This demand is relative difficult to meet by some of the wind turbine
concepts e.g. active stall wind turbine with directly grid connected squirrel cage or
doubly fed induction generator based wind turbines.
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Fig. 29. Summary regarding fault ride through capability of wind turbines/farms in

National Grid Codes.
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4 Fault analysis

In this chapter a study regarding the response of the directly grid-connected induction
generator during faults is presented. The focus here is on studying the interaction
between the mechanical part and the electrical one in a wind turbine.

4.1 Simulation Model

In order to analyze the response of a wind turbine during faults an active stall directly
grid connected wind turbine with a squirrel-cage induction generator has been
considered. A block diagram of the system is shown in Fig. 30.

PCC
Passive

Load
S . T scIG Transformer 1

1J

Lo !
Q,

Thevenin Grid

Drive Train

two-mass model

Fig. 30. Block diagram of the directly grid connected wind turbine with a squirrel-cage
induction generator used in fault analysis.

The system comprises of a 2MW squirrel-cage induction generator connected through a
2 MW transformer with a Dyn 11 connection to the Point of Common Coupling. An
equivalent Thevenin grid characterized by a short-circuit power of 20 MVA and a grid

impedance with a ratio Rg / Xg of 0.1 have been considered. This impedance ratio

corresponds to a value of 83.4° for the grid voltage angle in the PCC while the short
circuit power is ten times grater then the rated power of the wind turbine as
recommended in [15]. A passive load with a rated power of 5% from the short circuit
power of the grid and a power factor of 0.86 is also connected in the PCC. The short

circuit path has an impedance ratio R, / X, of 0.2.

This system is modelled in Matlab/Simulink using the models developed in Simulation
Platform project [32].

A two mass model is considered for the wind turbine drive drain, while the squirrel-cage
induction generator is modelled in phase coordinates ABC/abc and takes into account the
connection type of the stator windings [32].

A model in phase coordinates ABC/abc is also considered for the transformer. It is based
only on parameters from standard data-sheets and accounts for core geometry and iron
losses [32]. The saturation and the hysteresis effect are not considered in modelling.
Moreover, the connection type of the windings is taken into account.

The short circuit path for all types of fault is modelled as shown in Table 5. The short
circuit resistance R; has been selected in each case so that the voltage dip in the
considered phases is 25% from the rated voltage on the PCC as shown in Fig. 31.
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Table 5. Modelling of short-circuit paths for different fault types.

Short-Circuit Type Equivalent diagram Mathematical equations

PCC

Three-phase short-circuit

Vg =Vs =V; =0

I+l +17 =0

PCC
im vy
_ Vg =V; =0
Two-phase short circuit I _ Vs, i -0
: —7 1}
with ground i _fR .
A Vr I+l =0
PCC
Vg =V; 20
Two-phase short circuit i =
without ground _fR .
I+l =0
PCC
. -
- R
—~—¢Ib—é— Vg =0
i . :
Single-phase short circuit _L|I[5_ Ig #0
i i =i =0

A Voltage[%]

100 -
75 —
Phase k
50 —
25 L
e e B >
0 0.1 0.4 [sec]

Fig. 31. Voltage profile for phase k during fault in the PCC.
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Exception is the two-phase short-circuit without ground where due to the fault
configuration the voltage dip is 50% from its rated value.

Since the pitch control for this type of wind turbines has usually a gradient of 8 deg per
min it has been assumed that the wind turbine torque during the faults is constant. Two
main situations are considered here, namely a 1 pu driven torque at the low speed shaft
and a 0.25 pu driven torque respectively.

4.2 Study cases

Using the developed model all short-circuit types have been studied. In the following the
relevant waveforms from the systems are shown, namely:

e RMS values of the voltages in the PCC (MV side)

e RMS values of the voltages in the secondary side of the transformer (LV side)
e Mechanical speed at the high speed shaft (generator speed)

e Mechanical speed at the low speed shaft (wind turbine speed)

e Electromagnetic torque of the generator.

e Shaft torque in the drive train
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4.2.1 Three-phase short-circuit at 1 pu driven torque
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Fig. 32. Voltage profile on the MV and LV side during a three-phase fault in the PCC.
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Fig. 33. Wind turbine and generator speed during a three-phase fault in the PCC.
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Fig. 34. Shaft and generator torque during a three-phase fault in the PCC.
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4.2.2 Two-phase short-circuit with ground at 1 pu driven torque

19 495 5 5.05 51 515 5.2 525 53

vrms L [pu]
[=]
o

L 1 H 1 1 1 1 1
49 495 5 5.05 5.1 515 5.2 525 53
time [sec]

Fig. 35. Voltage profile on the MV and LV during a two-phase fault
with ground in the PCC.
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Fig. 36. Wind turbine and generator speed during a two-phase fault
with ground in the PCC.
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Fig. 37. Wind turbine speed and generator speed and torque during a two-phase fault
with ground in the PCC.
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4.2.3 Two-phase short-circuit without ground at 1 pu driven torque
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Fig. 38. Voltage profile on the MV and LV side during a two-phase fault
without ground in the PCC.
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Fig. 39. Wind turbine and generator speed during a two-phase fault
without ground in the PCC.
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Fig. 40. Shaft and generator torque during a two-phase fault without ground in the PCC.
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4.2.4 Single phase short-circuit at 1 pu driven torque
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41. Voltage profile on the MV and LV side during a single-phase fault in the PCC.
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Fig. 42. Wind turbine and generator speed during a single-phase fault in the PCC.
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Fig. 43. Shaft and generator torque during a single-phase fault in the PCC.
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4.2.5 Three-phase short-circuit at 0.25 pu driven torque

15

1 .

vr{ns My [pu]

vrms Lv [pu]
o
S

49 495 5 505 51 515 52 5.25 53
time [sec]

Fig. 44. Voltage profile on the MV and LV side during a three-phase fault in the PCC.
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Fig. 45. Wind turbine and generator speed during a three--phase fault in the PCC
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Fig. 46. Shaft and generator torque during a three-phase fault in the PCC.
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4.3 Conclusions

The connection type of the wind turbine’s transformer namely Dynll has a big impact
on the propagation of the voltage drop to the generator terminals. All asymmetrical faults
are “seen” by the generator with a smaller drop than a three-phase short-circuit. As a
result, the oscillations in electromagnetic torque are not so high. Furthermore, the
amplitude of speed variations at the low speed shaft is reduced for asymmetrical faults
compared with three-phase one.

Due to the short-circuit path a two phase fault without ground will not produce a voltage
drop lower than 0.5 pu from the rated voltage. However, among all the asymmetrical
faults this short-circuit exhibits very large excursion of the electromagnetic torque, while
the generator speed vary less than in the case of a two-phase short-circuit with ground.
Despite of the voltage drop down to 0.25 pu from the rated voltage in the PCC, the single
phase fault due to the connection type of the transformer will give the lowest variations
both in electromagnetical torque and generator speed.

5 General Conclusions

Currently, more grid operators are changing the interconnection requirements for wind
power, especially for the transmission systems. This is an obvious signal that more wind
power will enter into the electrical system in the near future. These requirements in most
of the cases are specifically addressed to the ride-through capabilities of wind power
installations. According to these demands a wind turbine/farm must withstand short-
circuits with different voltage drops and recovery times. It is difficult to compare all
these requirements because in most of the cases the procedure of calculating/measuring
the voltage in the Point of Common Coupling is not very well defined.

On the other hand many references consider that the present grid codes often contain
costly and demanding requirements e.g. fault ride-through capability and primary control
which are not reflecting the real penetration of the wind power in a given area or the real
impact of a short-circuit on the wind turbine interaction with the electrical grid.

According with the surveys presented in this report, it is obvious that most of the events
in the network are single phase faults not necessary located at the PCC of a wind
turbine/farm. Due to the connection of the transformer’s windings these types of faults
will not have a big impact on the mechanical structure of the wind turbine. On the other
hand based on the simulation studies presented in chapter 4 it can be concluded that the
three-phase short-circuit at low wind speed and hence low driving torque may have the
biggest impact on the mechanical part producing high torque oscillations in the drive-
train and a high stress in the gear-box due to the motoring mode of operation.
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