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EXECUTIVE SUMMARY
Grid codes are technical regulations which contain specifications for connection and operation of generating plants
and consumers, and ensure safe and secure operation of the electrical grid. Generation plants based on renewable
resources, such as wind, solar, wave, etc., result in variable and intermittent power production due to the inherent
characteristics of the renewable resources. Therefore, large scale integration of renewable generation poses a
challenge to the proper operation of the power system. In order to ensure smooth operation of power systems with
this type of generation, grid codes address issues related to connection of renewable generation plants, particularly
wind power plants, under normal and grid disturbance operations. These requirements are similar to requirements
laid out for large conventional power plants.
Connection requirements stated in grid codes from Transmission System Operators (TSOs) in eight different
countries are analysed in this report. The countries include Denmark, Ireland, Germany, UK, Finland, Italy, Spain and
Norway. The main focus has been on requirements for integration of large scale renewable generation. Whenever
possible and when the 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 by most of the grid
codes in more detail. Consequently, many of the discussions are focused on connection requirements for wind
power plants.
In addition, connection requirements form the Network Code on Requirements for Grid Connection applicable to all
Generators (RfG) developed by the European Network for Transmission System Operators for Electricity (ENTSO-E) is
reviewed.
Steady state or normal operations conditions such as voltage and frequency deviations, active and reactive power
control, voltage control, power factor control, and power quality requirements were studied. Furthermore, fault ride
through requirement during grid disturbance, and active and reactive power support during grid faults were
covered. It is projected that in the future large scale integration of renewable energy from offshore environment
such as wind, wave and tidal power will take place. Some of the grid codes (Germany, UK and ENTSO-E) have already
special requirements for these types of generations. Summaries of connection requirements in each studied grid
code are presented in this report.
The requirements from each grid code (except ENTSO-E) 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 allowed
in almost all grid codes. However, different transmission voltage levels have different variation limits. All grid codes
have 50 Hz as nominal frequency and normal operation range around this frequency. As the frequency deviation
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 rest
of the countries require 15-20% 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 in the power system, and to
continue to ensure secure and stable operation. Reviewing and updating the grid codes will continue in the future as
there is a plan to increase the share of renewable energy resources and increase interconnections between
countries. There have been several efforts to harmonize grid codes in different EU countries. The most recent one is
the grid connection requirements for all generators drafted by ENTSO-E. It is expected that the grid code from
ENTSO-E will be adopted by all 41 member TSOs of the association, and be used as a framework while developing
their own respective grid codes.
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LIST OF SYMBOLS AND ACRONYMS
DSO
ENSTO-E
f
HV
Hz
IEC
kV
MV
P
PF
pu
Q
THD
TSO
U
WPP
WTG

Distribution System Operator
European Network for Transmission System Operators for Electricity
Grid frequency
High Voltage
Hertz
International Electro-technical Commission
kilo volts
Medium Voltage
Active power
Power factor
per unit
Reactive power
Total Harmonic Distortion
Transmission System Operator
Voltage
Wind Power Plant
Wind Turbine Generator
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1 INTRODUCTION
Grid codes are technical regulations which contain specifications for connection and operation of generating plants
and consumers, and ensure safe and secure operation of the electrical grid. Generation plants based on renewable
resources, such as wind, solar wave, etc., result in variable and intermittent power production due to the inherent
characteristics of the renewable resources. Therefore, large scale integration of renewable generation poses a
challenge to proper operation of the power system. In order to ensure that power systems operate smoothly, grid
codes address issues related to connection of renewable generation plants, particularly wind power plants, under
normal and grid disturbance operations. These requirements are similar to requirements laid out for large
conventional power plants.
In this report, connection requirements stated in grid codes from Transmission System Operators (TSOs) in eight
different countries and the Network Code on Requirements for Grid Connection applicable to all Generators (RfG)
developed by the European Network for Transmission System Operators for Electricity (ENTSO-E) are reviewed. The
countries include Denmark, Ireland, Germany, UK, Finland, Italy, Spain and Norway. It is expected that offshore
renewables will have large installed 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) are not studied
in this report. When possible and when the 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 by
most of the grid codes in more detail. Consequently, many of the discussions are focused on connection
requirements for wind power plants.
Requirements for operations under normal and grid disturbance are studied for each grid code. Under normal
operation conditions, grid codes require control of frequency, active power, reactive power, 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 grid
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. Discussions
highlighting the major similarities and differences between each grid code are also included in the same section. In
Section 5, future trends and perspectives of European grid codes in particular is discussed. Conclusions are
presented in Section 6.

2 TERMS AND DEFINITIONS
The terms used in this report are taken from the different studied grid codes. Even though sometimes different
terminologies are used in the different grid codes to refer to a single electrical phenomena or element, for the sake
of keeping consistency throughout this report in this report, only one term is used to refer single electrical
phenomena or element. Definitions of terms are taken from the following documents:
- IEC standard: Electromagnetic compatibility (EMC) - Part 4-30: Testing and measurement techniques - Power
quality measurement methods [1]
- Denmark grid code: Technical regulation 3.2.5 for wind power plants with a power output greater than 11
kW [2]
- Ireland grid code: EirGrid Grid Code [3]

2.1 BASIC ELECTRICAL DEFINITIONS
Active power (P)
Available active
power

The product of the components of alternating current and voltage that equate to true
power which is measured in units of watts (W)
The amount of active power that a wind power plant could produce based on current wind
conditions. The available active power shall only differ from the actual active power if
the wind power plant has been curtailed, constrained or is operating in a restrictive
frequency response mode.
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The point of connection (POC) is the point in the public electricity supply network where the
renewable power plant is or can be connected
Impression of unsteadiness of visual sensation induced by a light stimulus whose luminance or
spectral distribution fluctuates with time.
Intensity of flicker annoyance evaluated by the following quantities:
- short term severity (P st ) measured over a period of ten minutes;
- long term severity (P lt ) calculated from a sequence of twelve Pst-values over a two
hour interval, according to the following expression:
12

Plt  3


i 1

Frequency
Harmonic voltage

Psti3
12

repetition rate of the fundamental wave of the supply voltage measured over a given interval
of time
sinusoidal voltage with a frequency equal to an integer multiple of the fundamental
frequency of the supply voltage.
Harmonic voltages can be evaluated:
- individually by their relative amplitude (uh ) which is the harmonic voltage related to the
fundamental voltage u1 , 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 

 u

h

2

h2

Interharmonics
Nominal voltage

sinusoidal voltage with a frequency not equal to an integer multiple of the fundamental
The voltage for which a network is defined and to which operational measurements are
referred.

Power factor
Power quality

The ratio of Active Power to Apparent Power

Characteristics of the electricity at a given point on an electrical system, evaluated against a
set of reference technical parameters
Reactive power (Q)
the product of voltage and current and the sine of the phase angle between them measured in
units of volt-amperes reactive (var)
Transmission system The System consisting (wholly or mainly) of high Voltage electric lines and cables operated by
the TSO for the purposes of transmission of electricity from one Power Station to a substation or to another Power Station or between sub-stations or to or from any External
Interconnection including any Plant and Apparatus
Transmission System
An organization that has the overall responsibility of maintaining security of supply and
Operator (TSO)
efficient utilization of the transmission system.
Wind power plant
(WPP)
Wind power plant
controller
Wind turbine
generator (WTG)

A site containing at least one wind turbine generator and is connected to distribution or
transmission system.
A wind power plant controller is a set of control functions that makes it possible to control a
wind power plant as one plant in the point of connection. The set of control functions must be
a part of the wind power plant.
A generating unit generating electricity from wind.
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2.2 SUMMARY OF OPERATING CONDITIONS
2.2.1 Normal operation
2.2.1.1 Power factor regulation
Power factor regulation refers to keeping the ratio of reactive power to apparent power constant or within certain
limits at an agreed point in 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 to the automatic adjustment of reactive power output from a generation unit(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 called frequency regulation [2].

2.2.1.4 Harmonic distortion
Harmonics 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 fundamental frequency (100 Hz) and so on.
Any harmonic component can be represented as a percentage of the fundamental component. For example, the hth
harmonic component of a current harmonic is given by:
I h  100

In
I1

Where In is the amplitude of the harmonic current n and I1 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 distortion and is calculated as:


2

 In 
THD  100
   100
I
n2  1 





 I

h

2

n2

2.2.2 Operation under grid disturbances
2.2.2.1 Voltage dip/sag
Different technical publications use the terms voltage dip and voltage sag to describe the same electrical
phenomena. The term dip is used in International electrotechnical commission (IEC) publications while sag is used in
US technical publications.
Voltage dip is a sudden reduction of the voltage at a particular point in the electricity supply system below a
specified threshold (for at least a period of 10 ms) followed by its recovery. The 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 identical
or different. Figure 2-1 shows characteristics of a voltage dip.
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Figure 2-1: Characteristics of voltage dip [4]

The level of a voltage dip is expressed in terms of voltage level (depth 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 value
in volts or as a percentage or per unit of the reference voltage. The duration of a voltage dip is the time between the
instant at which the voltage falls below voltage dip start threshold and the instant at which it rises above voltage dip
end threshold.
The primary sources of voltage dips are short circuits occurring in the power system. In addition, switching of large
loads, starting of large motors and some variables loads (e.g. arc furnaces) can be causes of voltage dips.

2.2.2.2 Short interruption
A short interruption is a particular case of voltage dip where the voltage on all phases falls below a specified
interruption threshold followed by its restoration after a brief interval. Short interruption threshold is lower than
voltage dip threshold. Causes of short supply interruptions include switchgear operations related to occurrence and
termination of short circuits, automatic system reclosure, and switching operations.

3 GRID CODES FOR INTEGRATION OF
GENERATION BY EUROPEAN COUNTRIES

RENEWABLE

3.1 DENMARK
Denmark is currently one of the countries in the world that have high wind penetration to the power system. The
country has a plan to obtain 50% of its electricity from wind energy by 2020 and obtain 100% of its energy demand
from renewable resources by 2050 [5]. This ambitious plan clearly indicates that Danish grid code needs to address
large scale integration of renewable generation.
The TSO, Energinet.dk, has a technical regulation [2] for wind power plants (WPP) with power output 11 kW or more.
The requirements in the grid code are stated for three ranges of WPP active power output: 11 kW – 25 kW, 25 kW –
1.5 MW and greater than 1.5 MW. In the grid code, electricity supply undertaking means TSO if the connection point
is greater than 100 kV or local DSO if the connection point is less than 100 kV.
In general, wind power plants must be able to withstand frequency and voltage deviations at the connection point
under normal and abnormal operation conditions with as little as possible active power reduction. WPP with output
power greater than 1.5 MW should be equipped with wind farm control functions that can be operated either locally
or remotely. These control functions are frequency control, absolute production constraint, delta production
constraint, power gradient constraint, Q control, power factor control and voltage control. They can be implemented
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 agreement with the electricity supply undertaking perform frequency and voltage control.
The required active and reactive power will be produced on a pro-rata basis in relation to the number of WTGs in
operation.
Rev. 01, 10-Sep-2013
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For all control functions, setpoints must not deviate by more than ±2% of the setpoint value or by ±5% of the rated
power depending on which yields the highest tolerance. If control setpoints are to be changed, then the change
must be commenced within 2 seconds, and completed no later than 10 seconds (for frequency 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 and frequency ranges under 'normal production' are U±10% and 49.50 Hz to 50.20 Hz,
respectively.
WPPs with a power output range of 11 kW to 25 kW have no requirements outside of normal production area, while
WPPs with power output greater than 25 kW must stay connected to the grid for a limited period of time with
reduced active power production in case of frequency and voltage deviations shown in Figure 3-1. WPPs with power
output range of greater than 1.5 MW must stay connected under abnormal conditions too.

Figure 3-1: Active power production requirements at frequency/voltage variations for WPP with power output range 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 receiving
external stop signal while WPP with power output 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 random set point in the range of 40 – 100%
and 20 – 100% of rated production for WPPs with 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 discrete
downward regulation, maximum step of 25% can be applied.
The control functions for WPPs with output power >1.5 MW can be divided as frequency control and constraint
functions. Frequency control functions have a higher priority than constraint functions.

Frequency control function
Only WPPs with output power greater than 25 MW are required to have frequency control to stabilize grid frequency
to 50 Hz in events of frequency deviation. It must be possible to set frequency control functions for any value in the
range of 50 ± 3.00 Hz. The frequency control function (with metering accuracy ±10 mHz or better) should have a
dead band and control band for primary control. The remaining frequencies outside of these bands are used for
critical power/frequency control.

Rev. 01, 10-Sep-2013
Page 11 of 39

D2.26

Collation of European grid codes

Droop control, i.e. change in active power caused by change in frequency, is required to perform control between
the various frequency points. The frequency function changes the active power output of a WPP according to
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 constraint: Limits active power production to a predefined power limit.
- Delta production constraint: Reduce power production by a desired 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 constraint: Limits the maximum speed at which the power output changes in the 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 if
production is more than 20% of rated power. WPP with power output range 25 kW to 1.5 MW have a reactive power
requirement range that varies linearly with active power output. See Figure 3-2. When the WPP is not producing any
active power, the requirement range is 0.995 – 1 PF leading (0 – 10% reactive power import). When the WPP is
producing rated active power, the requirement range is 1 – 0.995 PF lagging (0 – 10% reactive power export). WPP
with power output range within 1.5 – 25 MW must comply with a 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 smaller,
and at zero active power production, there must be zero reactive power production or consumption, i.e. PF=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.
P/Pn
1.0

Qimport

0.5

Control
band

Qexport

0
-0.2

-0.1

0

0.1

0.2

Q/Pmax

0.98

0.995

1.0

0.995

0.98

CosΦ

Figure 3-2: Reactive 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 than 1.5 MW 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 and voltage at connection point using reactive
power, power factor and voltage control functions. Reactive power, power factor and voltage control functions are
mutually exclusive of each other.
Wind farm controller function should be able to regulate the following:
o
o

Q control: controls reactive power independent of active power. The WPP must be able to receive Q
setpoint with 1 kvar accuracy.
Power factor control: controls reactive power proportionally to the active power.
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Voltage control: Maintains desired voltage value at point of connection 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
Emissions related to rapid voltage changes, flicker, harmonics, inter-harmonics, and disturbances greater than 2 kHz
must be documented to asses a WPP's impact on the power quality of the electrical network. The technical
regulation describes in detail the data basis for 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 the
wind farms.
The harmonics and interharmonic emission limits from WPP with >1.5 MW power output will be defined by the
electricity supply undertaking but examples of design limits which are based on IEC TR 6100-3-6 are included.
However, while assessing these emission limits, the electricity supply undertaking must take into account of
emissions from other plants in the public electricity supply network.

3.1.2 Operation under grid disturbance
These requirements apply only to WPP with power output greater than 1.5 MW. The WPP must be designed to
withstand sudden phase jumps up to 20° at the connection point without reducing its output or disconnecting. It
must also withstand voltage dropdown to 20% at connection point for at least 0.5s without disconnection as shown
in Figure 3-3. The requirements apply for both symmetrical and asymmetrical faults.

Figure 3-3: FRT requirement for WPP with power output greater than 1.5 MW

WPP must stay connected and uphold normal operation in Area A while it must stay connected and provide
maximum voltage support by supplying a controlled amount of reactive power to help stabilise the voltage in Area B.
Reactive power supply has priority over active power supply in area B. Disconnection of the WPP is allowed in Area
C. If the voltage goes back to Area A during a fault sequence, subsequent voltage drops are regarded as new fault
situations. If several fault sequences occur within Area B and evolve to area C, then disconnection is allowed.
In addition, WPP must be designed to withstand recurring fault types shown Table 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.
Table 3-1: Fault types in the public supply network and their duration

Type
Three-phase short-circuit
Two-phase short-circuit with/without
earth contact
Single-phase short-circuit to earth

Fault duration
Short-circuit for a period of 150 ms
Short-circuit for a period of 150 ms followed by a new short circuit 0.5 – 3s
later, also with a duration of 150 ms
Short-circuit for a period of 150 ms followed by a new short circuit 0.5 – 3s
later, also with a duration of 150 ms
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A WPP which has been disconnected 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 and 50.20 Hz.

3.2 IRELAND
This section analyses provisions for controllable wind farm power stations which are part of the EirGrid grid code [3].
Controllable wind farms are defined as a site containing at least one WTG which can automatically act upon a
remote signal from the TSO to change its active power output. In addition to the provisions, controllable wind farms
are also expected to comply with a list of requirements defined in other sections of the grid code.
A wind farm control system should be installed to control active and reactive power, frequency response, voltage,
and power factor. Controllable wind farms shall 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 rate of change 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 wind
farm; which is the term used in the EirGrid grid code.

3.2.1 Normal operation
3.2.1.1 Frequency and voltage deviation
WPPs should have the capability to remain connected and operate within the frequency ranges listed below and for
frequency change rates up to ≤ 0.5 Hz/s.
o
o
o
o

49.5 – 50.5 Hz remain connected and operate continuously
47.5 – 52 Hz  remain connected for a duration of 60 min
47.0 – 47.5 Hz  remain connected for a duration of 20 seconds
> 50.2 Hz  No additional turbine shall be started

Furthermore, WPPs should remain continuously connected to the transmission system for up to 10% step changes in
transmission system voltage. Different transmission system voltage levels have different ranges in which the voltage
can vary but in general it is approximately U±10%.

3.2.1.2 Active power control
WPPs should be able to operate at maximum or controlled active power output for normal and disturbed system
conditions.
The frequency response system operates between 47.0 Hz and 52 Hz. It has a dead band range and a droop range
where the power output of the wind farm changes in response to system frequency change. As much as possible, the
power output change should be achieved by proportionally changing the output of available WTG as opposed to
switching individual WTGs on or off. WTGs can be disconnected if system frequency rises above 52.0 Hz and should
be re-connected 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 rate
settings averaged over 1 min and 10 min, applicable to all operating conditions, shall be set by the TSO. The settings
can vary between 1 and 30 MW/min.

3.2.1.3 Reactive power control
WPPs should be capable of operating at any point within a power factor range 0.85 leading and lagging for 0-50%
production and 0.95 – 1 leading and lagging at rated production at the lower voltage side of the grid connected
transformer. For active power production between 50 – 100%, they should be capable of operating within ca. ± 33%
reactive power production/consumption. For WPPs with connection point far from the grid connected transformer,
reactive power compensation is required for the HV transmission line or cable connecting the wind farm and the grid
connection point.
WPP should be capable of receiving power factor (PF), reactive power and voltage setpoints to maintain the
respective parameters to the setpoints at the connection point.
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3.2.1.4 Power quality
Emissions limits set out in the IEC standard 61000-3-7:1996 Assessment of Emission limits for fluctuating loads in MV
and HV power systems [6] applies to WPPs.

3.2.2 Operation under grid disturbance
WPP must be able to withstand a voltage dropdown to 15% for at least 625 ms on any or all phases. It should remain
connected to the transmission system for voltage measured at the HV terminals of the grid connected transformer
above the line in Figure 3-4.
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Figure 3-4: Fault ride through capability curve for WPPs in Ireland

During transmission system voltage dip, the WPP should provide active power in proportion to retained voltage and
maximise reactive current into the transmission system without exceeding WTG limits. The reactive power injection
should continue for at least 600 ms or until the voltage recovers. WPP should provide at least 90 % of its maximum
available active power as quickly as the technology allows and in any event within 1 second of the transmission
system voltage recovering to the normal operating range.

3.3 GERMANY
TenneT is one of the four TSOs that operate in Germany. It has offshore wind farm projects that are both operational
and under construction. It is the only German TSO that has separate requirement specifically for offshore grid
connections. Requirements specified in [7, 8] by TenneT for offshore grid connections are reviewed in this section.

3.3.1 Normal operation
3.3.1.1 Frequency and voltage deviation
The nominal system frequency is 50 Hz. The frequency could vary between 46.5 Hz and 53.5 Hz for limited periods of
an uninterrupted continuous operation as defined in the grid code. Operations within 46.5 – 47.5 Hz and 51.5 – 53.5
Hz for duration of 10 s are required only for offshore grid connections. All generation units must be disconnected
from the grid after a time delay of 300 ms upon reaching a frequency, at the grid connection point, less than 46.5 Hz
or greater than 53.5 Hz.
The continuous operating voltage range is ca. U±10%.

3.3.1.2 Active power control
In frequency range of 47.5 – 50.2 Hz, the WPP 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 per
second.
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After a failure involving loss of voltage at the grid connection point, a 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 for offshore 155 kV network at frequencies between 47.5 and 51.5 Hz with
unrestricted reactive power supply are shown in Figure 3-5.

Figure 3-5: Operation range of generation plant in dependency to voltage and power factor

For voltage within the range of U±5%, generating units should have the following P/Q-operation.
- For 20 – 100% active power production, reactive power operation range is between -30% (under excited/Q
consumption) and +40% (overexcited/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 complete compensation 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 particular to wind power plants.

3.3.2 Operation under grid disturbance
Three phase or symmetrical voltage dips must not lead to instability or disconnection above Limit line 1 in Figure 3-6.
In addition, in the shaded area and above Limit line 2, all generating units should able to experience a fault without
disconnection. However, if a generator becomes unstable, then a brief disconnection from the grid is allowed below
Limit line 2 in agreement with the TSO. For generators that do not disconnect, active power output must continue
during the fault and return to the original value after the fault is removed.
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Figure 3-6: Fault ride through curve (TenneT)

Generating units that did not disconnect must give support to the grid voltage with additional reactive current for
voltage dips greater than 5%. The voltage support of the generation unit is to be activated within 20 ms after fault
detection.

3.4 UK
This section is extraction from UK grid code document [9]. It covers requirements fore England, Wales, and Scotland,
offshore and onshore generation. The document contains many exceptions to the requirements based on control
area (England/Wales and Scotland) and 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 49.5 – 50.5Hz unless exceptional circumstances
prevail.
o
o
o
o
o

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 time f<49Hz
47 – 47.5Hz: Operation for at least 20 s is required each time f<47.5Hz

Normal operating ranges at different transmission voltage levels are: 400kV±5%, 275kV±10%, 132±10% and at
voltage levels below 132, the voltage will normally remain within U±6%, unless and otherwise agreed with the TSO
(NGET). The minimum and maximum voltage at the 400 kV level are ±10% unless abnormal conditions prevail, but 510% will not last longer than 15 min.

3.4.1.2 Active power control
Generating units should maintain continuously constant active power output between 49.5 Hz and 50.5 Hz. Onshore
and offshore power parks with rated capacity greater than 50 MW must have fast acting frequency control devices
that are capable of contributing to frequency control by continuous modulation of active power output. The
frequency control should have a dead band no greater than ±0.015Hz and a droop between 3 – 5%.

3.4.1.3 Reactive power control
Generating units must be capable of maintaining zero reactive power exchange for all active power output under
steady state voltage conditions. They should also be capable of supplying 50 – 100% of rated power within 0.95
leading to 0.95 lagging power factor. The leading power factor limit linearly decreases with active power production
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level for 20 – 50% of rated 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<PF<1. The steady state tolerance on reactive power transfer is
≤5% of rated power.
In Scotland, power factor limits 0.95 leading to 0.95 lagging at the connection point apply to all active power output
levels above 20% of rated power or from 0.95 lead to 0.90 lag 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 voltage range
U±5%.

3.4.2 Operation under grid disturbance
The FRT requirements are divided based on location (onshore or offshore) and duration (less than 140 ms or more
than 140 ms). In all cases, generating units shall remain transiently stable and connected for any balanced or
unbalanced voltage dips whose profile is on or above the defined FRT voltage vs time curves shown in Figure 3-7.
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Figure 3-7: FRT curves for offshore generating units, offshore power park modules and offshore DC converters at a large
power station

For voltage dips longer than 140 ms, active power should be restored to 90% of the pre-fault value within 1 s of the
restoration of voltage, while for voltage dips less than 140 ms, the generating units should provide active power
during the dip in proportion of the retained voltage.

3.5 FINLAND
Specification for the operational performance of wind power plants [10] connected to the Finnish power system are
reviewed in this section. The specification covers two power rating ranges i.e. WTGs/WPPs with rated power in the
range 0.5 MVA to 10 MVA and WPPs with rated power higher than 10 MVA.

3.5.1 Normal operation
3.5.1.1 Frequency and voltage deviation
WPPs shall be able to operate within the frequency and voltage ranges shown in Figure 3-8. Area A represents
normal continuous operation. At least 30 min of continuous operation is required in Area B and reduction in active
power is allowed only if it is required due to the inherent characteristics of the WTG technology. A maximum
reduction of 15% of active power is allowed at 47.5 Hz frequency. In Areas C and D, 10% reduction in active power is
accepted while in area E a large reduction is accepted.
The allowed voltage variation depends on frequency. During normal continuous operation, voltage variation within
0.90 – 1.05 pu is accepted.
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Figure 3-8: Operation with frequency and voltage deviation [10]

3.5.1.2 Active power control
It shall be possible to control the active power generation of WPPs and WTGs. WTGs and WPP with rating 0.5 – 10
MVA shall have the readiness for remote control, while WPPs >10 MVA should have the possibility to be controlled
remotely. Table 3-1 summarises active power control requirements for different WPP ratings.
Table 3-2: Active power control requirements for different WPP ratings

WTG/WPP 0.5 – 10 MVA
Remote upper limit control accuracy should be
±5% or less
No requirement for down control of active
power due to fast reduction of wind speed but
for reduction in upper limit a ramping rate can
freely be selected. It shall be possible to set the
ramping rate accuracy to 1 MW/min.

WPP with rating >10 MVA
Remote upper limit control accuracy should be 1
MW or less
No requirement for down control of active
power due to fast reduction of wind speed but
for reduction in upper limit a ramping rate can
freely be selected. It shall be possible to set the
ramping rate accuracy to 1 MW/min.
Rate of change of active power due to increase in
--upper limit or increase in wind speed should be
at least 10% of rated power per minute
It should be possible to control active power generation as a function of system frequency by means of frequency
control functions. The control should operate proportionally to the frequency deviation outside of the dead-band.
The dead-band and the control range of active power should be ±0.5 Hz and 0-100%, respectively.

3.5.1.3 Reactive power control
WTGs and WPPs shall have automatic control of voltage and reactive power at the connection point. If the active
power production is below a pre-defined Pmin, then the WTGs/WPPs do not have any obligation to control voltage
and reactive power at the reference point.
WTGs and WPPs with rating 0.5 – 10 MVA should have at least constant reactive power or power factor control
while >10 MVA should have constant reactive power, power factor and voltage control. WTGs/WPPs with rating in
the range 0.5 – 10 MVA shall be able to operate continuously within 0.995 leading and lagging power factor. WPPs
with rating >10 MVA should operate within 0.95 leading and lagging power factor at rated power. The power factor
operation range decreases for lower production levels.
Rev. 01, 10-Sep-2013
Page 19 of 39

D2.26

Collation of European grid codes

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

3.5.2 Operation under grid disturbance
Wind power plants of size category 0.5 – 10 MVA and > 10 MVA shall be able to continue to operate at least for 0.25
seconds while the lowest phase-to-phase voltage at reference point remains above 0.25 pu and 0 pu, respectively.

3.6 ITALY
This section reviews the rules included in the technical reference [11], which are set for the grid connection of active
and passive users to electric networks with a voltage level between 1 kV and 150 kV. The focus will be on those parts
regulating the connection of WTGs based on doubly-fed induction machines or equipped with full-converters, to the
MV grid (from 1 KV for AC and 1.5 kV for DC up to 35 kV). Fixed speed WTGs, variable rotor resistance WTGs and
double-speed WTGs are considered outdated and thus not dealt with by [11]. For voltage levels higher than 35 kV
(HV), [11] refers to the specific requirements imposed by the TSO, i.e. [12], which are in some cases susceptible of
specific agreement between the TSO and the WPP operator. When specific requirements are given in [12] 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 operate continuously 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 Hz,
respectively.
WPP must stay connected to the grid for a limited period of time with reduced active power production in case of
frequency and voltage deviations in the MV gird in the range 0.85 ≤ U≤ 1.10 and 47.5 Hz ≤ f ≤ 51.5 Hz, respectively.
In case of connection to the HV grid, the WPP must stay connected permanently to the grid for any operating
condition within the range 0.85 ≤ U≤ 1.10 and 47.5 Hz ≤ f ≤ 51.5 Hz, compatibly with construction characteristics.

3.6.1.2 Active power control
In the frequency range between 47.5 Hz and 50.3 Hz, the WPP equipped with static converters are generally
requested to produce their maximum rated active power. When the frequency value exceeds 50.3 Hz they are
requested to linearly reduce the value of the active power production, with a droop constant between 2% and 5% so
that a reduction of the entire rated power is obtained within 10 s in 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 frequency unless the
frequency stays in the range 50 ± 1 Hz for at least 300 s. 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 +20% of the 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 (cos) control based on active 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 curve (solid black line) indicated in Figure 3-9, where the limit value of the
power factor is 0.95 (inductive/lagging or capacitive/leading) in the case of WTG and Pn refers to
rated active power. Such regulation 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 on local DSO/TSO
prescription.
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Figure 3-9: Reactive power regulation based on cos = f(P) function

o

Q control based on the grid voltage level: in addition to the power factor control, the WPP must be
capable of regulating reactive power absorption/injection based on the value of the grid voltage
according to the Q=f(V) curve of Figure 3-10. This must be guaranteed as long as the WTG works
within their PQ rectangular capability curve, so with an active power range from 0 to P rated and a
reactive power range from -0.312 of the rated apparent power to +0.312 of the rated apparent
power. The regulation can also be implemented at park level through centralized control.

Figure 3-10: 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 relevant
standards (e.g. IEC TR 61000-3-6 for harmonics, IEC TR 61000-3-7 for flicker and rapid voltage variations and IEC TR
61000-3-13 for unbalances). Furthermore, specific emission limits related to slow and rapid voltage changes, flicker,
harmonics, and unbalance can be defined by the DSO/TSO based on local grid conditions.

3.6.2 Operation under grid disturbance
These requirements apply to WPP including wind turbine based on doubly-fed induction generators or equipped
with full-converters in case of any multi-phase faults, according to [11]. The WPP must stay connected whenever the
voltage dip profile is within the (light and dark) pink lines in the Voltage vs. Time curve shown in Figure 3-11.
Disconnection is allowed above the over voltage ride-through (OVRT) curve (light pink) and below the corresponding
low voltage ride-through (LVRT) curve (dark pink), but 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 reactive power injections should be restored at pre-fault values within 2 s,
compatibly with present wind conditions.
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It is worth noting that for the grid connection of WPPs to the HV grid in [12] the TSO requires the compliance with a
different LVRT curve, which is marked in blue in Figure 3-11. In this case no OVRT curve is indicated, so the WPP is
allowed to disconnect only when the grid voltage is below the blue curve.

Figure 3-11: FRT requirement for WPP based on doubly-fed induction generators or equipped with full-converters

3.7 SPAIN
Only one TSO operates in Spain and this is Red Electrica de España (REE). In 2006, REE elaborated the first document
called Resolution-P.O. 12.3. "Requisitos de respuesta frente a huecos de tension de las instalaciones eolicas " which
mainly imposed a LVRT down to zero Volts and limits the active and reactive power during faults [13]. This document
was focused on wind farms mainly connected to distribution networks at low power levels. A second annex
appeared in 2008 which was called Annex P.O.12.2 " Requisitos Técnicos de las Instalaciones Eólicas, Fotovoltaicas y
Todas Aquellas Instalaciones de Producción Cuya Tecnología no Emplee un Generador Síncrono Conectado
Directamente a La Red " which is applied for wind or PV plants bigger than 10 MW and is valid for all projects
installed after 1 January 2011 [14]. This regulation requires a voltage controller for 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 regulation RD 661-2007, the nominal frequency is 50 Hz and it allows a wide continuous
frequency range of 48–51.5 Hz, with disconnection for frequencies lower than 48 Hz for more than 3 s. The
disconnection time for over frequencies (>51.5 Hz) has to be agreed with the TSO. WPP also needs to operate with a
range around the rated voltage. Figure 3-12 shows the voltage –frequency operational windows and the maximum
time that the system can operate under specific conditions [15].
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Figure 3-12 Voltage-frequency operation

3.7.1.2 Active power control
The Spanish regulation only considers participation in the secondary control, i.e. power curtailments. WPP has to be
able to reach any lower set-point sent by the TSO. In addition, WPPs should inform the TSO of the difference
between the actual power and the maximum possible power. A ramp rate is not specified [15] [16].

3.7.1.3 Reactive power control
The directive P.O. 7.4 applies the reactive power requirements during normal operation to all generation units on
the high voltage level, either conventional or renewable. The following requirements are defined as a function of
active power and transmission voltages as follows [15]:
 Minimum range of ±15 % of reactive power generation from the maximum total active power for all
technical P range and nominal voltage.
 Minimum range of ±30 % of reactive power generation from the maximum total active power as a function
of the voltage, as shown in Figure 3-13.

Figure 3-13 V-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 faults, WPPs should limit the active current within the grey area shown Figure 3-14. The active current
limitation is a function of the active power before the fault and the voltage level.
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Figure 3-14 Active power limitation during FRT

There are some points which should be remarked [15]:



For 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 which is explained below.
 For voltages higher than the normal operation, the facility will seek, if possible, to maintain the active power
level prior to the disturbance.
 The gain of the active current controller should ensure a dynamic response (90% rise) in less than 40 ms for
V < 0.85 p.u. and 250 ms for V > 0.85 p.u.
Reactive power and voltage control
The requirements of reactive power generation under voltage faults are fulfilled using a system of automatic voltage
regulation with an operating principle similar to the voltage regulator (AVR) in conventional synchronous generation,
i.e. in the form of a PI voltage controller with reactive current reference as output. The following requirements are
needed [15]:
 The controller will be enabled for any voltage outside the normal operation range.
 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 ABCD in Figure 3-15.
 For the range 0.85 ≤ V ≤ 1.15 p.u., the injected reactive current will react according to the voltage control,
possibly saturating the regulator limits.
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Figure 3-15 Reactive current requirements

Fault ride through
WPP bigger 10 MW should fulfil the following requirements [15]:
 The WPP must stay connected even when the PCC voltage is zero for at least 150 ms during for one- and
three-phase faults (grey area in Figure 3-16).
 The WPP must stay connected during all type of faults in the black area in Figure 3-16.
 No disconnection is allowed for 1 s for the 1.15 pu level and 250 ms for the 1.3 pu
 During the whole transient regime, the facility must be able to inject into the grid at least the nominal
apparent current.
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Figure 3-16 Fault ride through

3.8 NORWAY
Grid codes for power generation units connected to Norwegian regional- and central- grids are found in the FIKSdocument [17], published by the Norwegian TSO, Statnett. The requirements for wind power plants are valid for
plants of total size ≥ 1 MVA.

3.8.1 Normal operation
3.8.1.1 Frequency and voltage deviation
Wind turbines shall be able to operate within the combinations of voltages and frequencies given in Table 3-3 below.
Table 3-3: 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 continuously
Frequency protection must be set outside of the borders; 47.5 Hz < frequency < 52.0 Hz.
In addition all equipment connected to the central grid, including wind turbines, has to sustain operation within
voltage tolerance limits as given in Table 3-4.

Table 3-4: Requirements for voltages and durations for the operation of the central grid (grids with nominal voltage of 420
kVrms and 300 kVrms), which all connected equipment must withstand without interruption of operation

Description
Nominal voltage
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Normal operating voltage
Maximum continuous operating voltage
Maximum temporary voltage, < 15 min.
Extreme maximum temporary voltage, < 30 s.
Extreme maximum temporary voltage, < 5 s.
Minimum continuous operating voltage
Minimum temporary voltage, < 15 min.
Extreme minimum temporary voltage, < 30 s.
Extreme minimum temporary voltage, < 5 s.
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0.99
1.00
1.05
1.10
1.15
0,93
0.90
0.85
0.82

3.8.1.2 Active power control


Wind farms shall be in normal operation within 15 min. after the grid is available; for instance after
restoration.
 Wind farms ≥ 10 MVA shall be able to immediately contribute with active reserve both for up- and downregulation. Normally, only down regulation will be used (activated). In critical situations, this requirement
can also apply for wind farms ≥ 1 MVA.
 It shall be possible to set the power output to any value between 0 and 100 % of nominal or available power.
The power output shall be controllable from nominal down to zero (disconnection) within 30 s.
 Inertia and possibility for short-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.
Wind farms ≥ 10 MVA shall have the possibility to deliver frequency controlled reserve power, activated via
frequency controllers implemented in each wind turbine. The frequency controller should be of PID-type. The setpoint resolution shall be at least 0.01 Hz. The electrical frequency measurements shall have a minimum resolution of
0.005 Hz. It shall be possible to set the droop from 1 to 12 % for wind farms ≥ 1 MVA.

3.8.1.3 Reactive power control
Wind power plants shall be able to operate with a power factor limits 0.95 lagging and 0.95 leading, at nominal
active power generation. The requirements 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 of the grid where the wind turbines
are connected.
General requirements:
 The TSO can decide limits for voltage levels and exchange of reactive power in the regional- and centralgrids.
 Wind turbines with power converter shall have dynamic voltage control according to current requirements.
The voltage controller shall not have dead-band.
Functional requirements:
 It shall be possible to change the set-point for the voltage controller both locally and remotely.
 Wind farms shall be able to control the connection point voltage within tolerance bands according to current
regulations. In addition the reactive capability can be used for voltage support in the central grid.
 MVAr- or cos(ɸ)- control shall not be used without agreement and approval from TSO.
Controller settings:
 The voltage controller shall be of PID-type, and droop-setting shall be possible for both active and reactive
power
 As a minimum, for a 5 % step response the voltage shall reach 90 % of the steady-state value within 1 s

3.8.1.4 Power quality
The reviewed document (FIKS [17]) does not contain specific power quality requirements.
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3.8.2 Operation under grid disturbance
Short circuit capacity and contribution 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. Sufficient
conditions for triggering of protection have to be assured.
The developer is recommended to carry out dynamic analyses if there are doubts regarding sufficient stability for the
wind farm.
Fault ride through
Fault ride through requirements for power generation units connected to grids with nominal operating voltage < 220
kV and ≥ 220 kV are shown in Figure 3-17. The generation units shall be able to stay connected to the grid and
operate during voltage dips with amplitude and duration above the limits shown in the curves below. For voltage <
220 kV, power generation units are expected to be disconnected after 10 s if voltage remains 0.85 pu. Voltages are
given in pu referred to nominal voltage, at the connection point.
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Figure 3-17: Fault ride through requirements for generation units connected to grids with nominal operating voltage < 220 kV
and ≥ 220 kV

3.9 ENTSO-E: NETWORK CODE ON REQUIREMENTS FOR GRID CONNECTION
APPLICABLE TO ALL GENERATORS (RFG)
Network Code on “Requirements for Generators” (NC RfG) is developed by European Network for Transmission
System Operators for Electricity (ENTSO-E) to increase cooperation and coordination among member TSOs. The
network (grid) 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 ensure
coordinated and forward-looking planning. 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 as
synchronous generating facilities, generating facilities connected to the network non-synchronously 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 apply to 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 point
voltage and generation capacity. Type A, B and C have connection point below 110 kV, while Type D have connection
point voltage above 110 kV. Generation capacity based classification is presented in Table 3-5.
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Table 3-5: Thresholds for different types of power plants
Maximum capacity Maximum capacity Maximum capacity
threshold from
threshold from
threshold from
which on a power
which on a power
which on a power
generating module generating module generating module
is of Type A
is of Type B
is of Type C
0.8 kW
1 MW
50 MW
0.8 kW
1.5 MW
10 MW
0.8 kW
1 MW
10 MW
0.8 kW
0.1 MW
5 MW
0.8 kW
0.5 MW
10 MW

Maximum capacity
threshold from
which on a power
generating module
is of Type D
75 MW
30 MW
30 MW
10 MW
15 MW

Large scale renewables will most likely fall under Type C and D generation classes. Offshore generating plants which
do not have offshore connection points are considered same as onshore generation plants.
Different requirements are defined for each generation type for the five synchronous areas. In general, the grid code
defines minimum values and ranges of limits for different connection requirements. It is prepared in such a way that
the relevant TSOs will use the grid code as a guideline to select limit values. It leaves room for terms and conditions
for connection and access to networks to be established by the relevant TSOs with principles of transparency,
proportionality and non-discrimination.

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 periods
defined in the grid code. In addition, they should respond to power system frequency change in a direction which
assists the frequency recovery. The frequency response curve can have droop and deadband ranges. Actual delivery
of active power response could be limited by operation near maximum capacity and availability of primary
resources.
Similarly, generation units should stay connected and operate for connection point voltage deviations within limited
ranges and time period. Allowed deviation ranges vary based on connection point voltage level and synchronous
area.

3.9.1.2 Active power control
Power plant should be capable of adjusting active power output as 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 case
of fault in the remote control. Active power control should be achieved within a period 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 power capability at maximum power capacity is defined by U-Q/Pmax profile while reactive power
capability below maximum power capacity is defined by P-Q/Pmax profile. Both profiles are for reactive power flow
at connection points and define the boundaries in which the power plant shall be capable of providing reactive
power. Figure 3-18 and Table 3-6 below show indicative shape and values for U-Q/Pmax profile for Type C power
plants. The inner loop defines U-Q/Pmax profile which does not necessary need to be rectangular. The outer fixed
loop sets the limits for the U-Q/Pmax.

Rev. 01, 10-Sep-2013
Page 29 of 39

D2.26

Collation of European grid codes

Figure 3-18: U-Q/Pmax profile for a power plant
Table 3-6: Parameters for the inner envelope in Figure 3-18
Synchronous Area
Maximum range Maximum range of steadyof 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 ENTSO-E grid code 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 shown in Figure 3-19 and values for the
parameters in the figure are given in Table 3-7.

Figure 3-19: Fault ride through profile for power plants
Table 3-7: Parameters for the fault ride through profile in Figure 3-19
Voltage parameters [pu]
Time parameters [seconds]
Uret:
0.05 – 0.15
tclear:
0.14 – 0.25
Uclear:
Uret – 0.15
trec1:
tclear
Urec1:
Uclear
trec2:
trec1
Urec2:
0.85
trec3:
1.5 – 3.0

The relevant TSO has the right to require fast acting additional reactive current injection in case of during faults. The
TSO shall define wheather active power or reactive power has priority during faults.
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4 COMPARATIVE ANALYSIS OF GRID CODE REQUIREMENTS FOR
INTEGRATION OF RENEWABLE GENERATION
In this section, requirements from each grid code are compared with each other and analysed. Comments on major
similarities and differences between is given. The ENTSO-E grid code is not included in the comparative analysis
because the grid code defines limit values in ranges not with a specific value, and leaves several requirements to be
defined by the relevant TSOs/DSOs. In addition, the requirements are for four types of generation units/plants in five
synchronous areas. All these makes it impossible to make a one-to-one comparison of the ENTSO-E grid code with
the other studied grid codes developed for a specific country.

4.1 ACTIVE AND REACTIVE POWER CONTROL IN NORMAL OPERATIONS
4.1.1 Frequency and active power
The nominal frequency for all the reviewed grid codes is 50Hz. In general, in all countries continuous operation is
required below or above this value within some limited range. Furthermore, a time limited operation is required
beyond the continuous operation range. Disconnection is allowed at frequency values outside the time-limited
operation ranges or if the frequency does not return to the continuous range after the limited time is over. Figure
4-1 shows the different frequency operation ranges for all the studied grid codes.
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Italy

Spain

Norway

53.5

53.5

53.0

53.0

Operation for a
minimum of 10 sec,
for offshore WPP
only

52.5

52.0

Operation for a
minimum of 15 min

Frequency (Hz)

51.5

51.0

60-100% of normal
production for
minimum of 15 min

Operation for a
minimum of 60 min

Operation for a
minimum of 90 min

Operation for a
minimum of 30 min

50.5
50.3
50.2
50.1

Normal production

50.0
49.9

Normal production

Normal production

49.7

49.5

49.0

48.5

48.0

47.5

47.0

90-100% of normal
production for minimum of
5 hrs

90-100% of normal
production for
minimum of 30 min
85-100% of normal
production for
minimum of 3 min
80-100% of normal
production for minimum
of 20 sec

Operation for a
minimum of 60 min

Normal production
or minimum of 30
min operation if the
voltage is between
160-170kV in a
155kV network
Operation for a
minimum of 30 min

Operation for a
minimum of 90 min

Operation for a
minimum of 20 min
Operation for a
minimum of 10 min

52.5

Operation for a
minimum of 3 min,
large decrease of
output power is
accepted

Operation for a minimum of 30
min for a total of 10 hrs/year,
10% of active power output is
accepted*

52.0

51.5
Operation for limited
period in voltages up
to 35 kV or continuous
operation in Voltage
range 35-150 kV

51.0

Normal production

50.3
50.2
50.1

Normal production

50.0
49.9

Normal production

Normal production*

50.5

49.7

49.5

100% of normal
production for
minimum of 30 min
unless it's absolutely
necessary*

Operation for limited
period with reduced
active power in
voltages up to 35 kV or
continuous operation
in Voltage range 35150 kV

49.0

48.5

Operation for less
than 30 min
48.0

Operation for less
than 3 sec
47.5

Operation for a
minimum of 20 sec

Operation for a
minimum of 20 sec

Operation for a
minimum of 10 sec,
for offshore WPP
only

46.5

47.0

46.5

Figure 4-1: Frequency Operation ranges for different countries
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Germany has the widest frequency operation range (46.5 – 53.5 Hz) followed by Finland (47.5 – 53.0 Hz). However,
in Germany, operation in the ranges 51.5 – 53.5 Hz and 46.5 – 47.5 Hz is allowed only for offshore wind power plants
for a maximum of 10 seconds. Spain and Italy have the narrowest (overall) frequency operation ranges (47.5 – 51.5
Hz). But only less than 3 seconds of operation is allowed within 47.5 – 48 Hz in Spain. If transmission voltage levels
greater than 35 kV and lower than 150 kV are considered, then the Italian grid code allows the widest continuous
operation range (47.5 – 51.5 Hz), followed by the Spanish code (48 – 51.5 Hz), while the Danish grid code sets the
narrowest continuous operation range (49.5 – 50.2 Hz). However, Denmark has a 5 hrs minimum connection
requirement, which is quite a long period, for frequencies between 49 and 49.5 Hz. All countries require operation
for a limited period of time at frequencies outside the continuous operation range.
Frequency control in normal operation is achieved by varying the output powering depending upon system
frequency (primary control). UK grid code requires that power output remains constant at lower frequencies to
support system frequency while Irish and Italian grid codes restrict injecting more power at higher frequencies. All
studied grid codes, except Spain, require selected WPP to have frequency control functions with dead-band and
droop control ranges. The selection is based on generation capacity and/or agreement with TSOs. The powerfrequency curves are either given in the grid codes or are to be provided by TSOs.
WPPs in Denmark, Ireland, German, Finland, Spain and Norway are also expected to participate in secondary control
through constraint functions like operating at lower production level than possible, limiting rate of
increase/decrease in production and so on.

4.1.2 Voltage and reactive power
The voltage ranges under normal operation differ from country to country and transmission voltage level. But in
general, continuous operation is expected within the ±10% of rated voltage at connection point. Unless abnormal
conditions prevail, the voltage at connection points for different network voltages for the different studied countries
shall be within the values shown in Table 4-1.
Table 4-1: Voltage variation ranges for different countries under normal operating conditions
Denmark
Nominal
voltage
400 kV
150 kV
0.9 - 1.1
pu
132 kV

Ireland
Nominal
voltage
0.875 1.05 pu 400 kV
0.91 1.12 pu 220 kV
0.90 1.12 pu 110 kV

UK
Nominal
voltage
0.95 1.05 pu 400 kV
0.9 1.10 pu 275 kV
0.90 1.10 pu 132 kV

Germany
Nominal
voltage
0.92 1.105 pu
0.877 1.113 pu
0.903 1.097 pu
0.873 1.118 pu

Finland
Nominal
voltage

380 kV

400 kV

220 KV

220 kV
0.90 pu 1.05 pu 110 kV

155 kV
110 kV

Italy
Spain
Norway
Nominal
Nominal
Nominal
voltage
voltage
voltage
15 and 20
kV
400 kV
420 kV
150-132220 kV
300 KV
0.85 - 120 kV
0.90 0.93 1.10 pu 220 and
1.115 pu 150 kV
1 pu
380 kV
132 kV
110 kV

Voltage variation ranges are frequency dependent and the ranges shown in Table 4-1 are for normal frequency
ranges. Denmark, Finland, Italy, Spain and Norway have the same pu operating range at different nominal voltage
levels while Ireland, UK and Germany have different pu operating ranges at different levels of nominal voltage in the
transmission system. Norway has the strictest voltage operation range with 0.93 pu and 1 pu as minimum and
maximum continuous operating voltages, respectively. The upper values can be exceeded for up to 30 minutes in
Germany.
The reactive power regulations requirements are defined based on active power (installed capacity or production
level), connection point voltage or both. These regulations are used to achieve voltage, reactive power or power
factor control at connection point. Summary of reactive power requirements from the studied grid codes is
presented in Table 4-2.
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Table 4-2: Reactive power regulation requirements in different countries

Italy
Spain
Norway
Denmark
Ireland
UK
Germany
Finland
- 11 kW - 25 kW: - Between 0.95
- Between 0.95
- Between 0.95
- 0.5 - 10 MVA:
- Between 0.95
- Minimum of
- Between 0.95
0.95 < PF < 1 at
leading and 0.95
leading and 0.95
leading and
Between 0.995
leading and 0.95
0.99 leading and
leading and 0.95
20% of rated
lagging at rated
lagging at 50 0.925 lagging at
leading and
lagging from
lagging for all
lagging at rated
power or more
power
100% of rated
rated power
0.995 lagging at
50% - 100% of
active power
power
- 25 kW - 1.5
- Reactive power
power
- Constant
active power
rated power
productions and
MW: Between
is kept constant - Reactive power
reactive power
above Pmin
- Constant power
nominal voltages
0.995 leading
at 50 - 100% of
consumption
at 20 – 100% of - >10 MVA: 0.95
factor from 20 – - For connections
and lagging but
rated power
(leading PF)
rated power
leading and 0.95
50% of rated
to 220 kV and
dependant on P - Between 0.84
requirement
- Between 0.55
lagging at active
power
400 kV
production
leading and 0.84
decreases
leading and 0.45
power above
- Reactive power
networks:
- >1.5 MW: 0.975
lagging at 0 –
linearly for
lagging at 0 –
Pmin
regulation as a
Minimum of
leading and
50% of rated
power outputs
20% of rated
function of
0.95 leading and
0.975 lagging for
power
between 20 power
voltage is
lagging at
20 – 100% of
50% of rated
required outside
maximum power
rated power,
power while
of voltage
production
and the range
0.95 lagging
control deaddecreases for
limit remains
band
lower
constant
production
levels
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All countries expect Denmark require 0.95 leading and lagging power factor at rated production from WPPs with
large installed capacity or from WPPs connected to HV networks. Below 20% of active power production,
participation in reactive power regulation is not expected in most countries. But large wind farms could be expected
to maintain reactive power exchange at connection point to zero even if they are not producing power or are
disconnected. Requirements from the grids codes take into account PQ capability and wind turbine technology.
Exceptions can exist in agreements with TSOs.

4.2 BEHAVIOUR UNDER GRID DISTURBANCES
Fault ride through requirements are different based on generation capacity, connection point voltage or dip
duration. Denmark has FRT requirements only for WPPs greater than 1.5 MW while Finland has two FRT curves; one
for 0.5 – 10 MVA and another for WPPs greater than 10 MVA. Italy and Norway have different FRT curves for
different connection voltage levels, while UK FRT curves depend on dip duration.
The strictest low voltage fault ride through requirements for all studied countries are shown in Figure 4-2 on the
same graph.
1.20
1.00
0.80
Denmark, >1.5 MW
Ireland
Germany
UK
Finland, > 10 MVA
Italy
Spain
Norway >= 220 kV

0.60
0.40
0.20
0.00
-0.25

0.25

0.75

1.25

1.75

2.25

2.75

3.25

3.75

Figure 4-2: Low voltage ride through curves for different countries

Table 4-3 shows the maximum residual voltage and duration values in a table format to make it easier to understand
and compare for the reader. Germany, Finland, Italy and Norway require riding through complete short circuit at
connection point. Finland requires the longest duration for zero voltage ride through of 250 ms. Ireland, UK and
Spain require 15% voltage ride through with Ireland having the longest duration of 625 ms. German and Spanish grid
codes require WPPs to give voltage support during voltage dips by injecting reactive current.
Table 4-3: maximum residual voltage and duration values of the FRT curves

Country Residual voltage (%) Duration (ms)
Denmark
20
500
Ireland
15
625
Germany
0
150
UK
15
140
Finland
0
250
Italy
0
200
Spain
15
200
Norway
0
150

4.3 HIGHLIGHT OF MAJOR SIMILARITIES AND DIFFERENCES
All the reviewed grid codes are divided into different sections where conditions important for secure and efficient
operation of the national grids are laid out. The information presented in this report is taken from connection
conditions section from each country's grid code. The major similarities between the grid codes are the connection
conditions in all eight grid codes cover requirements for operation under normal and grid disturbance conditions.
Frequency and voltage deviations, active and reactive power control, voltage control, power quality, protection,
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remote control and communication requirements, operation and maintenance, fault ride through requirements, and
so on are included in all grid codes. These are mostly the topics covered in this report.
Under normal operation conditions limited frequency and voltage deviations are allowed in all reviewed grid codes.
All grid codes require the possibility to control active power to value less than 100%. Frequency control capability is
required in all grid codes except the Spanish in WPPs greater than certain level of power generation/rating. For
example, WPPs in Denmark, UK, Norway with generation capacity greater than 25 MW, 50 MW and 10 MW,
respectively, are required to have frequency control capability. However, actual participation in frequency control
and/or droop curve (frequency vs. active power) setpoints has to be agreed with the grid operator. The Spanish grid
code requires only active power curtailment control such as delta, ramp rate limitation, etc. Reactive power control
to keep power factor, voltage or power factor to setpoint values is mandatory in all grid codes. Low voltage fault ride
through capability is also another important requirement that is common in all reviewed grid codes. But only the
Spanish and Italian grid codes have high voltage ride through requirements.
In addition to the different (numerical) limit values set for the different requirements, the major differences
between the grid codes include terminology, levels of detail and jurisdiction. There are differences in use of
terminologies describing identical/similar elements and phenomenon. For example, the term wind power plant is
used in Denmark, Finland and Norway while controllable wind farm power station (controllable WFPS) is used in
Ireland grid code. In UK, offshore wind power plants are included under OTSDUW plant and apparatus, a term used
for plants and apparatus under a special agreement. Another simple example is interface point (UK) and reference
point (Finland) are synonymous to connection point.
Denmark, Ireland, and Finland have detailed specifications particularly focused on operational performance of wind
power plants as separate section or appendix in their grid codes. Therefore, it is clear and easy to understand the
requirements WPP needs to comply with. Germany (TenneT) has separate regulations for offshore wind farm
connections while UK has requirements for offshore power park modules which refer to offshore power generating
units powered by intermittent sources (wind, solar, wave) with single point of connection to the offshore
transmission system. This is unique only for the two countries and not present in other grid codes.
Denmark has the most detailed power quality compliance requirements for WPPs, while Ireland and Italy use IEC
standards. In the rest of the grid codes, power quality requirements that are special for WPPs are not defined and
have, therefore, similar requirements imposed on the conventional power plants in the power system. Spain and
Norway grid codes mention possibility of short term active power supply during grid disturbances.
Some connection requirements are defined for particular categories of generators, and the categories are formed
based upon generation capacity (as in Denmark, Ireland, and Finland), connection point voltage level (as in Italy,
Norway) or year of commissioning and control area (as in UK).

5 FUTURE TRENDS AND PERSPECTIVES
5.1 GRID CODE EVOLUTION IN EUROPE
Large amounts of integration of renewable energy have taken place in Europe in the last two decade. This trend will
continue at an even larger scale in the future in order to meet the ambitious targets set by the European
Commission which establish 20% share of Renewable Energy Resources (RES) in gross consumption of energy by
2020 [18] and reducing greenhouse gas emission to 80- 90 % below 1990 levels by 2050 [19]. Renewable energy
resources such as wind, solar, wave, tidal, etc have intermittent and variable power outputs. A power system with
large share of variable generation will face challenges in regards to balancing, transmission, power quality, stability
and so on. The future power system will have high penetration of power produced by renewable energy resources.
In order to ensure that the power systems remain stable and perform well under normal and faulty conditions, grid
codes are implemented and are continuously updated to follow the changes in the power systems.
As the technology for wind turbines and size of wind power plants changed, the demand from the TSO on WPPs has
also changed. Requirements for active and reactive power, frequency and voltage control under normal and
disturbed operations are constantly being updated in grid codes. WPPs are now required to behave as close as
possible to conventional power plants. They are now expected to have both local and remote control of active
power variation except for power variations caused by sudden decrease in wind speed. In one of the demonstration
under Twenties EU project [20], controlled shutdown of wind farms during storm passages is tested, which delays
the shutdown of wind farms and therefore buy enough time for secondary controllers to be activated. If this
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technology is developed further and applied in wind farms, then controlled shutdown of WPPs beyond cut-out wind
speeds might be addressed in future grid codes. WPPs currently participate in steady state frequency control by
slowly varying their active power output, but it seems like in the near future, they will also be demanded to
participate in dynamic frequency control (inertia emulation). As per today, this requirement is included as a
recommendation the Spanish and Norwegian grid codes.
Another requirement that has evolved in the grid codes is reactive power control. A wide range of reactive power
control was made possible with the introduction of power electronics interfaced generating units: doubly-fed
induction generators and full scale converter interfaced synchronous generators. In this type of WTGs, reactive
power and voltage can be controlled in a wider range compared to induction generators directly connected to the
grid with switched capacitors.
Grid codes now require wind farms to stay connected, and possibly support the grid voltage, during faults. Fault ride
through curves have evolved over the years to larger depth and longer fault duration. A number of grid codes
currently require complete short circuit ride through at connection point. In addition, active power production and
voltage support during disturbance conditions are also prescribed by grid codes. In the future, offshore wind farms
will have large capacity in the range from hundreds of megawatts to a couple of GW. These kind large power plants
will eventually be expected to actively participate in voltage and frequency control during faults in order to support
and not compromise grid stability.

5.2 HARMONIZATION OF NATIONAL GRID CODES AND DEVELOPMENT OF A
EUROPEAN GRID CODE
There have been several joint activities and recommendations aimed at harmonizing grid codes. The activities have
been carried out by TSO associations (both regional [21] and EU-wide), European Wind Energy Association (EWEA)
[22], EU projects and so on.
Transmission System Operators have been working together for a long time through regional associations like Union
for the Coordination of the Transmission of Electricity (UCTE), European Transmission System Operators (ETSO),
Nordel, Baltic Transmission System Operators (BALTSO), Association of the Transmission System Operators of Ireland
(ATSOI) and UK Transmission System Operators Associations (UKTSOA) to ensure reliable operation and
interconnection of the regional transmission grid and electricity market. The regional TSO associations created a
harmonized grid code for their respective regions that was used as a basis for each member TSO's grid code and set
minimum requirements to be met. In July 2009, these associations were wound up and their operational tasks were
transferred to ENTSO-E. The European Network for Transmission System Operators for Electricity (ENTSO-E) is an
association of all TSO in European Union (and others connected to their networks), and represents all their market
and technical issues. Following Regulation (EC) 714/2009 [23] which defines that network codes shall be developed
for cross-border network and market integration issues, ENTSO-E has drafted a grid code for grid connection
requirements for all generators [24] aiming at setting out clear and objective requirements for power generating
plants. The document has been discussed and commented on by various user groups, stakeholders and technical
experts, and now awaits adaptation by the European Commission. This document is expected to complement
national grid codes by different TSOs in order to tackle cross-border issues in a systematic manner.
The European Wind Energy Association (EWEA) has published a generic grid code format for Wind Power Plants [22]
in 2009. The objective of the generic grid code was to introduce structural harmonization where structure,
designations, figures, method of specification, definitions and units in a grid code are fixed and agreed upon. The
numerical requirements will be decided by the TSOs according to local system needs.
TradeWind project [25], which addressed maximal and reliable integration in the Trans-European power markets,
made recommendations for policy development, market rules and interconnector allocation methods to support
wind energy integration.

6 CONCLUSIONS
Grid codes from eight European countries, Denmark, Ireland, Germany, UK, Finland, Italy, Spain and Norway, have
been reviewed. In addition, grid code developed by ENTSO-E is reviewed.
The main focus has been on requirements for integration of large scale renewable generation. Connection
conditions for renewable power plants have been analysed and summarized for each grid code. Steady state or
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normal operations conditions such as voltage and frequency deviations, active and reactive power control, voltage
control, power factor control, and power quality requirements were studied. Furthermore, fault ride through
requirement during grid disturbance, and active and reactive power support during grid faults were covered. It is
projected that in the future large scale integration of renewable energy from offshore environment such as wind,
wave and tidal power will take place. Some of the grid codes (Germany, UK and ENTSO-E) have already special
requirements for these types of generations.
The requirements from each grid code 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 allowed in almost all grid
codes. However, different transmission voltage levels have different variation limits. All grid codes have 50 Hz as
nominal frequency and normal operation range around this frequency. As the frequency deviation 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 rest of the
countries require 15-20% 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 in the power system, and to
continue to ensure secure and stable operation. Reviewing and updating the grid codes will continue in the future as
there is a plan to increase the share of renewable energy resources and increase interconnections between
countries. There have been several efforts to harmonize grid codes in different EU countries. The most recent one is
the grid connection requirements for all generators drafted by ENTSO-E. It is expected that the grid code from
ENTSO-E will be adopted by all member TSOs of the association, and be used as a framework while developing their
own respective grid codes.
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