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Terminology
• Wind turbine – individual wind power production unit structure

• Wind power plant (WPP) – a group of several wind turbines at 
a location (a.k.a. wind farm)

• Voltage, the unit is volt V → kV

• Power (active power, P), the unit is watt W (J/s) → MW, i.e. 
the rate at which energy is being used/produced/transmitted

• Reactive power (Q), the unit is Var – imaginary component of 
apparent power, whereas active power is the real component

• (Electric) network = grid

• Grid Code – requirements set by grid operators



Wind turbine general electrical components

This Photo by Unknown Author is licensed under 

CC BY-SA

generator

(gearbox)

converters

transformer

Component pictures source ABB

Typical WT today 5-6 MW

http://en.wikipedia.org/wiki/File:Tihuta_Pass_wind_turbine.JPG
https://creativecommons.org/licenses/by-sa/3.0/


Wind Turbine Electrical Drive Trains

• three MW-class basic concepts   (+ several 
variations)

Type 1: Fixed speed, induction generator 
connected directly to the network

Type 3: Variable speed, doubly-fed 
induction generator (DFIG) (or rotor 
resistance control, OptiSlip, Type 2)

Type 4: Variable speed, full power 
converter equipped generator
(Types 1-4 according to IEC Strd 61400-27-1)

• Rotor speed slow (~10 rpm 4 MW unit), 
power system frequency 50 Hz (1500 rpm). 
There’s needed 

– gear

– or more poles in the generator 

– or power converter

– or combination of these



Variable speed generators –
Common to Type 3 and Type 4 concepts 

• Type 3 - Double-fed (or doubly-fed) induction 
generator (DFIG) (“kaksoissyötetty generaattori”)

• Type 4 - Full power converter equipped generator 

• DFIG converter is about 1/3 of the size of the 
converter in full power converter WT

• Features

– Converter enables speed control of the turbine

– Operating range even 20 – 100 % of nominal 
speed

– Reactive power is controllable

– Causes harmonics (“yliaaltoja”) to the grid
• Benefits compared to the fixed speed turbines

– Better aerodynamics efficiency at larger wind 
speed range

– Reduction of turbine loads and stresses, 
especially at nominal speed

– Reduction of aerodynamic noise 

– More flexible electrical control

– Better possibilities for supporting the grid
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The Nordic power system
• The Nordic synchronous power system 

consists of Finland, Sweden, Norway, and 
the eastern part of Denmark 

• Alternating current (AC) 3-phase 
transmission system with 50 Hz frequency

• Fingrid is the transmission system operator 
(TSO) of the Finnish system 

• AC-connections from Finland to 

– Sweden

– Norway

• DC-connections (direct current) from 
Finland to

– Sweden

– Russia (IPS/UPS-system)

– Estonia (IPS/UPS-system)

• Fingrid is a member of ENTSO-E, 
organization of the European (EU) TSOs



The Finnish transmission system
• National transmission system (“kantaverkko”)

– High-voltage transmission system

– Meshed structure, as well as operation practice

– 400 kV, 220 kV and meshed (operated) 110 kV lines

• Local high voltage networks (“alueverkot”)

– Radial or meshed structure

– Radially operated 110 kV power lines

• Distribution networks (“jakeluverkot”)

– <110 kV networks of the local network companies

– Medium-voltage network (mainly 20 kV) 

– Low-voltage networks (typically 400 V) 

– Radial or meshed structure, radial operation

• Lines

– High-voltage lines > 20 000 km

– Medium-voltage lines > 130 000 km

– Low-voltage lines > 220 000 km
Source: Fingrid

The nominal voltage levels are:

110 kV, 220 kV, 400 kV

The normal operating voltages 

for the PP design are:

118 kV, 233 kV, 410 kV

The normal voltage range 

in the grid at nominal levels: 

400 kV:  395‒420 kV, 

220 kV:  215‒245 kV, 

110 kV: 105‒123 kV



WPPs connected & 
connecting to grid

Grid connected WPPs: 

the older, the smaller: single unit or a few units, small unit size

over past few years: 
turbine capacity 4.2 → 5.7 MW

power plants 25…150 MW, 4..28 turbines

tuulivoima_vuositilastot_1_6_2022_julkaisuun-2.xlsx (live.com)

In the grid connection process now 

Bigger turbines, 5…6 MW

Power plants 30…450 MW, 5…69 turbines 

rakenteilla_2022_2025_olevat_hankkeet-5.10..2022.xlsx (live.com)

the majority of existing the wind power plants are connected to 110 
kV level

the largest wind power plant (to be commissioned in 2024-25) 
Lestijärvi, 455 MW, connecting to 400 kV by 400 kV power line

Kartta - Suomen 

Tuulivoimayhdistys

https://view.officeapps.live.com/op/view.aspx?src=https%3A%2F%2Ftuulivoimayhdistys.fi%2Fmedia%2Ftuulivoima_vuositilastot_1_6_2022_julkaisuun-2.xlsx&wdOrigin=BROWSELINK
https://view.officeapps.live.com/op/view.aspx?src=https%3A%2F%2Ftuulivoimayhdistys.fi%2Fmedia%2Frakenteilla_2022_2025_olevat_hankkeet-5.10..2022.xlsx&wdOrigin=BROWSELINK
https://tuulivoimayhdistys.fi/tuulivoima-suomessa/kartta


Grid connection possibilities

Verkkokiikari - Fingrid

Grid practically full in the west cost, connections on hold for a few years until Fingrid grid reinforcements ready

https://www.fingrid.fi/kantaverkko/liitynta-kantaverkkoon/verkkokiikari/
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General overview of grid connection locations:



Electrical design of a wind power plant
▪ Consider the grid code requirements and other relevant 

regulations and standards throughout the WPP electrical 
planning & design

▪ Also consider the costs, e.g.

▪ Material/component/work expenses

▪ Operating costs, e.g. internal power transmission 
losses, potential loss of production due to component 
outages

▪ Electrical design of a WPP consists of, e.g.

▪ Cabling dimensioning & design (typically 33 kV)

▪ Main transformer selection

▪ Instrumentation design & dimensioning 

(e.g. breakers, relays, metering…)  

▪ Determining the protection settings

▪ Design of additional components /arrangements to 
comply with the grid code requirements, e.g.

▪ Capacitor bank

▪ Communication arrangements to the power plant 
operating center, grid operator(s), internal power 
plant communication…



Grid Code compliance 

procedure for power plants 

(~“operational” requirements) 

how-to-connect-to-the-main-grid.pdf (fingrid.fi)

Procedure for the physical 

connection of power plants 

(~“technical” requirements) 

Multiple relevant

documents! 

https://www.fingrid.fi/globalassets/dokumentit/en/customers/grid-connection/how-to-connect-to-the-main-grid.pdf


Connecting wind turbines and wind 
power plants to the network
• The wind power plant MW-capacity and 

location determine the connection options

→ existing grid in the area? 

→ discussion with the network operators (local and/or 
Fingrid)

• Network operators are obliged to grant 
network access upon request by law – but 
they determine the appropriate location and 
conditions

• Connection voltage level 
– 110 kV typically nowadays

– medium-voltage network possible for small wind power 
plants or individual wind turbines

– 400 kV in case of very large power plants (>250 MW)

• Connection to a power line, existing substation
or new substation?

• Cheaper to connect at lower voltage level 
Connection fees (payable to network owner):
– E.g. Fingrid connection fees on 110…400 kV levels 

0.6…2 M€

– Medium and low voltage grid connections are usually 
determined case-by-case

• Distance to the connection point, need to 
build own HV line or cable also?

Connection agreement

& fixed price settlement

how-to-connect-to-the-main-grid.pdf (fingrid.fi)

https://www.fingrid.fi/globalassets/dokumentit/en/customers/grid-connection/how-to-connect-to-the-main-grid.pdf


Energy metering and tariffs
• Produced electricity can be sold freely to 

anybody in Finland (e.g. by power 

purchase agreement, PPA) or to the 

electricity market (“sähköpörssiin”)

• Electricity transmission is charged by the 

local grid company

• When production is smaller than own-use, 

the needed electricity is bought from 

somebody or the market

• Certain amount of reactive power 

(“loisteho”) is usually free, but generally 

reactive power is expensive. Reactive 

power is also used to support the grid on 

voltage control

• Different tariff structures by different 

network companies, tariffs may be 

comprised of different components (fixed 

or energy/power based, seasonal 

differences…)

Electricity 

network
Wind  

power plant
metering

Grid 

connection

point

P

P

Q

Power production

Own-use

Reactive power fed to the 

grid 

Q

Reactive power taken from 

the grid

Variable costs payable to the usage 

of network depend on metering  



Active power, reactive power and apparent power
What are MW, MVAr & MVA?

φ

P [W]

Q [VAr] S [VA]

Re

Im
U – voltage

I – current

cos φ – power factor

S – apparent power

P – active power (power that ”does work”)

Q – reactive power

Reactive power: Considering active power (P), the power that ”does work”, as real, reactive power (Q) is 

the imaginary part of total power, i.e. the apparent power (S). Reactive power is produced and/or 

consumed on power lines and cables, as well as electric machines. It can be produced e.g. by 

capacitors and consumed by shunts reactors (coils). Reactive power transmission must be avoided, 

because it causes losses whereas active power transmission does. By reactive power, the voltage can 

be controlled, which in some cases may be needed.



Grid Code - Why?

Grid Code Requirements are set in order to guarantee that
the production unit can handle the occuring voltage and frequency
variations on normal voltage and frequency operating range

the production unit supports the power system in the case of 
disturbances and abnormal situations, and operates reliably during 
and after these situations

the production unit does not disturb or cause harm to other 
equipment connected to the grid

the owner of the connection grid and TSO (Fingrid in Finland) has all 
necessary information of the production unit for power system 
planning and operation planning purposes.



…

One of the Codes = NC RfG



ENTSO-E Grid Code(s) and 

National GC(s) in Finland

In Finland:

EU

Production facilities 

http://www.google.fi/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAMQjRxqFQoTCLfLx9bovsgCFYvdLAodyM8Ccg&url=http://jobs.euractiv.com/company/entso-e-european-network-transmission-system-operators-electricity-7507&psig=AFQjCNEO3ahgntBtn3OAcUXv2GA96n4kzA&ust=1444804058274179
http://www.google.fi/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCLCB-bjovsgCFQuJLAodPHIAhw&url=http://www.europeancancerleagues.org/component/content/article.html?id%3D212:european-week-against-cancer-competition&psig=AFQjCNGxJqJBFlb8kP7bBjRCgtLIolksMQ&ust=1444803992225369
http://acernet.acer.europa.eu/portal/page/portal/ACER_HOME
http://www.elenia.fi/
https://www.google.fi/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRxqFQoTCLP0v5P1vsgCFYfcLAodvUMGcQ&url=https://www.caruna.fi/&psig=AFQjCNHyy9tjDroHTnphNcWlDQOPpZAz2A&ust=1444807406496424


Grid Code in Finland -
VJV2018 

VJV2018 in force since Nov 2018 
prepared and issued by Fingrid, approved by 
Energy authority (“Energiavirasto”)
based on ENTSO-E RfG (Network Code on 
Requirements for Generators)
applies to new power plants with generating 
facility procurement agreement signed after May 
19th, 2018, and existing power plants when their 
electrical characteristics are changed 

earlier VJV2013 since Nov. 2013
A share of the existing WPPs in Finland 
commissioned based on VJV2013

Official and binding requirements in the 
Finnish version VJV2018

English translation available
Several guidance documents specifying in more 
detail the requirements and providing additional 
technical information

National VJV update estimated in 2024



Fingrid VJV2018 – Content outline

Connection point
VJV2018 specifies the national requirements in more 
detail within ENTSO-E RfG framework requirements

Requirements specified separately for 
synchronous (conventional) generation units and for 
power park modules, e.g. wind power plants, and 
different requirements for different sizes of power plants & 
location of connection (voltage level) – A,B,C,D 

Technical requirements must be fulfilled at the grid 
connection point (in any grid in Finland)

Includes a requirement to verify the fulfillment of the 
requirements (”vaatimusten täyttymisen
todentaminen”) and commissioning tests 
(“käyttöönottokokeet”)

Documentation of the power plant to Fingrid

Requirement to exchange information with Fingrid

Requirement to provide simulation models and some 
specific simulation results to Fingrid

Rated power

/ Connection 

point voltage



Examples of the technical requirements in VJV2018

“The Specifications shall be fulfilled at the connection point or 

at a point defined separately by a specific requirement.” 



A BREAK

?



Electrical simulation
studies for a WPP

Steady state

Load flow

System 
dimensioning

Reactive power
capability

Short circuit
calculation

System 
dimensioning

Protection settings
and co-ordination

Dynamic
simulations

Grid Code
Compliance

Voltage/Reactive Power Control

Fault ride-through

(Active Power and Frequency Control)

Simulation studies for Subsynchronous Oscillation risk

Model validation
Controller 

tuning/development

Primarily to fulfill the 

requirements 

Primarily for WPP 

planning 

RMS EMT



Dimensioning of WPP internal network
Example: loss analysis 



Protection (“suojaus”) 1/2
Generally & roughly about network and production unit protection

Background: There occur faults (e.g. short circuits) in electricity 
networks at times. The faulted part of the network must be 
disconnected and the fault needs to be cleared. Large fault currents 
could brake equipment, and the operation at a low voltage during the 
fault could be difficult.

Solution: Network protection could be based on detecting the large 
fault currents to locate the fault in order separate the faulted part of 
the network and attempt to clear the fault (e.g. disconnect and 
reconnect very soon). False disconnections need to be avoided.

Protection implemented by relays and breakers

Other features: There are also other quantities (e.g. frequency) 
related to protection issues and different use of, and protection 
settings of voltages, currents, rates of changes in quantities… in 
order to identify abnormal operation and implement the protection.



Protection (“suojaus”) 2/2
Network and production unit protection related to wind power

The goal is to guarantee operation of relay protection – this is a challenge especially in the distribution 
networks, where there’s normally only power consumption, no production

Generally, the protection is based on over-currents (i.e. short-circuit currents)

In protection planning it is important to know electrical properties of the production unit, which depend 
on the generator / electrical drive type of the unit

There are differences especially in the units’ abilities to feed short-circuit current 

Full power converter equipped turbines: 

Converters’ (with power electronic devices) ability to feed short-circuit current is limited 
(approximately up to the nominal current or slightly above)

Wind turbine / power plant protection:

Must disconnect sufficiently fast from the grid in case of grid fault (the fault is on the same radial 
line the unit is connected to, in case the fault is on different line, the units should not disconnect), 
i.e. during the high-speed auto-reclosure (HSAR, “pikajälleenkytkentä”, PJK)

Island operation must be avoided

But there are requirements for the unit to remain connected during a fault that is cleared (a short 
duration, low voltage dip), i.e. to ride-through the fault  



Voltage impacts of power production

• Current flowing on a conductor decreases voltage on 
the line

• Absolute value of the voltage is what we look at

• Decrease in voltage Vh = Vs - Vr  I R cos + I X sin
Sufficient assumption when X/R is reasonable and cos is close to 1, i.e. reactive power transmitted is low

• Basic rule of thumb: power production increases 
voltage & power consumption decreases voltage at 
the point the production/consumption is located



Voltage control

Source: Fingrid VJV2018 

Whereas active power (P) feed or power 
production increases voltage at the feeding point, 
reactive power (Q) can be used to control voltage

Qcap (capacitive, feeding Q) to increase voltage

Qind (inductive, absorbing Q) to decrease voltage 

Certain amount of reactive power capacity 
needed to enable voltage control according to the 
requirements

In Finland, WPPs generally operate on voltage 
control (e.g. voltage setpoint 118 kV, and 4 % 
slope with Qn = 0.33 *Pn)

Since recently, a new controller tuning method 
to be applied as required by Fingrid:

To co-ordinate multiple inverter connected, 
voltage controlling power plants combined 
control

Fingrid defines equivalent “grid strength” at 
the connection point (ESCR = equivalent 
short-circuit ratio), based on which the 
WPP controller shall be tuned 

Utilizing 

Equivalent Short-

Circuit Ratio 

(ESCR) approach 

for assessing the 

slow converter 

driven stability 

and tuning the 

voltage 

controllers 

(fingrid.fi)

https://www.fingrid.fi/globalassets/dokumentit/fi/palvelut/kulutuksen-ja-tuotannon-liittaminen-kantaverkkoon/white-paper-on-escr-15.6.2022.pdf


Reactive power / voltage control 
capabilities of wind turbines
Wind turbines (Type 3 and 
Type 4) have different 
possibilities to control reactive 
power / voltage in more 
flexible way than conventional 
generators

Normal PQ-operation

range 

Extended PQ-operation

range if desired

Extended PQ-operation

range as STATCOM if 

required

Source: Fingrid VJV2018 



Reactive power capacity 

requirement for Type C and 

D synchronous generators 

and power plant modules 

(e.g., WPPs)

Reactive power capacity 

calculation points of Type 

C and D synchronous 

generators

Reactive power capacity 

calculation points of Type 

C and D power plant 

modules  (e.g., WPPs)

Reactive power capacity requirements



Dynamic simulations – general

TSOs, DSOs, consultants, power generating facility 
owners, equipment manufacturers

System operators: focus on features and values at point 
of connection

Equipment manufacturers: focus on features and values 
related to the equipment

Dynamic performance, limits on equipment and power 
plant controllers need to be included on the top of load 
flow model

User-built models by equipment manufacturers
Generic standard library models



Power plant aggregation in models

Simulations required/made by system operators are 
usually done with an aggregated power plant model

MV-cabling, turbine step-up transformers, converters, 
generators presented as equivalent components

Example topology of aggregation from Fingrid modeling 
instructions:

Source: modelling-instruction-for-psse-and-pscad-models.pdf (fingrid.fi)

https://www.fingrid.fi/globalassets/dokumentit/fi/palvelut/kulutuksen-ja-tuotannon-liittaminen-kantaverkkoon/modelling-instruction-for-psse-and-pscad-models.pdf


Dynamic simulation cases –
Example: Fault ride-through

Ride-through the fault, i.e. continue
operation without disconnection from grid

Operational voltage envelope

Reactive current injection during fault

Active power restoration after fault

P, Q settling time back to pre-fault state

Voltage disturbance to be ride-through 

by converter connected power plants of 

Type D (i.e. ≥ 30 MW or connected to 

≥ 110 kV grid) in accordance to 

Fingrid VJV2018:



Dynamic simulation cases –
Constant voltage control performance calculation

To a step-change in voltage reference value, the response shall 

be: 

1) the rise time of the reactive power response from 0 to 90 % 

of the measured total change in reactive power 0.2–1.0 s, 

2) overshoot max. 15 % of the measured total change in 

reactive power, 

3) settling to target level within 5 s from the stepwise excitation, 

4) In achieved steady-state reactive power shall be within ±5% 

of the reactive power target value, with max. deviation ±1 

Mvar

Slope setting Vref setpoint sequence

2 % 1.00 pu; 1.01 pu; 1.00 pu; 0.99 pu; 1.00 pu; 1.02 pu: 1.00 pu; 0.98 pu; 1.00 pu

4 % 1.00 pu; 1.01 pu; 1.00 pu; 0.99 pu; 1.00 pu; 1.02 pu: 1.00 pu; 0.98 pu; 1.00 pu

Simulation cases to be covered according to VJV2018:

A description of the model used in the calculation, including the parameters used in the calculation 

and the block diagram presentations of the control systems, shall be delivered as part of the 

calculation to the relevant network operator.

[Fingrid ]



• Risk of Subsynchronous resonance (SSR)

• Certain geographical area (grid)

• Protection requirements against SSR

• Instrumentation requirement (disturbance 

recording)

• Modeling & simulation requirements

→Possible control tuning for sufficient 

damping

specific-study-requirements-for-power-park-modules-connected-in-vicinity-of.pdf (fingrid.fi)

Dynamic simulations
Specific study requirements on PSCAD

https://www.fingrid.fi/globalassets/dokumentit/en/customers/grid-connection/specific-study-requirements-for-power-park-modules-connected-in-vicinity-of.pdf


VJV2018 Stage 1 data deliveries

→ION, “interim 

operational notification”



Needed to get 

FON, “final 

operational 

notification”

VJV2018 Stage 2 data deliveries

But before this stage, VJV testing and model validation must be carried out…



Official, planned measurements at the power plant site 

Testing takes about a day or two

Planned a few months ahead (consider participants, needed operating conditions…)

Relevant parties involved:
Executor of the tests (cover testing items, taking measurements)
Grid companies (TSO, DSO)
Facility owner
Power plant operator
Power plant supplier (e.g. WT manufacturer)
etc

In case of discrepancies or uncompliance: checking/updating controller 
parameterization & repeating the relevant test 

Reporting the test results & delivering recorded data

Compliance testng, i.e. VJV testing



Model Validation
Validation = comparing simulation results to 
measured test results

Updating the models

Replicating the corresponding test situations and 
events of compliance tests in simulations (actual 
grid short circuit level, actual initial power feed, 
voltage & reactive power, controller settings, Vref
steps)

Validation
In case of discrepancies, checking parameterization / 
finding out explanations 

Reporting the validation results

[Fingrid ]







Offshore wind power plants
• Grid connection at sea is expensive

– Distances may be long 

– Sea cable

– Possibly separate transformer platform at 
sea

• Back-up connections?

– Groups/blocks of units

– E.g. separate AC-connection cables for 
unit blocks near the shore

– In case of cable outage, not whole WPP 
production is lost

G G GG

...

G G GG

...

rantaan

blokki 1

blokki 2

blokki n

Group 1

Group 2

Group n

To shore



Offshore wind power plants
Example from Denmark:

• Horns Rev I 160 MW (80 x 2 MW DFIG)

– In operation since 2002

– Total construction costs of the wind 
power plant approximately 278 M€, 
of which substation at sea and 
connection cable costs appr. 40 M€

• Horns Rev II 209 MW (90 x 2.3 MW full 
power converter equipped WTs)

– In operation since 2009

– Total construction costs of the wind 
power plant approximately 470 M €, 
of which grid connection costs with 
grid reinforcements appr.110 M€

– Estimated yearly production 800 
GWh

• www.hornsrev.dk

Puiston sisäinen verkko 36 kV

20 km merikaapeli 34 km maakaapeli 

36 kV / 150 kV 150 kV / 400 kV

= omalla muuntajalla varustettu voimala 

= yhteys normaalitilanteessa auki 

20 km sea

cable

34 km sea

cable

WPP internal collection network 36 kV

wind turbine with transformer

connection open in normal

state



Offshore wind power plants in Finland

• Hyötytuuli / offshore demonstration power plant in Tahkoluoto, Pori:

– In operation since 2017

– 10 x 4.2 MW

– Substation at land

– 157 GWh/a 

• Extension plan:

Tahkoluodon merituulivoimahankkeen laajennus | Suomen Hyötytuuli Oy (hyotytuuli.fi)

https://hyotytuuli.fi/tuulipuistot/tahkoluodon-merituulivoimahankkeen-laajennus/


Offshore grids
• Using HVDC (high voltage direct current) 

connections to connect the wind power plants to 
the grid at land may become more common

• Transformation AC  DC is expensive, but 
getting cheaper

• HVDC connection is profitable if the WPP is large 
enough and/or the distance to the shore is long

• HVDC connection is the only option in case of 
long sea cables

• Possibility to connect offshore wind power plants 
to so-called offshore grids, i.e. the HVAC or 
HVDC grid built at sea (no radial connection) will 
be used for both electricity transmission between 
countries/areas and for connecting wind power 
plants to the power system

→Kriegers Flak offshore wind power plants (German, 
Danish and Swedish areas) --- German & Danish 
TSOs’ Kriegers Flak Combined Grid Solution (CGS) 
inaugurated in October 2020, connecting two 
offshore substations to enable cross-border 
electricity trading in addition to offshore WPP power 
transmission to the home-land

sea land
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110  tai 

400 kV verkko

Source: Joined Pre-feasibility Study by Energinet.dk, Svenska Kraftnät and Vattenfall Europe 

Transmission, An analysis of Offshore Grid Connection at Kriegers Flak in the Baltic Sea. 

DC sea

cable

Inverting

DC to AC

High

voltage

grid
Converting

AC to DC

AC sea

cable
Over-head line

or underground  

cable




