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MARINET (Marine Renewables Infrastructure Network for emerging Energy Technologies)-fsrade&@etwork

of research centres angrganisations that are working together to accelerate the development of marine renewable
energy- wave, tidal & offshorevind. The initiative is funded through the EC's Seventh Framework Programme (FP7,
and runs for four years until 2015. The netwofk28 partners with 42 specialist marine research facilities is spread
across 11 EU countries and 1 International Coatyen Partner Country (Brazil).

MARINET offers periods of freé-charge access to test facilities at a range of wetéss research ogres.
Companies and research groups can avail of this Transnational Access (TA) to test devices at any scale in areas
as wave energy, tidal energy, offshesnd energy and environmental data or to conduct tests on cmgtng

areas such as powdake-off systems, grid integration, materials or moorings. In total, over 700 weeks of access is
available to an estimated 300 projects and 800 external users, with at least four calls for access applications over t
4-year initiative.

MARINET partnersre also working to implement common standards for testing in order to streamline the
development process, conducting research to improve testing capabilities across the network, providing training &
various facilities in the network in order to enhancergonnel expertise and organising industry networking events

in order to facilitate partnerships and knowledge exchange.

The initiativeconsists of five main Work Packaigeus areasManagement & Administration, Standardisation & Best
Practice, Transrmnal Access & Networking, Researdmaining & Dissemination.The aim is to streamline the
capabilities of test infrastructureis order to enhance their impact aratceleratethe commercialisation of marine
renewable energy Seewww.fp7-marinet.eufor more details.
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Grid codes are technical regulations which contain specifications for connection and operation of generating plant:
and consumers, and ensure safe and secure operation of the electrical grid. Generation plants based on renewal
resources, such as wind, sqlarave, etc., resulin variable and intermittent power production due to the inherent
characteristics of the renewable resources. Therefore, large scale integration of renewable generation poses
challenge tahe proper operation of the power system. Ind@r to ensure smooth operation of power systems with
this type of generation, grid codes address issues related to connection of renewable generation plants, particular
wind power plants, under normal and grid disturbance operations. These requirementsnailar to requirements

laid out for large conventional power plants.

Gonnection requirements stated in grid codes from Transmissfgstem Operators (TSOs) &ight different
countries are analysed in this report. The countries include Denmark, IteBrahany, UK, Finland, Italy, Spain and
Norway. The main focus has been on requirements for integration of large scale renewable generation. Whenev
possible and when the grid code makes a clear distinction for it, connection requirements for réaenalgy
sources are reviewed. Compared to other renewable generations, wind power is addressed by most of the gri
codes in more detail. Consequently, many of the discussions are focused on connection requirements for win
power plants.

In addition, connectin requirements form theNetwork Code on Requirements for Grid Connection applicable to all
Generators (RfG)eveloped by the European Network for Transmission System Operators for EledENTIBE) is
reviewed

Steady state or normal operations conditions such as voltage and frequency deviations, active and reactive pow
control, voltage control, power factor control, and power quality requirements were studied. Furthermore, fault ride
through requirement duringgrid disturbance, and active and reactive power support during grid faults were
covered. It is projected that in the future large scale integratidmenewable energy from offshore environment
such as wind, wave and tidal power will take place. Sofritke grid codes (GermanyKand ENTS®) have already
special requirements for these types of generations. Summaries of connection requiremesdsh studied grid

code are presented in this report.

The requirements from each grid codexcept ENTS8) are compared with each other and comments on major
similarities and differences between them were given. In general, steady state voltage deviation of £10% is allowe
in almost all grid codes. However, different transmission voltage levels have differemioratimits. All grid codes
have 50 Hz as nominal frequency and normal operation range around this frequency. As the frequency deviatic
from nominal value increases, power plants are required to change their production and/or disconnect after some
period of time. Fault ride through capability is required in all grid codes and the types of faults are clearly defined
Germany, Finland, Italy and Norway require riding through complete short circuit at connection point, while the res
of the countries requird.5-20% voltage dip ride through with various durations.

With increase in penetration of intermittent power generation from renewable resources like wind and solar energy,
grid code requirements have constantly been updated to cope with the changes ipother system, and to
continue to ensure secure and stable operation. Reviewing and updating the grid codes will continue in the future &
there is a plan to increase the share of renewable energy resources and increase interconnections betwee
countries. Tiere have been several efforts to harmonize grid codes in different EU countries. The most recent one
the grid connection requirements for all generatatsafted by ENTS@. It is expected that the grid code from
ENTSEE will be adopted by aftl member TSOs of the associatioand be used as a framework while developing
their own respective grid codes

F Rev.01, 10-Sep2013
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LIST OF SYMBOLS AND ACRONYMS

DSO Distribution System Operator
ENSTEE European Network for Transmission System Operators for Elect
f Gridfrequency
HV High Voltage
Hz Hertz
IEC InternationalElectratechnicalCommission
kv kilo volts
MV MediumVoltage
P Active power
PF Power factor
pu per unit
Q Reactive power
THD Total Harmonic Distortion
TSO Transmission System Operator
U Voltage
WPP Wind Power Plant
WTG Wind Turbine Generator
T Rev.01, 10-Sep2013
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Grid codes are technical regulations which contain specifications for connection and operation of generating plant
and consumersand ersure safe and secure operation of the electrical grid. Generation plants based on renewable
resources, such as windylar wave, etc., resuiin variable and intermittent power production due to the inherent
characteristics of the renewable resources. Therefore, large scale integration of renewable generation poses
challenge to proper operation of the power system.older to ensurethat power systems operate smoothly, grid
codes address issues related to connection of renewable generation plants, particularly wind power plants, unde
normal and grid disturbance operations. These requirements are similar to requiremaitt out for large
conventional power plants.

In this report, onnection requirements stated in grid codes from Transmis§giem Operators (TSOs) éight
different countriesand the Network Code on Requirements for Grid Connection applicable teradr&ors (RfG)
developed by the European Network for Transmission System Operators for EledBNTSqE) are reviewed The
countries include Denmark, Ireland, Germany, UK, Finland, Italy, Spain and Nurigagxpected that offshore
renewables wilhave largeinstalled capacities and therefore be connected to the transmission grid rather than to
the distribution grid. For this reason, grid codes developed by Distribution System Operators (DSOs}ktardietbt

in thisreport. When possible and whethe grid code makes a clear distinction for it, connection requirements for
renewable energy sources are reviewed. Compared to other renewable generations, wind power is addressed b
most of the grid codes in more detail. Consequently, many of the disnsssire focused on connection
requirements for wind power plants.

Requirements for operations under normal and grid disturbance are studied for each grid code. Under norme
operation conditions, grid codes require control of frequency, active power, keagdwer, voltage, and power
factor. Under disturbed grid operation, fault ride through capability, active and reactive power support to the grid
are expected from the renewable generation plants. Summaries of connection requirements for each studied gri
code are presented in Section 3.

Active and reactive power requirements under normal operation conditions and requirements under disturbed grid
operation conditions from all grid codes are compared with each other and analysed in Section 4. Discussiol
highlighting the major similarities and differences between each grid code are also included in the same section. |
Section 5, future trends and perspectives of European grid codes in particular is discussed. Conclusions
presented in Section 6.

2 4%2-13 $ $%&).)4)/ .3
The terms used in this report are taken from the different studied grid coeen though sometimes different
terminologiesare used in the different grid codes refer to a single electrical phenomena or elemdnt the sake
of keepingconsistency throughat this report in this report,only one term isused to refersingle electrical
phenomena or element. &initions of ternms are taken from the following documents:
- |EC standarcElectromagnetic compatibility (EMEpart 430: Testing ad measurement techniquedPower
guality measurement method4]
- Denmark grid codeTechnical regulation 3.2.5 for wind power plants with a power output greater than 11
kW[2]
- lIreland grid codeEirGrid Grid Codé]

2.1 BASIC ELECTRICAL DERITIONS

Active power(P) The product of the components of alternating current and voltage that equate to true
power which is measured in units of watts (W)

Available active The amount ofctive power thata wind power plant cold produce based on current wind

power conditions. Theavailableactive power shall only differ from the actuattive power if

the wind power planthas beencurtailed, constrained oris operating in a restrictive
frequencyresponse mode.

T Rev.01, 10-Sep2013
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Connection point

Flicker

Frequency

Harmonic voltage

Interharmonics
Nominal voltage

Power factor
Power quality

Reactive powe(Q)

Transmission systen

Transmission Systen
Operator ISQ

Wind power plant
(WPP)

Wind power plant
controller

Windturbine
generator (WTG)

The point of connection (POC) is the point in the public atett supply network where the
renewablepower plant is or can be connected

Impression of unsteadiness of visual sensation induced by a light stimulus whose lumin
spectral distribution fluctuates with time.
Intensityof flicker annoyance evaluated by the following quartities:
- short term seveity (Pst) measured over a period of ten minutes,
- long term seveity (Pi) calculated from a sequene of twelve R-values over a two
hour interval, ac®rding to the following expresson:
12 3

R=ga >
A 12

repetition rate of the fundamental wave of the supply voltage measured over agiveninterval
of time
sinusoidal voltage with a frequeny equd to an integer multiple of the fundamental
frequengy of the supply voltage.
Harmonic voltages can be evaluated:
- individually by their relative amplitud@i, ) which is the harmonic voltage related to th

fundamental voltage 1, where h is the order of the harmonic;
- globally, for example by the total harmonic distortion factor THD, calculated using the
following expression

40

THD= g (w)’
h=2

sinusoidal voltage with afrequeng not equd to an integer multiple of the fundamental

The voltage for which a network is defined and to which operational measurements are
referred.

The ratio of Active Powdo Apparent Power

Characteristics of the electricity at a given point on an electrical system, evaluated agai
set of reference technical parameters

the product of voltage and current and the sine of the phase aogf@een them measured ir
units of voltamperes reactive (var)

The System consisting (wholly or mainly) of high Voltage electric lines and cables oper
the TSO for the purposes of transmission of electricity from onemstation to a sub
station or to another Power Station or between ssifations or to or from any External
Interconnection including any Plant and Apparatus

An organization that has the overall responsibilityraintaining security of supply and
efficient utilization of the transmission system.
A site containing at least one wind turbine generadgod is connected to distribution or

transmission system.

A windpower plant controller is a set of control functions that makes it possible to contrc
wind power plant as one plant in the point of connection. The set of control functions mi
a part of the wind power plant.

A generating unit generating electricity from wind.

Rev.01, 10-Sep2013
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2.2 SUMMARY OF OPERATINGONDITIONS

2.2.1 Normal operation

2.2.1.1 Power factor regulation

Power factor regulation refers to keepittige ratio of reactive power ta@apparent powerconstant or withincertain
limits at an agreed poinin the network. It is achieved by varying the reactive power output of a generating plant
within its reactive power capability region.

2.2.1.2 Voltage regulation

Voltage regulation refers tohe automatic adjustment ofreactive power output froma generationunit(s) in
response to voltage changes.

2.2.1.3 Frequency regulation
The control of active power with a view to stabilising the grid frequency is dadlqdency regulatior2].

2.2.1.4 Harmonic distortion

Harmoni refers to sinusoidal voltage or current with frequency equal to an integer multiple of the fundamental
frequency. Harmonic numbers indicate the harmonic frequency i.e. first harmonic is fundamental frequency (50 Hz
second harmonic is two times the furndental frequency (100 Hz) and so on.

Any harmonic component can be represented as a percentage of the fundamental component. For examgle, the F
harmonic component of a current harmonic is given by

|
I, =100-"
ll

Wherel, is the amplitudeof the harmonic current n and] is the amplitude of the fundamental current. The ratio of
the r.m.s. value of the sum of all harmonic components up to a specified order to the r.m.s. values of the
fundamental component is called total harmonic distortieamd is calculated as:

o o 2~ o
THDzlooféggllﬂ 5 :100/ 501,
n=2G'1 ~ n=2

2.2.2 Operation under grid disturbances

2.2.2.1 Voltage dip/sag

Different technical publications usendé terms voltage dip and voltage sag tescribe the same electrical
phenomenaThe term dip is used in International elediohnical commission (IEC) publications while sag is used in
US technical publications.

Voltage dipis a sudden reduction of the voltage at a particular point in the electricity supply system below a
specifiedthreshold for at least a period 010 ms) followed by its recoveryhe threshold value is defined in order to
determine the start and end of a voltage dip. Voltage dip start threshold and end threshold values could be identic:
or different. Figure2-1 shows characteristics of a voltage dip.

i Rev.01, 10-Sep2013
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Reference voltage

P mm—
- i \ Threshold

Depth

Duration of dip

Residual voltage
Uu=0 y

Figure2-1: Characteristics of voltage dif]

The level of a voltage dip is expressed in terms of voltage l@epth{or residual voltage) and duration. The depth of

a voltage dip is the difference between the reference voltage and residual voltage and is often expressed as a val
in volts or as a percentage or per unit of the reference voltage. The duration of aevdifads the time between the
instant at which the voltage falls below voltage dip start threshold and the instant at which it rises above voltage di
end threshold.

The primary sources of voltage dips are short circuits occurring in the power systeddition, swvitching of large
loads, starting of large motors and some variablesl$o@.g. arc furnaces) can be causegoithige dips.

2.2.2.2 Short interruption

A short interruptionis a particular case of voltage dip where the voltage on all phases falls balspecified
interruption threshold followed by its restoration after a brief interv&hort interruption thresholdis lower than
voltage dip thresholdCauses of short supply interruptions include switchgear operations related to occurrence and
termination of short circuits, automatic system reclosure, and switching operations.

3'2) % #1 R %32 ) . 4% 21 4) /%, %Th &, ¢
" %. %21 4)9/ %52/ 0%! . H¥/5.42) %

3.1 DENMARK

Denmarkis currently one of the countries in the world that haligh wind penetratiornto the power system. The
country hasa plan to obtain 50% of itslectricity from wind energy by 2020 and obtain 100% of its energy demand
from renewable resources by 20%8]. This ambitious plan clearly indicates tHaanishgrid code needs to address
largescale integration of renewable generation.

The TSO, Energinet.dk, hateahnical regulatiorj2] for wind power plantfWPP)with power output 11 kW or more.
Therequirements in thegrid codeare statedfor three ranges of WPP active power outpll kW¢ 25 KW, 25 kW

1.5 MW and greater than 1.5 MW the grid code, lectricity supply undelaking meand' SO if the connectiopoint

is greater than 100 kV docal DSO if the connection point is less than 100 kV.

In generalwind power plans must be able to whstand frequency and voltage deviations at the connection point
under normal and abnormal operation conditions withlittle as possible active power reduction/PP with output

power greater than 1.5 MWshould be equipped with wind farm contrfnctionsthat can be operated either locally

or remotely. Thesecontrol functions are frequency controhbsolute production constraint, delta production
constraint, power gradient constrainf control, power factor control and voltage contrdlhey can be implenmged

in the individual WTG or in a WPP controller provided that there is only one interface for external communication
WPP with 1.5 MW < P < 25 MW are not required to have frequency control, delta production and voltage control
Only WPP that have an agment with the electricity supply undertaking perform frequency and voltage control.
The required active and reactive power will be produced on argta basis in relation to the number of WTGs in
operation.

I Rev.01, 10-Sep2013
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For all control functionssetpoints must not dviate by more than +2% of the setpoint value or by +5% of the rated
power depending on which yields the highest tolerance. If control setpointdcale changed, then the change
must be commenced within 2 seconds, and completed no later than 10 sedondsefuency control and voltage
control) or 30 seconds (for the other control functions) after receipt of setpoint change order.

3.1.1 Normal operation

3.1.1.1 Frequency and voltage deviation

The typical operating voltage aricequency ranges under 'normal producticare U+10% andt9.50 Hz to 50.20 Kz
respectively

WPPswith a power output range of 11 kW to 25 kW have no requirements outside of normal production area, while
WP with power outputgreater than25 kW must stay connected to the grifbr a limited peria@ of time with
reducedactive powerproductionin case of frequency and voltage deviati@mown inFigure3-1. WPR with power
output range of greater than 1.5 MW must stay connected under abnormal conditions too.

u
point of connection

TN S A S S

U +10% -t

No req. for production

U +5% 1

normal preduction for minimum

60 -100 % of
normal production for
minimum
15 minutes

85100 % of
3minutes
90 — 100 % of
normal production for minimum
30 minutes
90 - 100 % of
normal production for minimum
5 hours
NORMAL
PRODUCTION

50100 % of
normal production for minimu

20 seconds

U -5% <=

No req.
for produktion

t t + t t
47.00 4750 4800 4850 4900 4950  50.00 | 5050 5100 5150 5200 5250
s0:20 Frequency [Hz]

Figure3-1: Active power production requirements at frequency/voltageariations for WPP with power outputange greater
than 25 kW

3.1.1.2 Active power control

The current parameter setting for active power control functions are determined by the electricity supply
undertaking before commissioning. WPP with power output range of 11 kW to 25 kW must be capable of receivin
external stop signal while WPP with powartput greater than 25 kW must be capable of receiving external start
and stop signals.

It must be possible to downward regulate production of the wind farm at ramdet point in the range of 4100%

and 20¢ 100 of rated production for WRRvith output power ranges 1.5 25 MW and >25 MW, respectively.
Continuous or discrete downward regulation can be performed at wind speed close to 25 m/s. In case of discret
downward regulation, maximum step of 25% can be applied.

The control functions for WPRgith output power>1.5MW can be divided as frequency control and constraint
functions. Frequency control functions have a higher priority than constraint functions.

Frequency controlfunction

Only WPBwith output power greater than 25 MW are required tave frequency control to stabilize grid freency

to 50 Hz irevents of frequency deviation. It must be possible to set frequency control functions for any value in the
range of 50 £ 3.00 HZhe frequency control functiofwith meteringaccuracy+10 mHz o better) should have a
dead band and control band for primary control. The remaining frequencies outside of these bands are used fc
critical power/frequency control.

i Rev.01, 10-Sep2013
s Pagellof 39 gl



M MARINET D2.26 Collation of European grid codes

Droop control, i.e. change in active power caused by change in frequency, is requpeddrm control between

the various frequency points. The frequency function changes the active power output of a WPP according t
defined droop values when grid frequency goes out of the dead band.

Constraint functions

Constraint functions are used to avoid imbalance or overloading in the public electricity supply network.

- Absolute production constrainktimits active power production to a predefined power limit.

- Delta production constrainReduce power production bydesired value compared to what is a possible,
thereby setting aside regulating reserve for frequency control. Applies only to WPP with power output
greater than 25 MW.

- Power gradient constraintimits the maximum speed at which the power output changehe event of
wind speed or setpoint change

3.1.1.3 Reactive power control

WPP with power output range 11 kW to 25 kW must comply with a power factor interval of 0.95 < PF < 1 |
production is more than 20% of rated power. WPP with power output range 25 kW M\WW.have a reactive power
requirement range that varies linearly with active power out@seeFigure3-2. When the WPP is not producing any
active power, the requiremnt range is 0.99% 1 PF leading (@ 10% reactive power import). When the WPP is
producing rated active power, the requirement range i @.995 PF lagging (010% reactive power exportyVPP

with power output range within 1.5 25 MW must comply witha power factor interval of 0.975 < PF < 1 if
production is more than 20% of rated power. For production less than 20%, the power factor interval gets smallel
and at zero active power production, there must be zero reactive power production or consumgiorF=1. WPP

with power output range greater than 25 MW have reactive power requirement that is dependent both on active
power production and voltage level.

PP, A

10 —+

05 - Qmport Qexport

-0.2 -0.1 0 0.1 02  QPna
098 0995 10 0995 098 Cosu

Figure3-2: Reactve power requirement for WPP with power output range 25 kW to 1.5 MW

WPP with power output range of 25 kW to 1.5 MW are not required to carry out compensation when they are
disconnected or are not producing power while WPP with power output greater tHRaM¥V are expected to carry

out compensation when they are disconnected or are not producing power.

WPP must be capable of controlling both reactive power supply artdgelat connection point usingeactive
power, power factor and voltage control functis. Reactive powemower factor and voltage control functions are
mutually exclusive of each other.

Wind farm controller function should be able to regulate the following:

0 Q control controkreactive power independent of active power. The WPP must be able to receive Q
setpoint with 1 kvar accuracy
o Power factor controlcontrok reactive power proprtionally to the active power.
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o Voltage contralMaintainsdesired voltage valuat point of coinection with 0.1 kV accuracy. It must
be possible to set a droop in such a way that the voltage setpoint changes base upon active power
change. Voltage control requirement applies only to WPP with power output greater than 25 MW.

3.1.1.4 Power quality

Emissionselated to rapid voltage changes, flicker, harmonics, im@monics, and disturbances greater than 2 kHz
must be documented to asses a WPP's impact on the power quality of the electrical network. The technice
regulation describes in detail the data ba&s calculating each power quality phenomenon, emission limits and
methods for verifying compliance with limit values.

The emission limits are defined based upon connection point voltage level and active power output capacities of th
wind farms.

The hamonics and riterharmonic emissiodimits from WPP with >1.5 MW power outpwtill be defined by the
electricity supply undeaking but examples of design limits which are based on IEC TR-380&re included.
However, whileassessing ttee emission limitsthe electricity supply undéaking must take into account of
emissions from other plants in the public electricity suppdgwork.

3.1.2 Operation under grid disturbance

These requirements apply only to WPP with power output greater than 1.5 MW. The WPP endesigned to
withstand sudden phase jumps up to 20° at tt@nnection pointwithout reducing its output or disconnectingt.
must alsowithstand voltage dropdown to 20%t connection pointfor at least 0.5s without disconnection as shown
in Figure3-3. The requirements apply for both symmetrical and asymmetrical faults.

U

point of connection
ud

Area A

90% 1

Area e

20 %=~

4.0
Time [s]
Figure3-3: FRT requirement for WPP with poweutput greater than 1.5 MW
WPP must stay connected and uphold normal operationArea A while itmust stay connected and provide
maximum voltage support by supplying a controlled amount of reactive power to help stabilise the voltaga B
Reactive pwer supply has prioritpver active power supply in area Bisconnection othe WPP is alloweth Area
C If the voltage goes back t&rea A during a fault sequence, subsequent voltage despsegarded as new fault
situations. If several fault sequenseoccur withinArea B and evolve to area C, then disconnection is allowed.
In addition, WPP must be designed to withstand recurring fayjtes shownTable 3-1 in in the public supply
network. It should also have sufficient capacity to withstand at least two independent faults of such types occurring
within two minutes.
Table3-1: Fault types in the publisupply network and their duration

Type Fault duration
Threephase shorcircuit Shortcircuit for a period of 150 ms
Twao-phase shorcircuit with/without | Shortcircuit for a period of 150 mf®llowed by a new short circuit 063s
earth contact later, also with a duration of 150 ms
Singlephase shorcircuit to earth Shortcircuit for a period of 150 ms followed by a new short circuit@®3s
later, also with a duration of 150 ms
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A WPP which has beeiisconnected due to fault must at the earliest be connected automatically 3 minutes after the
voltage have once again come within the limits while the frequency lies within 47.00 &2@it30.

3.2 IRELAND

This sectioranalysegrovisions for controllable winthrm power stations which are part of thgirGridgrid code[3].
Controllable wind farms are defined as a site containing at least one WTG which can automatically act upon
remote signal fom the TSO to change its active power output. In additiothéoprovisionscontrollable wind farms

are also expected to comply with a listrefjuirements defined imther sections of the grid code.

A wind farm control system should be installed to cohtactive and reactive power, frequency response, voltage,
and power factorControllable wind farmshall commence implementation of setpoint within 10 s for active power
and within 20s for PF, Q and U after receipt of the signal from the TSO. The caenge of setpoints should be no
less than the maximum ramp rate setting of the control system.

In order to keep consistence with other sections in this document, the term WPP is used instead of controllable win
farm; which is the term used in tHeirGrd grid code.

3.2.1 Normal operation

3.2.1.1 Frequency and voltage deviation
WPR should have the capability te&emain connecte@dnd operate within the frequency ranges listed belamd for
frequency changeatesup (i 2 0.5¥i7s.

49.5¢ 50.5 HzA remain connected and operaontinuously
47.5¢ 52 HzA remain connected for a duration of 60 min

47.0¢ 47.5 HzA remain connected for a duration of 20 seconds
> 50.2 HA No additional turbine shall be started

O O O ©

Furthermore, WP® shouldremain continuousf connected tdhe transmissiorsystemfor up to 10%step changes in
transmissiorsystemvoltage Differenttransmission system voltage levels halifferent rangesn which the voltage
can vary but in general it is approximately U+10%.

3.2.1.2 Active power contro |

WPR should be able to operatat maximum orcontrolled active poweroutput for normal anddisturbed system
conditions.

The frequency response system operates between 47.0 Hz and 52 Hz. It has a dead band range and a droop ra
where the power output bthe wind farm changes in response to system frequency change. As much asepdissibl
power output change shoulbe achieved by proportionally changing the output of available WTG as opposed to
switching individual WTGs on or offiTGs can be disconnect if system frequency rises above 52.0 Hz and should
be reconnected as fast as possible after the frequency has fallen below 50.2 Hz.

Active power setpoints with corresponding system frequency values shall be provided by the TSO. Two ramp ra
settingsaveraged over 1 min and 10 min, applicable to all operating conditions, shall be set by the TSO. The settin
can vary between 1 and 30 MW/min

3.2.1.3 Reactive power control

WPPsshouldbe capable of perating at any point within a powegaé€tor range0.85 leading and lagging f6r50%
production and 0.9% 1 leading and lagging at rated productiah the lower voltage side of thgrid connected
transformer.For active power production between §0100%, they should be capable of operating within ca3%
reactive powerproduction/consumption For WPB with connection point far from the grid connected transformer,
reactive power compensatiois requiredfor the HV transmission line or cable connecting the wind farm andjtioe
connection point.

WPP should be capable of receivingower factor (PF) reactive power and voltagsetpoints to maintain the
respective parameters tthe setpointsat the connection point.
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3.2.1.4 Power quality

Emissions limits set out in the IEC standard 61B0J0L996 Assessment of Ession limits for fluctuating loads in MV
and HV power systeni§] applies to WPPs

3.2.2 Operation under grid disturbance

WPP must be able to withstand a tagle dropdown to 15% for at least 625 ms on any or all phassisoltidremain
connected to the transmission system for voltage measured at the HV terminals of the grid connected transforme
above the lingn Figure3-4.

0.9r
0.8

0.6

0.4r

0.2
0.15-

0 0625 1 2 3 4
Figure3-4: Fault ride through capability curve for WPPs in Ireland

Duringtransmission system voltagip, the WPPshould provide active powerin proportion to retainedvoltageand
maximise reactive currerinto the transmission systerwithout exceedingVTGlimits. Thereactive power injection
should continue for at least 600 ms or until the voltage recavwafBP shoulgrovide at least 90 % of its maximum
available active poweas quickly as the technology allows and in any event within 1 secotitedfansmission
system voltageecoveringto the normal operating range

3.3 GERMANY

TenneTis one of the foulTS@that operae in Germany It hasoffshore wind farm projects that are both operational
and under constructionlt is the only German TSO that hssparate requirement specifically for offshore grid
connections. Requiremesspecified in7, 8] by TenneTor offshore grid connections are reviewed in this section.

3.3.1 Normal operation

3.3.1.1 Frequency and voltage deviation

The rominalsystemfrequency is 50 HZ he frequencgould vary between 46.5 Hz and 53.5fblzlimited periods of
an uninterrupted continuous operatioas defined in the grid cod®peratiors within 46.5¢ 47.5 Hz and 51.§53.5
Hz for duration of 10 s arequired only for offshore grid connectienAll generation units must be disconnected
from the grid after a time delay of 300 ms upon reaching a frequeatcthe grid connection poiniess than 46.5 Hz
or greater than 53.5 Hz.

The cotinuous operating voltage range ca. U+10%.

3.3.1.2 Active power control

In frequency range of 47.§ 50.2 Hz, the WIP must be able to unrestrictedly feed in active power to the grid. For
frequencies above 50.2 Hz, the active power reduces linearly with maximum rate of 25% of available power pe
second.
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After a failure involving loss of voltage at the grid connectiomip@ restart is only permitted at a maximum rate of
increase of 10% of the installed active power per minute.

3.3.1.3 Reactive power control

Requirements for grid voltage variation foffshore 155 kV network at frequencies between 47.5 and 51.5 Hz with
unrestricted reactive powersupplyare shown irFigure3-5.

Line-to-line voltage
Per voltage level
in kV

170 -

163

160 - Operating points inside the

solid line are basic

: |
155 : H : / requirements

140 -

Power factor

t t t
0,90 0,95 1 0,95

0,
< ! »
>

- N underexcited ' overexcited

Figure3-5: Operation range of generation plant in dependenty voltage and power factor
For voltage within the range of Ut5%enerating units should have the following RéQeration.
- For 20¢ 100%active power production, reactive poweiperation range ibetween-30% (under excited/Q
consumption) and +40% (ovesdted/Q production).
- The reactive power operation range narrows for active power production less than 20% and for zero active
power production, the WPP should neither consume nor produce reactive power.
The plant owner is responsible for the completenpensation of the MV grid of the generation plant at no load.

3.3.1.4 Power quality
The reviewed specifications do not have power quality requirements that are particulinttpower plants.

3.3.2 Operation under grid disturbance

Three phase or symmetrical voltagpsl must not lead to instability or disconnection above Limit lime Aigure3-6.

In addition, in the shaded area and above Limit line Zyeadlerding units shouldable toexperience a fault without
disconnectionHowever, ifa generator becomes unstable, then a brief disconnection from the grid is allbeled
Limit line 2 in agreement with the TSBor gnerators that donot disconnect, active power output must continue
during the fault and return to the original value after the fault is removed.
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Figure3-6: Fault ride through curvgTenneT)
Generating unitghat did na disconnect must give support to the grid voltage with additional reactive current for

voltage dips greater than 5%he voltage support of the generation urstto be activated within 20 ms aftéault
detection.

3.4 UK

This section is extraction from UKdycode documenf9]. It covers requirements fore England, Walasd Scotlangd
offshore and onshore generation. The document contairay exceptiondo the requirementsbased oncontrol
area (lBgland/Wales and Scotlandhd year of completion of a generation power plant.

3.4.1 Normal operation

3.4.1.1 Frequency and voltage deviation
Nominal frequency is 50 Hz and it shall be controlled with the limits@9®G5Hz unless exceptional circumstances
prevail.

51.5¢ 52Hz: Operation for at least 15 min is required each time f>51.5Hz
51¢ 51.5Hz: Operation for at least 90 min is required each time f>51Hz
49 ¢ 51Hz: Continuous operation is required

47.5¢ 49Hz: Operation for at least 90 min is required each tirdOHz

47 ¢ 47.5Hz: Operatiofor at least 20 $s required each time f<47.5Hz

O O O O O

Normal operating ranges at different transmission voltage levels4@kV+5%, 275kV+10%, 132+10% aind
voltage levels below 132Zhe voltage will normally remain within8%,unless and otherwise agreed with the TSO
(NGET. The minimum and maximum voltage at the 400 kV level af®4unless abnormal conditions prevail, but 5
10% will not last longer than 15 min.

3.4.1.2 Active power control

Generating units should maintain continuoysionstant active power output between 49.5 Hz and 50.5 Hz. Onshore
and offshorepower parkswith rated capacity greater than 50 MW must have fast acting frequency control devices
that are capable of contributing to frequency control by continuous modotatdf active power output. The
frequency control should have a dead band no greater than +0.015Hz and a droop bety&ét. 3

3.4.1.3 Reactive power control

Generating units must be capable of maintaining zero reactive power exchange for all active power owlgut un
steady state voltage condition3.heyshould also be capable of supplyiff ¢ 100% ofrated powerwithin 0.95
leading to 0.95 lagging power factor. The leading power factor limit linearly decreases with active power productiot

* X %
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level for 20¢ 50% of réed power while the lagging power factor limit remains constant at 0.95. At 20% of rated
power the power factor limit is between 0.99 leading and 0.95 lagging. Below 20% of rated power production, the
reactive power limit is 5% or approximately 0.999<PH%& steady state tolerance on reactive power transfer is
Xpz 2F NI GSR LI g SN

In Scotland, power factor limits 0.95 leiad to 0.95 lagingat the connection point apply to all active power output
levels above 20% of rated power from 0.95 lead to 0.9fag at generating units terminals

Generating units must be capable of contributing to voltage control by changing reactive power supplied to the
network. The reactive power output under steady state conditions should be fully available within the viatagge
U+5%.

3.4.2 Operation under grid disturbance

The FRT requirements are divided based on location (onshore or offshore) eattbdifless than 140 ms or more
than 140 ms). In all cases, generating units shall remain transiently stable and connected fmalaaroed or
unbalanced voltage dips whose profile is on or above the defined FRT voltage vs timeshawesnFigure3-7.

1.2

1

0.8 / l
0.6 /

' / = Dip duration < 140 ms
0.4 Dip duration > 140 ms
0.2 _,/

0 T T T T

-0.25 0.75 1.75 2.75 3.75

Figure3-7: FRT curves for offshore generating units, offshore power park modules and offshore DC converters at a large
power station
For ltage dips longer than 140 ms, active power shdaddestored to 90% of the prefault value within 1 s of the
restoration of voltage, while for voltage dips less than 140 ms, the generating units should provide active powe
during the dip in proportion bthe retained voltage.

3.5 FINLAND

Jecification for the operational performance of wind power plafit§] connected to the Finnish power system are
reviewed in this sectionThespecificationcoveas two power rating ranges i.e. WTGs/WRWth rated power in the
range 0.5 MVA to 10 MVA aWdPPswith rated power higher than 10 MVA

3.5.1 Normal operation

3.5.1.1 Frequency and voltage deviation

WPR shall be able to operate within thfequency and voltageanges shown irFigure3-8. Area Arepresents
normal continuous operatiorAt least 30 min of continuous operation is required in Area B addation in active
power is allowed only if it is required due to the inhetecharacteristics of the WTG technology. A maximum
reduction of 15%ef active powelis allowed at 47.5 Hirequency In Aeas C and [10%reductionin active power is
accepted while in area E a largeluctionis accepd.

The allowed voltageariation depends on frequency. Duringprmal continuous operation, voltage variation within
0.90¢ 1.05 pu is accepted.
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Figure3-8: Operation with frequency and voltage deviatiofi0]

3.5.1.2 Active power control

It shall be possible to control the active power generation of WPPs and WTGs. WTGPRRmwitWWrating 0.5 10
MVA shall have the readiness for remote contuwghile WPPs >10 MVA sholidve the possibilityo be controlled
remotely. Table3-1 summarises active power control requirements for different WPP ratings.
Table3-2: Active power control requirements for different WPP ratings
WTG/WPP 0.5 10 MVA WPP with rating >10 MVA
Remote upper limit control accuracy should | Remote upper limit control accuracy should bg
+5% or less MW or less

No requirement for down control of activ
power due to fast reduction of wind speed b
for reduction in upper limit a ramping rate ca
freely be selected. It shall be possible to set

No requirement for down control of activ
power due to fast reduction of wind speed b
for reduction in upper limit a rampingate can
freely be selected. It shall be possible to set

ramping rate accuracy to 1 MW/min.
Rate of change of active power due to increast
upper limit or increase in wind speed should
at least 10% of rated power per minute

It should be pssible to control active power generation as a function of system frequency by means of frequency
control functions. The control shouldperate proportionally to the frequency deviatiautside of thedeadband.

The deaeband and the control range of actiypower should be +0.5 Hz andl00%, respectively

ramping rate accuracy to 1 MW/min.

3.5.1.3 Reactive power control

WTGs and WPPs shall have automatic control of voltage and reactive power ainiectionpoint. If the active
power production is below a prdefined Rin, then the WTGs/WPPs damnhhave any obligation to control voltage
and reactive power at the reference point.

WTGs and WPPs with rating @30 MVA should have at least constant reactive power or power factor control
while >10 MVA should have constant reactive power, power fa@hol voltage control. WTG#&/PPs with rang in

the range 0.5 10 MVA shall be able to operate continuouglighin 0.995 leading and lagging power facté/PR

with rating >10 MV/Ahould operate withir0.95leading and laggingower factor at rated powerThe power factor
operationrange decreases for lower production levels.
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3.5.1.4 Power quality
Thereviewed specifications deot have power quality requirements that are particular to wind power plants.

3.5.2 Operation under grid disturbance

Wind power plants of sizeategory0.5¢ 10 MVA and>10 MVAshall be able to continue to operatg least for 0.25
secondswhile the lowest phas¢o-phase voltage at reference point remaiaisove 0.25 pu and 0 pu, respectively.

3.6 ITALY

This section reviews the rules included in the technical referghtle which are set for the grid connection oftave

and passive users to electric networks with a voltagellbeéveen 1 kV and 150 kV. Tfoeus will be on those parts
regulating the connection of WTGs based on dotibtiyinduction machines or equipped with falbnverters, to the

MV grid (from 1 KWor AC and 1.5 kV for DC up to 35 kV). Fixed speed WTGs, variable rotor resistance WTGs &
doublespeed WTGs are considered outdated and thus not dealt witfiLBly For voltage levels higher than 35 kV
(HV),[1]] refers to the specific requirements imposed by the TSO[14, which are in some cases susceptible of
specific agreement between the TSO and the WPP operator. When specifieeneguis are given ifl2] for the

grid connection of WPP to HV grids, they are explicitly mentioned.

3.6.1 Normal operation
It must be possible for a wind power plant to start and operatstinuously under 'normal production' conditions.

3.6.1.1 Frequency and voltage deviation

The typical operating voltage and frequency ranges under 'normal production' are U£10% and 49.9 Hz to 50.1 F
respectively.

WPP must stay connected to the grid for a lirdifgeriod of time with reduced active power production in case of
frequency and voltage deviations the MV girdA y G KS NI y 3 S yaRbympT Oip 'K wipmIn XK p
In case of connection to the HV grid, the WiRABst stay connecteghermanently to the grid for any operating
condition within therange 0.85K > nademm ®p | |  dKcompatiy withh edpstruction characteristics.

3.6.1.2 Active power control

In the frequency range between 47.5 Hz and 50.3 Hz, the WPP equipped with statestexsnare generally
requested to produce their maximum rated active pow®hen the frequency value exceeds 50.3 Hz they are
requested to linearly reduce the value of the active power productiath a droop constanbetween 2% and 5%o

that a reductionof the entire rated power is obtained within 1Grs MV and 30 s in HV, where the reduction of half
the power should be achieved within 15 s

The WPP should not increase the minimum active power injection reached during the over frequégss the
frequency staysn the range 50 + 1 Hz for at least 380 The consequent increase in the WPP active power
production should follow the linear characteristics used for the reduction (compatibly with actual wind conditions),
with a maximum increase limit of +2086the rated power per minute.

3.6.1.3 Reactive power control

WPP, as other distributed generation units are required to participate into voltage control by reactive power
regulation. Such regulation can be implemented as:

o Power factor (cg5) controlbased on ative power production: the default condition for the WT is to
operate with a fixed power factor. However, they must be capable of implementing the power factor
automatic regulation curvesplid black line) indicated irFigure 3-9, where the limit value of the
power factor is 0.95 (inductiviaggingor capacitivéeading) in the case of WT@nd R refers to
rated active power Such reguladbn can be also implemented at park level through centralized
control. In this case one or more generators receive the required setpoint from a central controller
and the limit value of the power factor can differ from 0.95, depending lacal DSQ@TSO
prescription.
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Figure3-9: Reactive power regulation based on gos f(P) function

0 Q controlbased on the grid voltage levéh addition to the power factor control, the WRRust be
capable of regulating reactive power absorption/injection based on the value of the grid voltage
according to the Q=f(V) curve Bfgure3-10. This must be guaranteed as long as the WTG works
within their PQ rectangular capability curve, so with an active power range from 0O to P rated and a
reactive power range from0.312 of the rated apparent power to +0.312 of the rated apparent
power. The reyulation can also be implemented at park level through centralized control.

V;,=1,1Vn
V;,=1,08Vn

V,;=0,92Vn
V,=0,9Vn

Figure3-10: Reactive power regulation based on Q = f(V) function

3.6.1.4 Power quality

From the power quality standpoint WPP are equalized to disturbing loads, so they must always comply with releval
standards (e.g. IEC TR 61€86 for harmonics, IEC TR 61683 for flicker and rapid voltage variations and IEC TR
610003-13 forunbalance}. Furthermore, pecificemission limits related to slow and rapid voltage changes, flicker,
harmonics, and unbalance can be defined by the MSObased on local grid conditions.

3.6.2 Operation under grid disturbance

These requirements apply to WPRliding wind turbine based on doublgd induction generators or equipped
with full-converters in case of any mufihase faultsaccording td11]. The WPP must stay connected whenever the
voltage dip profile is withirthe (light and dark) pinkines in the Voltage vs. Time curve shownFigure 3-11.
Disconnection is allowedbove the over voltage rid#hrough (OVRT) curve (light pink) and below the corresponding
low voltage ridethrough (LVRT) curve (dark pinkut for a voltage level of 0.85 the WPP is allowed to disconnect
only after at least 180 s.

After the fault is clearer, the active and reactivewm injections should be rested at prefault values within 2 s,
compatibly with present wind conditions.

i Rev.01, 10-Sep2013
s Page21 of 39 il



M MARINET D2.26 Collation of European grid codes

It is worth notng that for the grid connection of WPPs to the HV griflL2] the TSO requires the compliance with a
different LVRT curve, which is marked in blue in Figet&.3n this case no OVRT curve is indicated, so the WPP is
allowed to disconnet only when the grid voltage is below the blue curve.

1,4
[p.u.]
1,2 —

1

= VRT for HV connection
0,8 - (according to TSO requirements)

/ / = VRT for MV connection
0,6 (according to CEI 0-16)
0,4 V QVRT for MV connection

’ /;7 (according to CEl 0-16)
0,2

0 | : | | | : |
-100 400 900 1400 1900 2400 2900 [s]

Figure3-11: FRT requirement for WPP based on douliéd induction generators or equipped with fultonverters

3.7 SPAIN

Only one TSO operates in Spain and this is Red Electrica de Espafia (REE). In 2006, REE elaborated the first doc
called Resolutiof.O. 12.3. Requisitos de respuesta frente a huecos de tendieas instalaciones eolicas " which
mainly imposed a LMRdown to zero Vadtand limits the active and reactive power during falilt8]. This document

was focused o wind farmsmainly connected to distribution networkat low power levels. A second anex
appeared in 2008 which was called Anfe©0.12.2' Requisitos Técnicos de las Instalaciones Edlicas, Fotovoltaicas y
Todas Agquellas Instalaciones de ProducciénaClgcnologia no Emplee un Generador Sincrono Conectado
Directamente a La Red which is applied for wad or PV plants bigger thatD MW and is valid for all projects
installed after 1 January 20114]. This regulatiorrequires a voltage controllefor defining the reactive power
support during voltages outside the normal range.

3.7.1 Normal operation

3.7.1.1 Frequency and voltage deviation

According to the Spanish regulati®D 6612007, the nominal frequency is 50 Hz andhitowsa wide continuous
frequency range o#8¢51.5 Hz, with disconnection for frequencies lowéhan 48 Hz for more than 3. She
discomection time for overfrequencies (>55 Hz)has to be agreed with the TS@®/PP also needs to operate with a
range around the rated voltagerigure3-12 shows the wltage ¢frequency operational windows and the maximum
time that the system can operate under specific conditifi.
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Figure3-12 Voltagefrequency operation

3.7.1.2 Active power control

The Spanishiegulation only considers participation in the secondary control, i.e. power curtailméafR$ has to be
able to reach anyower setpoint sentby the TSOIn addition, WPPshould inform the TSQof the difference
between the actual power anthe maximum pssible powerA ramp rate is not specifiefiL5] [16].

3.7.1.3 Reactive power control
The directive P.O. 7.4 applies the reactive power requirements during normal operation to all generatgon
the high volage level, either conventional or renewablEhe followingrequirements are defined as a function of
active power and transmission voltages as follp®&:
1 Minimum range oftl5 % of reactive power generation from the maximum total active powerafbr
technical P range and nominal voltage.
1 Minimum range o&30 % of reactive power generation from the maximum total active paagea function
of the voltage, as shown iRigure3-13.

Grid voltage per voltage level
at grid connection point [kV]
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Figure3-13V-Q dependence

3.7.1.4 Power quality
The reviewed specifications do not have power quality requirements that are particular to wind power plants.

3.7.2 Operation under grid disturbance

Active power and frequency control
During faultsWPPsshould limit the active current ithin the grey areahownFigure3-14. The active current
limitation is a function of the active power before the fault and the voltage level.
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Figure3-14 Active power limitationduring FRT
There are some points which should be remarkis:

Fa voltage levels below 0.5 pu, the active power may be reduced to zero.
In case of current saturation, the reactive current limitation given by current has less priority than the
reactive current limitation given by voltage controller saturation whichxganed below.
1 For voltages higher than the normal operation, the facility will seek, if possible, to mainaattive power
level prior to the disturbance.
9 The gain of the active current controller should ensure a dynamic response (90% less)tian 40 ms for
V < 0.85 p.u. and 250 ms for V > 0.85 p.u.
Reactive power and voltage control
The requirements afeactive powemgeneration under voltage faultsre fulfilled using a system of automatic voltage
regulation with an operating principle similtr the voltage regulator (AVR) in conventiosghchronougeneration,
i.e. in the form of a Pl voltage controller with reactive current referenceutigut. The following requirements are
needed[15]:
9 The controller will be enabled for any voltage outside the normal operation range.
1 During the fault, the WPP should inject or absorb reactive currents based on the action of voltage controller
with minimum saturation levels which are defined by the curve ABEYimre3-15.
1 For the range 0.88V KL.15 p.u., the injected reactive current will react according to the voltage control,
possibly saturating the regulator limits.

)l
)l
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Normal opemation 1 — AV <« V< | + AV, AV =ca. 10% for TS
Minimum [, requirement in case of 1, 2 and 3 — phase faults

1, [pu]

4 RED ELECTRICA

1.0 —p=
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0.8 —

0.6 —

13 V[pu]
0.2 —
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=06 —

0.8 —
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Figure3-15 Reactive curent requirements
Fault ride through
WPP bigget0 MW should fulfil the following requirement$5]:
1 The WPP must stay connected ewelmen the PCC voltage is zero for at least 150 ms disimgne- and
three-phase fault{grey area irFigure3-16).
1 The WPP must stay connectédring all type ofaultsin the black area ifigure3-16.
1 No dsconnetion is allowed for 1 for the 1.15 p level and 250 ms for the 1.31p
9 During the whole transient regime, the facility must be able to injetct the grid at least th@ominal
apparent current.
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Mommal operation

B Should not discomnect in case of 1—, 2 — or 3 — phase fault
B Should not disconnectin case of | —or 3 — phase fault
1 May disconnect by protection relays REDELECTRICA
FAULT CLEARANCE AND
START FAULT START OF RECOVERY END OF RECOVERY
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Figure3-16 Fault ride through

3.8 NORWAY

Grid codes for power generation units connected to Norwegian regi@mal central grids are found in the FIKS
document[17], published by the NonNegjaiiSQ Statnett. The requirements for wind power plants are vafal
LX Fyda 2F G2GFt aAl S x m azx! o

3.8.1 Normal operation

3.8.1.1 Frequency and voltage deviation
Windturbines shall be able to operateithin the combinations of voltages and frequencies givenahle3-3 below.

Table3-3: Combinations of frequencies and voltages for normal operation of wind turbines
Frequency [Hz| Voltage [pu]| Duration

47.5¢49.0 0.90¢1.05 | <30 min
49.0¢52.0 0.90¢ 1.05 | continucusly
Frequency protectiomustbe set outside of the borders; 47Hz<frequency<52.0Hz

In addition all equipment connected to the central grid, including wind turbinestchagstain operation within
voltage tolerance limits as givenTiable3-4.

Table3-4: Requirements for voltages and durations for the operation of the central grid (grids with nominal voltage of 420
kVims and 300 kWns), which all connected equipment must withstand without interruption of operation

Description p.u.
Nominal voltage 1.00
e Rev.01, 10-Sep2013
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Normal operating voltage 0.99
Maximum continuous operating voltage 1.00
Maximum temporary voltage, < 15 min. 1.05

Extreme maximum temporary voltage, < 3¢ 1.10
Extreme maximum temporary voltage, <51 1.15
Minimum continuous operating voltage 0,93
Minimum temporary voltage, < 15 min. 0.90
Extreme minimum temporary voltage, < 30| 0.85
Extreme minimum temporary voltage, <5 g 0.82

3.8.1.2 Active power control

I Wind farms shall be in normal operation within 15 min. after the grid is avajldbteinstarce after
restoration.

T 2AYR FIFINXYa& x mn a*! akKlftft oS FoftS (2 AYun8Bowh (St
regulation. Normally, only down regulation will be used (activated). In critical situatibissrequirement
canalsoapplyforivy R FF N¥ya x M azx! o

9 It shall be possible to set the power output to any value between 0 and 100 % of nominal or available powel
The power output shall be controllable from nominal down to zero (disconnection) within 30 s.

1 Inertia and possibility foshort-term supply of active power to the grid during disturbances shall be assessed
when this can be provided, primarily for wind turbines with full frequency converter.

2AYR FINXa x wmn ax! akKkff KIF@FS (GKS LI pgodek mdtifated da ( 2
frequency controllers implemented in each wind turbine. The frequency controller should be -0ffelDThe set

point resolution shall be at least 0.01 Hz. The electrical frequency measurements shall have a minimum resolution
00051 T LG aKFft 0SS LIRaaiotsS (2 asSi GKS RNRB2LI FNRBY W

3.8.1.3 Reactive power control

Wind power plants shall be able to operate with a power fadimits 0.95 laggingand 0.95 leading, at nominal
active power generation. The requiremis are referred to the grid side of the transformer (PCC).
Wind turbines with directly connected induction machines shall have equipment for compensation of their reactive
consumption. The compensation shall be dimensioned according to the needs ofidh&hgrre the wind turbines
are connected.
General requirements:
1 The TSO can decide limits for voltage levels and exchange of reactive power in the regidnadntral
grids.
1 Wind turbines with power converter shall have dynamic voltage control accotdiogrrent requirements.
The voltage controller shall not have dehand.
Functional requirements:
9 It shall be possible to change the gmtint for the voltage controller both locally and remotely.
1 Wind farms shall be able to control the connection paiattage within tolerance bands according to current
regulations. In addition the reactive capability can be used for voltage support in the central grid.
 MVAr2 NJ O-Zantbobshall not be used without agreement and approval from TSO.
Controller setting:
1 The voltage controller shall be of Pifbe, and droopsetting shall be possible for both active and reactive
power
1 Asaminimum, for a 5 % step response the voltage shall reach 90h&siéadystate value within

3.8.1.4 Power quality
The reviewed docuent (FIK$17]) does not contain specific power quality requirements.
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3.8.2 Operation under grid disturbance

Short circuit capacity andontribution during grid faults shall be assessed when this can be provided, primarily for
wind turbines with synchronous generators and full frequency converter but for also induction generators. Sufficien
conditions for triggering of protection have be assured.

The developer is recommended to carry out dynamic analyses if there are doubts regarding sufficient stability for th
wind farm.

Fault ride through

Fault ride through requirements forowver generatiorunits connected to grid&ith nominal opeating voltage < 220

1 = | 928 k\hare shown iffigure3-17. The generation units shall be able to stay connected to the grid and
operate during voltage dips with gufitude and duration above the limits shown in the curves belBur. voltage <

220 kV, power generation units are expected to be disconnected afteriflOoltage remains 0.85 pWoltages are
given in pu referred to nominal voltage, at the connectiompoi

<220 kV
>=220 k

Voltage (pu)
o
N

0 0.20.4 1 2 3 4
Time (s)

Figure3-17: Fault ride through requirements for generation units connected to grids witbminal operating voltage< 220 kV
and HHA 1 %

3.9 ENTSOE: NETWORK CODE ON REQUIREMENTS FORGRID CONNECTION

APPLICABLE TO ALIGENERATORSRFG)
bSGig2N] /2RSS 2y aGwSl dzi NB YiS deireioped ByNeurdp&ayl Netidork foNFEansmission
System Operators for ElectricitENITSEE) to increase cooperation and coordination among member TSOs. The
network @rid) code aims to set out clear and objective requirements for grid connection of power generation units.
In addition, it aims to provide transparent access to the transmission networks across borders, and to ensur
coordinated and forwardooking plannig. It was finalized in March 2013 and currently awaits to be adopted by the
European Commission.
The grid code defines a common framework for grid connection requirements for power generating facilities such a
synchronous generating facilities, generatifagilities connected to the network nesynchronously or through
power electronics interface (power park modules), and offshore generating facilities. It provides for various
requirements to be defined by the relevant TSOs/DSOs.
The requirements applyot new generating units and to existing generating units to the extent of applicability
decided by the national regulatory authority or TSO.
Generating units are classified into four types, i.e. Type A, Type B, Type C and Type D, based upon connection p
voltage and generation capacity. Type A, B and C have connection point below 110 kV, while Type D have connec
point voltage above 110 kV. Generation capacity based classification is presendads-5.
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Table3-5: Thresholds for different types of power plants

Synchronous area

Maximum capacity
threshold from
which on a power
generating module

Maximum capacity
threshold from
which on a power
generating module

Maximum capacity
threshold from
which on a power
generating module

Maximum capacity
threshold from
which on a power
generating module

is of Type A is of Type B is of Type C is of Type D
Continental Europe 0.8 kW 1 MW 50 MW 75 MW
Nordic 0.8 kW 1.5 MW 10 MW 30 MW
Great Britain 0.8 kW 1 MW 10 MW 30 MW
Ireland 0.8 kW 0.1 MW 5 MW 10 MW
Baltic 0.8 kW 0.5 MW 10 MW 15 MW

Large scale renewables will most likely fall under Type C and D generation classes. Offshore generating plants wi
do not have offshore connection points are considesacheas onshore generatioplants.

Different requirements are defined for eagieneration type fothe five synchronous areat general, the grid code
defines minimum values and ranges of limits for different connection requirements. It is prepared in such a way the
the relevant TSOs will use the grid code as a guideline to defecvalues. It leaves room faerms and conditions

for connection and access to networks be established by thaelevant TSOsvith principles of transparency,
proportionality and nordiscrimination.

3.9.1 Normal operation

3.9.1.1 Frequency and voltage deviation

Generating units should be capable of staying connected and operating within frequency ranges and time perioc
defined in the grid code. In addition, they should respond to power system frequency chaaggiraction which
assists thdrequencyrecovery The frequency response curve can have droop and deadband ranges. Actual deliven
of active power response could be limited by operation near maximum capacity and availability of primary
resources.

Similarly, generation units should stay connected and djgefar connection point voltageleviations within limited
ranges and time period. Allowed deviation ranges vary based on connection point voltage level and synchronol
area

3.9.1.2 Active power control

Power plant should be capable of adjusting active power ougs instructed by TSO. Interface to receive setpoints
from TSO for active power control should be available. In addition, local (manual) control should be available in ca
of fault in the remote control. Active power control should be achieved withperdod and tolerance defined by the
operator.

TSO shall define up and down limit of rate of change of active power.

3.9.1.3 Reactive power control

Power plants shall be capable of providing reactive power automatically by either voltage control mode, reactive
power control mode or power factor control mode.

Reactive powercapability at maximum power capacityis defined by tQ/Pmax profile while reactive power
capabilitybelow maximunmpower capacity is defined by-@/Pmax profile. Both profiles are for reactivevper flow

at connection points and define the boundaries in which gmaver plantshall be capable of providing reactive
power. Figure3-18 and Table3-6 below show indicative shape and values feQPmax profile for Type C power
plants. The inner loop defines-Q/Pmax profilewhich does not necessary need to be rectangular. Theeofixed

loop sets the limits for the {@Q/Pmax.

o Rev.01, 10-Sep2013
i Page29 of 39

SEVENTH FRAMEWORK
PROGRAMME



M MARINET D2.26 Collation of European grid codes
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Figure3-18: U-Q/Pmax profile for a power plant

Table3-6: Parameters for the inner envelope in FigurelB

Synchronous Area Maximum range| Maximum range of steady
of Q/Pmax state Voltage level in PU

Continental Europe 0.75 0.225

Nordic 0.95 0.150

Great Britain 0.66 0.100

Ireland 0.66 0.218

Baltic States 0.80 0.220

3.9.1.4 Power quality
The ENTS@ gridcode does not contain power quality requirements.

3.9.2 Operation under grid disturbance

Fault ride through capability requirements for Type D power park modules is shdviguire3-19 and values for the
parameters in the figure are givenTiable3-7.

Figure3-19: Fault ride throughprofile for power plants

Table3-7: Parameters for the fault ride through profile in Figure1®

Voltage parameters [pu] Time parameters [seconds]
Uret: 0.05¢0.15 telear 0.14¢0.25
Uclear: Uret ¢ 0.15 trect: tclear

Urect: Uclear trec2 trec1

Urec2: 0.85 trecs 1.5¢3.0

The relevant TSO has the right to require fast acting additional reactive current injection in case of duringHaults.
TSO shall define wheather active powereactive power has priority during faults.
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