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Large Scale Wind Integration – Impact on 
Transmission System Operation

Dr.-Ing. Markus Pöller
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Wind Generation Impact

1. Availability – Impact on Generator Dispatch
2. Wind intermittency – Impact on Active Power Reserve
3. Transmission capacity – Impact on thermal limits
4. Frequency control – Impact on Short-Term Reserve
5. Reactive power/voltage control – Impact on Reactive 

Reserve
6. Connection Conditions/Grid Code Aspects
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Availability
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Intermittency

• Wind is an intermittent power source

• It is not permanently available

• Wind prediction error is considerable higher than load forecast error.
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Intermittency/Power Credit

• The Power Credit of a power plant describes its contribution to the 
secured power in the system.

• Definition: Increase of seasonal peak load that can be secured.

• Nonlinear relationship: Can only be determined for all conventional 
and wind power plants together.

• Power Credit of Wind generation in Germany: between 6 and 10%.
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Intermittency/Power Credit

Probability of availability in %
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• h: Confidence level, e.g. 97..99%
• c: secured power of conventional power plants
• d: secured power of conventional + wind power plants
• d-c: power credit

Dena – study 2005



4

DIgSILENT Seminar: Grid Integration of Wind Energy – 24./25.03.2009 – Cape Town/South Africa

Intermittency/Power Credit

• Power Credit is a nonlinear function of installed wind capacity and 
specific distribution of wind generation.

Specific distribution of wind generation 2003

Specific distribution of wind generation 2020

Confidence level: 99%

Installed wind power capacity in MW
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Intermittency – Impact on Active Power 
Reserve
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Intermittency/Wind fluctuations

E.ON Wind energy report 2004
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Intermittency/ Wind fluctuations

• Wind fluctuations must be set in relationship with load fluctuations:

Denmark January 2000, ~2 GW wind 
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VTT-research institute: The impacts of hourly variations of  large scale wind 
power production in the Nordic countries on the system regulation needs
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Intermittency/Fluctuations

• Relevant figure: Residual load = Load – Wind generation

Denmark - load and wind power data from January 2000 
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VTT-research institute: The impacts of hourly variations of  large scale wind 
power production in the Nordic countries on the system regulation needs
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Intermittency/Fluctuations

• Assessment of increase of load variations using duration curves.

Eltra duration of hourly variations  year 2000, win d 1350-1800 MW 
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power production in the Nordic countries on the system regulation needs
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Intermittency/Fluctuations

• Assessment of wind penetration impact on residual (net) load 
variations allows the assessment of:

– Relevance of wind generation on system operation
– Technical requirements for conventional generators (up-/down- ramp 

speed etc.), required type of production (regulation power plants)

– Estimate of increased start-ups and shut-downs.
– Estimate of efficiency reduction of conventional power plants
– Rough assessment of additionally required regulatory reserves.
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Intermittency/Fluctuations/Regulatory Reserve

• In systems with only conventional generation:
– Regulatory reserve needed for compensating load forecast error (minute 

reserve, stand-by reserve, etc.)

• Systems with high wind power penetration:
– Regulatory reserve needed for compensating the residual load forecast 

error (minute reserve, stand-by reserve, etc.)

• An assessment of the impact of wind power on residual load forecast 
error allows a cost estimation for additionally required regulatory 
reserve.

• Regulatory reserve can be reduced with increased precision of wind 
forecast tools.
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Intermittency - Summary

• Assessment of PowerCredit of wind generation for:
– identifying the overall required installed capacity of the network.
– Fuel cost savings.
– Reduction of CO2-emissions.

• Assessment of impact on residual load variations:
– Ramp rates
– Prediction error

Important for:
– Identifying technical requirements for conventional power plants

– Assessment of regulatory reserve requirements.
– Assessment of efficiency reduction of conventional power plants.
– Assessment of impact on CO2-emissions.

Impact on Frequency Control
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Impact on Frequency Control

Frequency Deviation according to UCTE design criterion
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Frequency Control

• Spinning reserve covers:
– Generator outages (Primary and Secondary Reserve)
– Load/Wind power prediction error (minute reserve)

• Primary reserve covers outages during first 15s…minutes
-> No influence by wind fluctuations

• Secondary reserve covers outages during 5…15 minutes
-> Potentielly influenced by wind fluctuations. Impact low

• Longer time frames: Generator re-dispatch, use of regulatory reserve.
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Reserve Requirements and Fault Ride-Through Capabil ity

• Wind turbines without FRT-capability can cause wide-area production 
losses in case of single line faults !

Dena-study 2005
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Frequency Control - Summary

• Primary control/Secondary control:
– If wind generators with fault ride-through capability are used:

No considerable increase.
– If wind generators without fault ride-through capability are used: 

Max. credible generation outage increases -> Compensation by additional 
reserve.

• However, required primary/secondary reserve must be distributed 
amongst a fewer number of conventional power plants.
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Impact on Transmission Capacity
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Impact on Transmission Lines

• Higher installed capacity for the same electricity production typically 
requires more transmission lines (wind farms and conventional power 
plants at different locations)

• Wind farms in areas with high wind ressources. Proximity to load 
centers can usually not be realised -> more transmission lines.

• Network must be able to accommodate increased flow of regulatory
power.
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Impact on Electrical Network - Methodology

• Additionally required transmission lines must be planned based on 
well defined scenarios, considering size and location of planned wind 
farms.

• Load flow studies required for combinations of:
– Load level (High-/Low-load)
– Wind speed level (High-/Medium-/Low wind)

• For avoiding investments in new transmission lines which are only 
required for a few hours per year, probabilities should be assigned to 
the studied cases.

• Assessment of potential of dynamic line rating recommended because 
of the good correlation of transmission line capacity and wind speed.

Impact on Reactive Power/Voltage Control
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Power Systems with High Level of Wind Generation
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Reactive Power/Voltage Control

• Reactive power cannot be transported over long distances

-> reactive power “production” must be on-site (where required)

• Disconnecting conventional power plants and dispatching wind power 
plants leads at the same time to reduced reactive power levels in the 
main transmission levels.

• Consequences:
– Additional reactive power sources needed (capacitors, SVCs). 
– Large wind farms shall participate in voltage control, either using reactive 

control capabilities of the generators or by additional devices, such as 
SVCs or STATCOMs.
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Gird Code Aspects/Connection Conditions for Wind 
Generators
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Regulatory Requirements – Regulated Markets

• Vertically integrated utilities responsible for 
generation/transmission/distribution

• Planning activities in one hand

• Only basic Technical References required
• Planning based on internal guidelines
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Regulatory Requirements – Deregulated Markets

• Unbundling between Generation, Transmission, Distribution
• Different responsibilities, integrated planning is limited
• Technical framework required for defining the standards with which 

each party has to comply and to define interfaces.

• Grid Code can include:
– Transmission Code
– Distribution Code and Metering Code
– Operation Code and Scheduling and Dispatch Code
– Data Registration Code
– all kinds of other aspects....

• In some countries, the grid code is part of a law (e.g. Australia 
“National Electricity Law”, some aspects for wind generators in Spain 
etc.)
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Connection Conditions for Generation – Typical Appro aches

• General Connection Conditions/Black Box Principle
– Network characterised by properties at the connection point only (e.g. 

Fault level, max./min. frequencies, max./min. voltages, worst case credible 
voltage dips to be expected etc.

– Requirements to the behaviour of the new power plant by its response at 
the connection point (PCC)

• Individual Requirements/Integrated Planning Approach
– Interaction between transmission system and power plant taken into 

account: integrated studies required (likewise vertically integrated planning 
process)

• Combinations of both approaches are of course possible and widely 
used.
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• Interface between system operator (TSO) and independent power 
producer (IPP) is the Connection Point or Point of Common Coupling 
(PCC).

Basic Aspects of Grid Code Definitions - PCC

IPP

PCC

TSO
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• Connection Conditions should treat the Power Plant as “black box”, 
which means that all conditions should apply to the PCC.

• The TSO shall describe ranges of voltage and frequency at the PCC 
that comply with actual system behaviour

• The TSO shall define requirements for active and reactive power 
output of the Power Plant that guarantee secure system operation

Grid Codes

Power Plant

f,vPCC

P,Q
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• General Grid Code that defines the same conditions in the entire
network is only useful, if the system behaviour at all possible 
connection points is similar.

• The TSO network at the PCC must be sufficiently strong so that 
influence of the power plant on voltage and frequency ranges at the 
PCC can be neglected.

• If the conditions above do not apply, specific studies need to be 
carried out for each power plant connection in order to verify secure 
system operation with the planned power plant.

Grid Codes

DIgSILENT Seminar: Grid Integration of Wind Energy – 24./25.03.2009 – Cape Town/South Africa

Technical Requirements
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Technical Requirements

• Power Quality:
– Voltage deviations during switch on/switch off operations.
– Flicker
– Harmonics/Impact on ripple control system

• Normal operating conditions
– Voltage range
– Frequency range

-> No operational restriction of wind farm for the whole voltage and frequency 
range required
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Active Power – Frequency Control

• Usually, no participation of wind generation in primary or secondary 
frequency control required or possible (qualification criteria not met, 
exception: Australia). 

• Only requirement: Limitation of active power production must be 
possible if system security is at risk, e.g.
– n-1 conditions not fulfilled
– risk of losing system stability
– islanding situation: limitation of over-frequencies  
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Reactive Power – Voltage Control

• Definition of required power factor range in function of voltage at PCC 
of the power plant and active power.

Converter costs depend on apparent current -> larger power factor 
range increases converter costs because of larger apparent currents.

• Depending on system requirements:
– Constant or variable power factor control

– Voltage control
– More complex control (definition of dead-bands, droop etc.)

Control strategy is realized by software -> complex control strategy 
only increases development costs, no hardware costs
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Reactive Power – Voltage Control
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Reactive Power – Voltage Control
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Behaviour in case of frequency disturbance

• Definition of frequencies vs. duration for which no disconnection is 
allowed and full active power production is required.
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Behaviour in case of network faults

• Requirement of a minimum voltage profile. For voltages above the
profile, no disconnection allowed.

• Voltages below profile: Wind generators must disconnect

Required voltage profile must be derived from actual system properties, e.g. 
fault clearing times and depth of voltage sags that can possible cover a wide 
area.

• Alternatively: Requirement that wind farm stays connected in case of 
all “credible fault events” (e.g. 3-phase or two phase faults at 
lines/busbars etc. -> “credible fault events” require definition

• For voltage support, reactive current contribution during fault may be 
required.
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Behaviour in case of network faults

• Requirement for voltage support by short-circuit current (reactive 
current) contribution to the network

Reactive current contribution during fault lifts the voltage at the 
generator terminal and sometimes helps the wind generator to ride 
through faults.

Reactive current contribution during faults requires total unloading of active 
currents and therefore increases the torque disturbance at the generator shaft 
-> costs implied.
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Behaviour in case of network faults

example
example
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Behaviour subsequent to network faults/voltage reco very

• Reactive power contribution during voltage recovery must be defined 
(e.g. no absorbing reactive power)

• Very important:
Availability of pre-fault active power after voltage recovery must clearly 
be defined. A wind generator that remains connected is useless if it 
doesn’t produce active power during and after voltage recovery
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Reactive Current Support
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Secondary Equipment

• Definition of protection requirements

• Process information, SCADA support, monitoring requirements

• Metering
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Validation of Equipment Characteristics

• Tests for validating wind farm characteristics are required.

• Possible requirements:

– Site tests: Tests of the entire wind-farm -> difficult in case of short-
circuit tests

– Individual wind generator tests

– Type tests -> assumption that all generators of the same type 
behave the same way. Less time consuming than testing of 
individual generators.
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Validation of Equipment Characteristics – Proposed Proce dure

• Type Tests for validating turbine designs against technical Grid Code 
requirements (e.g. FRT)

• Model development and model validation of wind turbines and other 
dynamic devices (e.g. reactive power compensation) using results of 
type tests.

• Validate grid code requirements of the entire wind farm by modelling 
and simulating the wind farm using certified dynamic models.


