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Wind turbine types

• Type 3  Variable speed: DFIG

• Doubly-fed induction generators (DFIG). A wound rotor induction generator is used. A back-to-back voltage 

source converter is placed between the machine rotor windings and the power system (instead of the 

controlled resistance as in the type 2 turbines). This has the capability to generate and consume active and 

reactive power in a controlled manner

• The rotor converter allows independent control of the active and reactive power (additional reactive power 

compensation equipment in the wind farm is not necessary). Bi-directional flow of active power through the 

rotor converter allows to operate both above (injecting power to the grid) and below (consuming power from 

the grid) the machine´s synchronous speed

• The operating speed range depends on the converter ratings with respect to the generator ratings  for 

economic reasons, it is common practice operating speed ranges of  25  35% of the rated speed
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Wind turbine types

• Type 3  Variable speed: DFIG

• Another advantage of type 3 turbines is that mechanical drive train is largely decoupled from the electrical 

system via the back-to-back converter  variations in the prime mover have not pronounced impact on the 

grid, resulting in reduced flicker levels

• The control of the reactive power is managed by the rotor power electronic converter. The control of the active 

power is managed by a combination of the converter control and turbine blade pitch controller

• There are 2 separate “sides” to the rotor power electronic converter: the machine-side converter  (AC/DC) 

and the grid-side converter (DC/AC), with a DC connection between them. Usually, the control of active and 

reactive power is dealt with the machine-side converter, whilst the grid-side converter maintains a constant 

DC-link voltage

• Wind turbine control during fault conditions is generally dealt with by use of braking (energy dissipating) 

resistors (crowbars). Temporary blocking of the rotor converter can be used as a complementary strategy

• A disadvantage of type 3 wind turbines is the use of brushes and slip rings to connect the rotor with its 

converter, increasing maintenance requirements compared to simple squirrel cage induction machines

• Type 3 turbines are the most widely used in the last years, and are considered likely to constitute a large 

portion of the generation mix for wind farms by 2020
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Wind turbine types

• Type 4  Variable speed: full converter

• Variable-speed, full rated converter. Squirrel cage induction machines, wound field synchronous machines 

and permanent magnet synchronous machines have all been used for these turbines, with both geared and 

gearless (direct drive) options

• The back-to-back voltage source power converter has the same rating as the generator, and the generator 

has no direct connection to the power system  the generator can operate at any speed from zero to 

maximum rated speed

• Due to the full rated converter, type 4 turbines are slightly higher performing than type 3, but at the cost to be 

more expensive (due the need for larger power converter rated to the same size as the generator)
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Wind turbine types

• Type 4  Variable speed: full converter

• An advantage of type 4 turbines is that the power system is completely decoupled from the generator (unlike 

type 3 machines, where there is a loose coupling between the generator and grid through stator windings) 

the impact of power system voltage and frequency deviations on the generator and mechanical drive-train is 

negligible

• Most type 4 turbines use a DC braking chopper resistor in parallel with the DC-link capacitor inside the power 

converter. The resistor can dissipate any energy excess caused by temporary imbalances in the electrical and 

mechanical power during network fault conditions (when grid-side active power may temporarily drops near 

zero)

• Due to their high speed operating rate, type 4 machines can provide improved wind conversion efficiency, and 

are becoming more popular worldwide

• It is expected that an increasing number of type 4 turbines will be placed in the wind farms over the next few 

years (due to their higher cost, mainly in the largest wind park projects)
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Wind turbine ancillary services

• Context:

• The goals of traditional wind turbine control systems are maximizing energy production while protecting the 

wind turbine components

• As more wind generation is installed, there is an increasing interest in wind turbines to actively controlling 

their power output in order to meet power set-points (imposed by the TSOs, Transmission System 

Operators),  and to participate in frequency regulation for the utility grid

• In order to fulfill the usual grid code requirements and TSOs demands, wind turbines are provided with next 

ancillary services:

• Power production regulation  according to several national grid codes, wind farms must be able 

to regulate their power production to the imposed reference values

• LVRT (Low Voltage Ride Through) capability  wind turbines must withstand low voltage 

conditions, which mostly appear during short circuit faults in the grid, stay connected during the fault 

and go back to normal operation shortly after the fault clearance

• Voltage-Reactive power control capability  wind farms are asked to support the voltage of the 

power system in normal operation, by providing or absorbing reactive power

• Frequency-Active power control capability  wind turbines have to adjust their power output in 

order to stabilize the grid frequency and hence to balance the active power on the system. Flywheels 

can improve system behaviour
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Wind turbine ancillary services

• Schematics of a wind farm control:

Grid integration

Note: example figures from “Ancillary services from wind farms”, A. Hansen et al., Riso DTU



Wind turbine ancillary services

• Power production regulation during normal operation:

• In the case of type 3 (DFIG) and type 4 (full converter) wind turbines, a decoupled control of active and 

reactive power is applied allowing for changes in the active and reactive power in the range of milliseconds

• In a DFIG turbine, the rotor side converter controls mainly the active and reactive power delivered to the grid, 

while the grid side converter works with unity power factor ensuring nominal voltage at the DC bus

• Decoupled active and reactive power control enhance the turbine operation in face of several requirements 

imposed by the grid codes nowadays : balance control, stop control, absolute power limitation, delta 

limitation, fast down regulation, power ramp-rate limitation, etc.

Grid integration

• As example, figure shows the power ramp-

rate control at park level 

Some operators can require a specified rate of 

change in the power output for a smooth 

transition from one power production level to 

another level during curtailments (see figure). 

Typical ramp requirements are 10% per minute 

or slower.



Wind turbine ancillary services

• LVRT (Low Voltage Ride Through) capability

• According to the fault ride-through requirements defined in most grid codes, wind turbines have to remain 

connected to the grid during voltage dips  special power converter protections are needed, because high 

inrush stator and rotor currents can appear during grid faults 

• In a DFIG turbine, the protection is ensured via the crowbar the crowbar is an external rotor impedance, 

coupled via the slip rings to the generator rotor. When the crowbar is triggered, the rotor side converter is 

disabled and bypassed

• A damping controller  (that acts on the active power reference signal) is added to damp actively the 

torsional excitations in the drive train system following the grid fault When no damping controller is used, 

both the oscillations in the mechanical torque and in the generator speed remain undamped, causing severe 

mechanical stress in the drive-train, possibly leading to a turbine shut-down process

• Example in figure  voltage dip without (blue) and with (red) damping controller

Grid integration

Note: example figures from “Grid fault and design-basis for wind turbines”, A. Hansen et al.,  Riso 2010



Wind turbine ancillary services

• LVRT (Low Voltage Ride Through) capability

• In the case of a variable speed turbine with full converter (type 4), as the generator is decoupled from the grid 

by the converter, the generator and the turbine system are not directly subjected to grid faults, and no 

converter protection is necessary

• In this case, the fault ride-through capability is implemented by using a pitch controller and a damping 

controller (as in the DFIG turbines), and eventually a chopper. 

• The chopper is placed in parallel to the capacitor in the DC-link.  When the DC-link voltage increases over a 

critical value, the chopper is triggered and the surplus power is consumed in the chopper resistance

Grid integration

Note: example figures from “Grid fault and design-basis for wind turbines”, A. Hansen et al.,  Riso 2010



Wind turbine ancillary services

• LVRT DFIG: Voltage-Reactive power control 

• As mentioned before, during normal operation the rotor side converter controls the reactive power, controlling 

the voltage at the connection point to the grid. When a voltage dip happens, and the crowbar disconnects the 

rotor side converter, the grid side converter supplements the reactive power production

• Next figure shows the control system of a DFIG wind turbine for voltage and LVRT control:
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Wind turbine ancillary services

• Frequency-Active power control 

• Among the ancillary services that modern wind turbines must provide, specially in systems with high wind 

power penetration, frequency control appear as an emerging need

• Each individual turbine must modify automatically the active output power in response to grid frequency 

deviations. In this course two frequency control methods are presented:

• Inertia emulation control  An additional power demand component is added to the power 

production of the wind turbine based on the grid ROCOF (Rate Of Change Of Frequency)

• Droop control  in this case, the auxiliary input signal that defines the adjustment in the power 

production of the turbine is the actual error between the measured and the nominal frequencies o the 

system

• Combined control  inertia emulation + droop control

Grid integration



Grid frequency control

• In order to maintain a desired frequency of the grid, 50 or 60 Hz, the total power generated must be 

equal to the power consumed by the system and electrical losses on the grid:

• If generation exceeds load, the grid frequency will go up

• If total load exceed generation, the grid frequency will fall

• The regulation capacity  provided by the wind turbines is used by the grid operators to compensate 

for these frequency fluctuations

• There are 3 indices that defines a 

frequency perturbation (drop):

• Frequency gradient, df/dt, or ROCOF

(Rate Of Change Of Frequency)  it 

depends on the system inertia

• Frequency Nadir  it represents the 

minimum frequency point, at which 

generation and load equals

• Setting frequency  at which the 

primary response is almost all deployed
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Grid frequency control

• The grid frequency response to a grid disturbance is divided in next separate control regimes (see 

figure in previous and next slides):

• Inertial response (in some references it is considered as a subset of primary response)  it immediately 

follows the frequency event

The inertial response is determined by the physical inertia of large synchronous generators as they 

decelerate in response to the increased electrical load

• Primary frequency response or governor response  it usually occurs within the 20-30 s time-frame. As a 

result of the response to changes in the grid frequency, the primary response or governor action arrests the 

frequency decline

• Secondary frequency response or AGC (Automatic Generation Control)  it occurs within the 5-10 min 

time-frame. The grid frequency is restored to the nominal, and is performed by the power plants adjusting 

their power levels in response to requests from the system operator

• Tertiary control response  Manual control used to either replace the secondary control reserve or 

complement it in the case that the secondary control reserve is not sufficient restoring frequency

• Additional comments on inertial response  most modern turbine generators are partially or fully decoupled 

from the grid frequency through power electronics (AC/CD + DC/AC converter); thus the inertia of the 

generator and the turbine rotor does not automatically participate in the inertial response as would traditional 

synchronous generators   in these cases, inertial response will be provided by controller action  “Hidden 

inertia emulation” or “Synthetic inertia emulation” algorithms. Replaceable by flywheels.
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Grid frequency control

• Inertia emulation algorithm:

• How does it work?:

• In the quadratic zone, as the aerodynamic power captured from the wind is maximized, the additional power 

is extracted from the kinetic energy of the rotor, which causes the rotor speed to decrease  after the over-

production period the output power should be reduced below the available aerodynamic power in order to 

accelerate the rotor and restore the turbine speed. The maximum period of over-production is limited in order 

to not stall the turbine

• At high winds, in the power regulated zone, the over-production is obtained pitching the blades towards fine 

and extracting the aerodynamic power available in the wind

Grid integration



Grid frequency control

• Operation in the quadratic zone:

• In normal conditions, the turbine is operating at some point on the Normal Production Curve, which depends 

on the actual wind speed  point 1 in figure

• In the presence of a grid frequency dip, an over-production POP is added to the grid  point 2 (for simplicity, 

the over-production has been considered constant in the figure)

• Rotational speed start decreasing due to the imbalance between mechanical and electrical torques

• When the rotational speed reaches min (0.7 pu in the example), over-production is stopped to avoid stall

Grid integration



Grid frequency control

• Operation in the quadratic zone:

• When  = min, the controller changes the power set-point from point 3 to 4, so the generated power is below 

the mechanical power in a quantity Pacc

• This power gap accelerated the turbine back to the previous normal operating point 1 for the given wind (if the 

wind is changed during this operation, the point 1 will be placed at other position on the Normal Prod. Curve)

• Hence, every over-production period is followed by a under-production period

Grid integration



Grid frequency control

• Synthetic inertia emulation:

• Example figures: inertia algorithm disabled (red), enabled (green). Notice that for high wind condition, extra-

power is captured from the wind pitching the blades (there is not rotor speed losses, apart from the initial 

transitory effect)

• In this example, the algorithm is activated when the ROCOF exceeds 0.05 Hz/s, and over-production value 

is limited to 0.1 pu

Wind speed: 10.5 m/s (quadratic zone)                       Wind speed: 15 m/s (pitch regulation zone)

Example from “Integration of Non-synchronous Generation”, J. Bjornstedt, Lund University

Grid integration



Grid frequency control

• Droop control (or f-controller):

• A  power over-production component proportional to the grid frequency deviation (f) is added. The 

droop control can only improve the frequency nadir, not the ROCOF

• KWT droop characteristic. It allows a given f  to adjust to a given power output change (it is usually 

around 5%, meaning that for a 5% change in frequency, the generator output would change 100%)

• Caution The droop controller does not work extracting the kinetic inertia from the rotor as the emulation 

inertia does  some power reserve must be available for the droop controller 

WTK

f
P
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Grid frequency control

• Summary of grid frequency control strategies:

Strategy Inertial
response

Primary 
control

Reduce 
ROCOF

Increase 
Nadir

Stall risk

Inertia emulation  -   

Droop control -   
Needs power 

reserve

• The inertia emulation algorithm contributes to the frequency stability during the first few seconds after the frequency 

drop by extracting the stored kinetic energy from the rotor  As a result the Nadir frequency is increased and the 

ROCOF is reduced

• According to some bibliography, the synthetic inertia shows some disadvantages: it delays the frequency recovery 

and it puts higher demand on the primary reserves

• The droop control assist in arresting the frequency deviation, and stabilizing the frequency to a steady-state value 

(somewhat below the rated value).  A power reserve should be available. The droop control increases the Nadir 

frequency, but the ROCOF is not reduced.

• Finally,  a secondary control (AGC) is necessary to return the frequency back to its nominal value

Grid integration



Energy storage functionallity 

Limitations that energy storage could solve:

• Inertia emulation requires rotation speed of the rotor moved away from the maximum efficiency speed when 

operating at partial load (quadratic zone)

• Rotor speed is reduced

• Extra energy that the turbine can provide to reduce ROCOF is limited for a given wind turbine design and 

allowed efficiency loss

Flywheel suitability:

• Fast response.

• Well suited for cycling.

• Can work in a wide temperature range.

• Suited for timescale of some seconds. Power and energy are decoupled although must be defined at 

design time.

• Flywheels with magnetic bearings have long life without maintenance.

Grid integration



Flwheel description

Main system components

• Flywheel with magnetic bearings

• Flywheel. Metallic or composite. Composite flywheels add complexity to the rotor but are mechanically lighter 

and smaller. Higher speeds are usually required in composite flywheels.

• Electric machine. Switched reluctance and PM machines are most popular.

• Control system. Required if magnetic bearings are used.

• Power converter. Active power reference is managed by the machine converter whilst grid converter 

maintains DC bus voltage level and manages reactive power.



Technological chalenges

• Rotordynamics. High speeds are desirable (smaller electric machine, smaller diameter of 

flywheel). High range of rotating speed (natural frequencies must be avoided in the working range). 

High inertia (dynamic behaviour of the system changes with speed) 

• Magnetic bearings. Complex design and tune of the system. Tuning of the system must adapt to 

the rotating speed. Position sensors are required. Suitable for working in vacuum. None or low 

maintenance requirements. Allow to rotate in the real inertial axis (noise and vibrations transmited 

to the outer structure are minimized).

• Vacuum. High vacuum provides lower aerodynamic losses, but thermal evacuation and electrical 

insulation are worsen. Rotor rotation speed can be exploited to increase internal vacuum level.

• Flywheel shaft hub. Steel shaft and composite flywheel have different diametral dimensions. 

Chalenging structural design and adopted solution can be expensive to manufacture. 

• Electric machine. Application specific design. Insulation and minimizing rotor losses is required.

• Composite flywheel. Layers with different properties are usually applied. Structurally, radial 

stresses that are supported by the resin are more critical than tangential stresses suported by the 

fiber.



ZIGOR/IK4-TEKNIKER first generation flywheels

• 100kW-20s

• 10,000 rpm / 15,000 rpm

• 1 mbar. External vacuum pump 

working continuously

• Steel flywheel

• 800 kg

• 600 mm x 1100 mm



ZIGOR/IK4-TEKNIKER second generation flywheels

• 100kW-30s

• 25,000 rpm / 50,000 rpm

• 1 mbar / 10-3 mbar. Vacuum pump 

working occasionally.

• Composite flywheel

• 400 kg

• 420 mm x 700 mm
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