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Overview
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Wind Turbine Main Categories

• Fixed-speed Wind Turbines:
◦ Since early 90-ties.
◦ 8 to 4 pair of poles.
◦ Mainly induction machines.

• Variable-speed Wind Turbines:
◦ Requires power electronics control.
◦ The tip speed ratio is kept constant.
◦ Both induction and synchronous machines.
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Power that can be Generated from the Wind (I)

• To calculate the amount of power a turbine can actually generate from the wind, you
need to know the wind speed at the turbine site and the turbine power rating.

• Most large turbines produce their maximum power at wind speeds around 15 meters
per second (55 km/h).

• Considering steady wind speeds, it’s the diameter of the rotor that determines how
much energy a turbine can generate.

• Keep in mind that as a rotor diameter increases, the height of the tower increases as
well, which means more access to faster winds.
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Power that can be Generated from the Wind (II)

• Rotor size and maximum power output:
Rotor (m)

Power Output (kW)

Rotor (m)

Power Output (kW)

10

25

17

100

27

225

40

500

44

600

48

750

54

1000

64

1500

72

2000

80

2500

• Source: Danish Wind Industry Association, American Wind Energy Association.

Dublin, 2022

Wind Turbines - 6

Cut-in Speed

• At very low wind speeds, there is insufficient torque exerted by the wind on the turbine
blades to make them rotate.

• However, as the speed increases, the wind turbine will begin to rotate and generate
electrical power.

• The speed at which the turbine first starts to rotate and generate power is called the
cut-in speed and is typically between 3 and 4 metres per second.
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Rated Output Wind Speed

• As the wind speed rises above the cut-in speed, the level of electrical ouput power
rises rapidly as shown.

• However, typically somewhere between 12 and 17 metres per second, the power
output reaches the limit that the electrical generator is capable of.

• This limit to the generator output is called the rated power output and the wind speed at
which it is reached is called the rated output wind speed.

• At higher wind speeds, the design of the turbine is arranged to limit the power to this
maximum level and there is no further rise in the output power.
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Cut-out Speed

• As the speed increases above the rate output wind speed, the forces on the turbine
structure continue to rise and, at some point, there is a risk of damage to the rotor.

• As a result, a braking system is employed to bring the rotor to a standstill.
• This is called the cut-out speed and is usually around 25 metres per second.
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Effect of Over-Speed . . .

• Operating wind turbines above the cut-out speed is not recommended.
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Simplest Model of a Wind Turbine

• The simplest model of a wind turbine is the so-called actuator disc model where the
turbine is replaced by a circular disc through which the airstream flows with a velocity

Ut and across which there is a pressure drop from P1 to P2 as shown in the sketch.
• At the outset, it is important to stress that the actuator disc theory is useful (as will be
shown) in discussing overall efficiencies of turbines but it does not help at all with how
to design the turbine blades to achieve a desired performance.
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Turbine Disc Model

• Let assume that the turbine is a disc:
Ambient pressure

P∞
Turbine disc
Stream tube passing
through the turbine

Uu

Ut

Ud

At

Ad

P1 P2

Au
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Power Developed By a Wind Turbine (I)

• The power developed by the wind turbine is
pd = (P1 − P2 )At Ut
where At is the turbine disc area, with At

=

πd2
4 , being

d the turbine diameter.

• Volume flow continuity gives
A u U u = A d U d = At U t
• From momentum conservation, the force exerted on the turbine is equal to the
momentum change between the flow far upstream of the disc to the flow far
downstream of the disc. Thus:

(P1 − P2 )At = Mass flow × Velocity difference = ρAu Uu (Uu − Ud )
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Power Developed By a Wind Turbine (II)

• The final basic equations are Bernoulli’s equation applied upstream and downstream
of the actuator disc:

1
P∞ + ρUu2 = P1 +
2
1 2
P∞ + ρUd = P2 +
2

1 2
ρUt
2
1 2
ρU
2 t

where P∞ is the ambient pressure in the flow both far upstream and far downstream of
the actuator disc.

• From the equations above, we obtain:
1
Au
2
2
(P1 − P2 ) = ρ(Uu − Ud ) = ρ
Uu (Uu − Ud )
2
At
• Moreover, Ut = 12 (Uu + Ud ).
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Efficiency

• The available power in a stream of wind of the same cross-sectional area as the wind
turbine can be shown to be

1 3 πd2
1
pa = ρUu
= ρAt Uu3
2
4
2
• If the wind speed Uu is in m/s, the air density ρ is in kg/m3 and the rotor diameter d is
in m, then the available power is in W.

• The efficiency, or, as it is more commonly called, the power coefficient cp , of the wind
turbine is simply defined as the actual power delivered pd divided by the available
power pa :
pd
pd
cp =
= 1
3
pa
2 ρAt Uu
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Power Coefficient (Efficiency)

• cp as a function of the ratio of downstream to upstream velocities:

Efficiency (cp )

Ud
1
=
Uu
3
60%
40%
20%
0.0

0.2

0.4

0.6

0.8

1.0

Ud
Ratio of downstream to upstream velocities,
Uu
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Betz Limit

• There is a theoretical limit on the amount of power that can be extracted by a wind
turbine from an airstream.

• According to the expression of pa and pd , the power coefficient can be rewriteen as:

2

1
Ud
Ud
pd
(*)
=
1+
1−
cp =
pa
2
Uu
Uu
• By differentiating (*), it is easy to show that the maximum efficiency occur for
Ud /Uu = 1/3, and hence, the maximum c∗p is:
c∗p

16
=
≈ 59%
27

• This is called the Betz limit.
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Safety Systems

• There are a number of safety systems that can turn off a turbine if wind speeds
threaten the structure, including a remarkably simple vibration sensor used in some
turbines that basically consists of a metal ball attached to a chain, poised on a tiny
pedestal.

• If the turbine starts vibrating above a certain threshold, the ball falls off the pedestal,
pulling on the chain and triggering a shut down.

• Probably the most commonly activated safety system in a turbine is the “braking”
system, which is triggered by above-threshold wind speeds.

• These setups use a power-control system that essentially hits the brakes when wind
speeds get too high and then “release the brakes” when the wind is back below the
cut-out speed.
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Power Control Concepts

• Passive Stall Control: Blades are fixed. When the wind is too high, the turbine stalls
and losses power.

• Pitch Control: The position of the blades is variable. This allows reducing the power
converted by the turbine when the wind speed is high.

• Active Stall Control: uses the pitch control to induce stalling. It can be used for
frequency control.

• Yaw Control: Yaw refers to the rotation of the entire wind turbine in the horizontal axis.
• Stator or Rotor Synchronous Frequency Control: this dynamic control is obtained
by means of power electronic converters coupled to the generator.
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Passive Stall Control

• The blades are mounted to the rotor at a fixed angle but are designed so that the twists
in the blades themselves will apply the brakes once the wind becomes too fast.

• The blades are angled so that winds above a certain speed will cause turbulence on
the upwind side of the blade, inducing stall.

• Simply stated, aerodynamic stall occurs when the blade’s angle facing the oncoming
wind becomes so steep that it starts to eliminate the force of lift, decreasing the speed
of the blades.
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Pitch Control

• The turbine’s electronic controller monitors the turbine’s power output.
• At wind speeds over 45 mph, the power output will be too high, at which point the
controller tells the blades to alter their pitch so that they become unaligned with the
wind.

• This slows the blades’ rotation.
• Pitch-controlled systems require the blades’ mounting angle (on the rotor) to be
adjustable.
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Active Stall Control

• The blades in this type of power-control system are pitchable, like the blades in a
pitch-controlled system.

• An active stall system reads the power output the way a pitch-controlled system does,
but instead of pitching the blades out of alignment with the wind, it pitches them to
produce stall.
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Yaw Control

• Yaw control ensures that the turbine is constantly facing into the wind to maximize the
effective rotor area and, as a result, power.

• Because wind direction can vary quickly, the turbine may misalign with the oncoming
wind and cause power output losses.

• Losses can be roughly approximated by the the following equation:
∆P = PN sin ǫ
where ∆P is the lost power, and ǫ is the yaw error angle.
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Ideal Power Control Curve

• The ideal power control should follows the curve below:
Rated
Speed

Cut−out

Power

Cut−in

Wind speed
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Control Strategies

• Fixed-speed fixed-pitch (FS-FP)
• Fixed-speed variable-pitch (FS-VP)
• Variable-speed fixed-pitch (VS-FP)
• Variable-speed variable-pitch (VS-VP)
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Fixed-speed fixed-pitch (FS-FP)

• With this configuration, one cannot improve the power output of the turbine.
• The generator is directly coupled to the power grid, causing the generator speed to
lock to the power line frequency and fix the rotational speed.

• These turbines are regulated using passive stall methods at high wind speeds.
• The gearbox ratio selection is crucial as it ensures that the rated power is not
exceeded.

• The turbine operates at maximum efficiency and at nominal power only at one wind
speed in the low-speed region.
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Fixed-speed variable-pitch (FS-VP)

• This configuration operates at a fixed pitch angle below the rated wind speed and
continuously adjusts the angle above the rated wind speed.

• Both feather and stall pitch control methods can be used to limit power.
• Observe that feathering takes a significant amount of control design and stalling
increases unwanted thrust force as stall increases.

• Above the rated wind speed, the FS-VP turbine has a near optimum efficiency.
• Exceeding the rated wind speed, the pitch angles are continuously changed, providing
little to no loss in power.
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Variable-speed fixed-pitch (VS-FP)

• This configuration continuously adjusts the rotor speed relative to the wind speed
through power electronics controlling the synchronous speed of the generator.

• The generator has to be decoupled from the grid so that the generator’s rotor and
drive-train are free to rotate independently of grid frequency.

• Fixed-pitch relies heavily on the blade design to limit power through passive stalling.
• The power efficiency is maximized at low wind speeds, and one can achieve rated
turbine power only at one wind speed.

• Passive stall regulation plays a major role in not achieving the rated power and can be
attributed to poor power regulation above the rated wind speed.

• In lower wind speed cases, VS-FP can capture more energy and improve power quality.
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Variable-speed variable-pitch (VS-VP)

• This configuration is a derivation of VS-FP and FS-VP.
• Operating below the rated wind speed, variable speed and fixed pitch are used to
maximize energy capture and increase power quality.

• Operating above the rated wind speed, fixed speed and variable pitch permit efficient
power regulation at the rated power.

• VS-VP is the only control strategy that theoretically achieves the ideal power curve.
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Comparison of Power Control Strategies

• Comparison of power control strategies:

Cut−out

FS−FP
FS−VP
VS−FP
VS−VP

Power

Cut−in

Rated
Speed

Wind speed
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Wind Turbine Type A

• Fixed speed:

SCIG

Soft-starter

Gear Box

Grid

Rotor
Capacitors
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Wind Turbine Type B

• Limited variable speed:

Variable
resistance
Soft-starter
Gear Box

Rotor

Grid

WRIG
Capacitors
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Wind Turbine Type C

• Variable speed with partial-scale frequency converter:
WRIG
Gear Box

Grid

Rotor

Partial scale
frequency converter
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Wind Turbine Type D

• Variable speed with partial full-frequency converter:
PMSG
WRSG
WRIG

Full-scale
frequency converter
Grid

Rotor
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Wind Turbine Types and Power Control

• Combinations of wind turbine types and power control strategies:
Speed Control

Passive Stall

Pitch

Active Stall

Type A

Type A0 X

Type A1 X

Type A2 X

Type B

Type B0

Type B1 X

Type B2

Type C

Type C0

Type C1 X

Type C2

Type D

Type D0

Type D1 X

Type D2

• The X symbol indicates combinations that are currently in use.
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Properties of Power Electronic Control (I)

• Controllable Frequency (important for the wind turbine):
◦ Advantages:
◦
◦
◦
◦
◦

Energy optimal operation
Soft drive train
Load control
Gearless option
Reduced noise

◦ Drawbacks:
◦ Extra costs
◦ Additional losses
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Properties of Power Electronic Control (II)

• Power plant characteristics (important for the grid):
◦ Advantages:
◦
◦
◦
◦

Controllable active and reactive power
Local reactive power source
Improved network (voltage stability)
Improved power quality (reduce flicker level, filtered out harmonics, limited short
circuit power)

◦ Drawbacks:
◦ Possible issues in case of contingencies, e.g., shortcircuits.

Dublin, 2022

Wind Turbines - 37

Switch Characteristics

• Voltage and current indicate the maximum output rating; the frequency indicates the
operational range.
GTO

IGCT

BJT

MOSFET

IGBT

Voltage (V)

6000

6000

1700

1000

6000

Current (A)

4000

2000

1000

28

1200

Switching Freq. (kHz)

0.2-1

1-3

0.5-5

5-100

2-20

Drive requirements

High

Low

Medium

Low

Low

• Note: GTO = gate turn-off thyristor; IGCT = integrated gate commutated thyristor; BJT
= bipolar junction transistor; MOSFET = metal oxide semiconductor field effect
transistor; IGBT = insulated gate bipolar transistor.

• Source: L. H. Hansenet al., 2001.
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Market Share of Wind Turbine Concepts

• Suppliers (about 95% of the market): Vestas, Gamesa, Enercon, NEG Micon, Bonus,
Nordex, GE Wind/Euron, Ecotecnia, Dewind, Suzlon, Repower, Mitsubishi, Made.
Concept

1998

1999

2000

2001

2002

Type A (%)

39.6

40.8

39.0

31.1

27.8

Type B (%)

17.8

17.1

17.2

15.4

5.1

Type C (%)

26.5

28.1

28.2

36.3

46.8

Type D (%)

16.1

14.0

15.6

17.2

20.3

Installed power (GW)

2.35

3.79

4.38

7.06

7.25

• Note: GTO = gate turn-off thyristor; IGCT = integrated gate commutated thyristor; BJT
= bipolar junction transistor; MOSFET = metal oxide semiconductor field effect
transistor; IGBT = insulated gate bipolar transistor.

• Source: L. H. Hansenet al., 2001.
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Other Types of Turbines

• High-voltage Generator (HVG): common wind generators are operated at 690 V. If the
voltage is increased, the current becomes smaller (as well as losses). HVG are
operated at 10 kV.

• Switched Reluctance Generator (SRG): High efficiency, robust and simple. Used in
aerospace applications. Shows lower power density than PMSG.

• Transverse Flux Generator (TFG): Fairly new technology, not tested yet.
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Common Controllers and Technical Regulation

• Wind turbines undergo a technical regulation to be allowed connecting to the grid.
• The regulation varies among countries and is constantly updated.
• Some common requirements are:
◦ Active power control (limits on power increase and reduction)
◦ Voltage control & reactive power compensation
◦ Voltage quality (voltage drops, flickers, harmonics)
◦ Frequency control (related to disconnection issues)
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Modelling
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Models

• Wind
• Wind turbine
• Generator
• Regulators, inverters, protections, etc.
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Wind Model (I)

• Weibull’s distribution
• Composite model:
◦ Ramp
◦ Gust
◦ Turbolence

• Mexican Hat (IEC standard)
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Weibull Distribution (I)

• A common way to describe the wind speed is by means of the Weibull’s two-parameter
distribution, which is as follows:

kw kw −1 −( vcw )kw
f (vw , cw , kw ) = kw vw
e w
cw
where vw is the wind speed and cw and kw are the scale and and shape factors.

• Time variations ξw (t) of the wind speed are then obtained by means of a Weibull’s
distribution, as follows:

ξw (t) = −

lnU (t)  k1

w

cw

where U (t) is a uniform variate generator of random numbers (U
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∈ [0, 1]).
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Weibull Distribution (II)

• Usually the shape factor kw = 2, which leads to the Rayleigh’s distribution.
• Whereas kw > 3 approximates the normal distribution and kw = 1 gives the
exponential distribution.

• The scale factor cw should be chosen in the range cw ∈ (1, 20).
a
• Finally, the wind speed is computed setting the initial average speed vw
determined at

the initialization step as mean speed:
a
a
)vw
v̌w (t) = (1 + ξw (t) − ξw
a
is the average value of ξw (t).
where ξw
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Weibull Distribution (III)

• Example of wind Weibull’s distribution model.
25.0

Wind speed [m/s]

20.0

15.0

10.0

5.0

0.0
0.0
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Wind Composite Model (I)

• This model considers that the wind speed is composed of four parts:
a
◦ Average and initial wind speed vw
.
r
.
◦ Ramp component of the wind speed vw
g
.
◦ Gust component of the wind speed vw
t
◦ Wind speed turbulence vw
.

• The resulting wind speed v̌w is:
a
r
g
t
v̌w (t) = vw
+ vw
(t) + vw
(t) + vw
(t)
a
where all components are time-dependent except for the average speed vw
.
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Wind Composite Model (II)

• Wind ramp. The wind ramp component is defined by an amplitude Arw and starting
and ending times, trs and tre respectively:
t < trs :
trs ≤ t ≤ tre :
t > tre :

r
(t) = 0
vw

 t − tr 
r
vw
(t) = Arw r sr
te − ts
r
vw
(t) = Arw

• Wind gust. The wind gust component is defined by an amplitude Agw and starting and
ending times, tgs and tge respectively:
t < tgs :
tgs ≤ t ≤ tge :
t > tge :

Dublin, 2022

g
vw
(t) = 0
 t − tg 
Agw 
g
1 − cos 2π g sg
vw (t) =
2
te − ts
g
vw
(t) = Agw
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Wind Composite Model (III)

• Wind turbulence. The wind turbulence component is described by a power spectral
density, as follows:
t
Sw
=

1
a
ℓv
2
w
(ln(hw /z0 ))

1+

1.5 vℓfa
w

 35

where f is the frequency, hw the wind turbine tower height, z0 is the roughness length
and ℓ is the turbulence length scale:
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hw < 30 :

ℓ = 20hw

hw ≥ 30 :

ℓ = 600
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Roughness Length

• Roughness length z0 for a variety of ground surfaces.
Ground surface

Roughness length z0 [m]

Open sea, sand

10−4 ÷ 10−3

Snow surface
Mown grass, steppe
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10−3 ÷ 5 · 10−3
10−3 ÷ 10−2

Long grass, rocky ground

0.04 ÷ 0.1

Forests, cities, hilly areas

1÷5
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Wind Composite Model (IV)

• The spectral density is then converted in a time domain cosine series as illustrated in:
t
vw
(t)

=

n
har
X
i=1

p
t (f )∆f cos(2πf t + φ + ∆φ)
Sw
i
i
i

where fi and φi are the frequency and the initial phase of the ith frequency
component, being φi random phases (φi

∈ [0, 2π)).

• The frequency step ∆f should be ∆f ∈ (0.1, 0.3) Hz.
• Finally ∆φ is a small random phase angle introduced to avoid periodicity of the
turbulence signal.
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Wind Composite Model (V)

• Example of wind composite model.
Wind Speeds
30

25

w

v [m/s]

20

15

10

5
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Mexican Hat Model (I)

• The Mexican hat wavelet is a deterministic wind gust that has been standardized by
IEC 61400.

• The Mexican hat wavelet is the normalized second derivative of the Gauss’ distribution
function, i.e., up to scale normalization, the second Hermite’s function, as follows:

v̌w (t) =

a
vw

+

g
(vw

−

a
)
vw



(t − t0 )2  − (t−t02)2
e 2σ
1−
2
σ

g
where t0 is the centering time of the gust, σ is the gust shape factor, vw
is the peak
a
wind speed value and vw
the average speed value.
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Mexican Hat Model (II)

• Example of Mexican hat model.
15.0

14.0

Wind speed [m/s]

13.0

12.0

11.0

10.0

9.0

8.0
0.0
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Fixed-Blade Turbine Model (I)

• The mechanical power extracted from the wind is a function of both the wind and the
rotor speeds and can be approximated as follows:

pwg

ρ
3
= cp (λ)Ar vw
2

• ρ is the air density, cp the performance coefficient or power coefficient, λ the tip speed
ratio and Ar the area swept by the rotor.
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Fixed-Blade Turbine Model (II)

• The speed tip ratio λ is the ratio between the blade tip speed vbt and the wind
upstream the rotor vw :
vbt
2Rωt
λ=
= ηGB
vw
np v w
• ωt is the turbine speed, ηGB is the gear box ratio, np the number of poles of the
induction generator and R the rotor radius. Finally, the cp (λ) curve is approximated as
follows:




125
− 16.5
cp = 0.44
− 6.94 e λi
λi
with

λi =
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λ

1
+ 0.002
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Fixed-Blade Turbine Model (III)

• Electrical power output as a function of the rotor speed and of the wind speed.
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Pitched-Controlled Turbine Model

• Turbine blades can rotate in order to reduce the rotor speed in case of
super-synchronous conditions.

• The angular position θp of the blades is called pitch angle.
• This turbine model is adequate for wind generators with speed control.
• The mechanical power pw can be approximated as:
ρ
3
pw = cp (λ, θp )Ar vw
2
• The cp (λ, θp ) curve can be approximated as follows:


116
− 12.5
cp = 0.22
− 0.4θp − 5 e λi
λi
with
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1
1
0.035
=
− 3
λi
λ + 0.08θp
θp + 1
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Parametric Representation cp (λ, θp ) (I)

• The cp (λ, θp ) curve can be expressed in a general parametrized form, particularly
suitable for computer-based implementations:

cp (λ, θp ) = c1
with





c
c2
− λ7
c5
− c 3 θp − c 4 θp − c 6 e i
λi

1
c9
1
=
+ 3
λi
λ + c 8 θp
θp + 1

• Note: θp is expressed in degrees.
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Parametric Representation of cp (λ, θp ) (II)

• Parametric representation of the cp (λ, θp ) function.

Model

c1

c2

c3

c4

c5

c6

c7

c8

c9

Fixed-blade

0.44

125

0

0

0

6.94

16.5

0

0.002

Pitch-controlled 1

0.22

116

0.4

0

0

5

12.5

0.08

−0.035

Pitch-controlled 2

0.73

151

0.58

0.002

2.14

13.2

18.4

−0.02

−0.003
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Dynamic Shaft

• The shaft of wind generators can be modelled as two masses connected by a spring.
• The masses represent the turbine shaft (Ht ) and the generator shaft (Hm ), while the
spring models the shaft stiffness (Ks ).
• Mechanical differential equations are:
ω̇t

=

(τt − Ks δtm )/(2Ht )

ω̇m

=

(Ks δtm − τe )/(2Hm )

δ̇tm

=

Ωb (ωt − ωm )

respectively, Ωb is the system rated frequency in rad/s, ωt is the wind turbine angular
speed, ωm is the generator rotor speed, δtm is the relative angle displacement of the
two shafts, τe is the electrical torque and τt is the mechanical torque:

τt =
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pw
ωt
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Shadow Effect

• A periodic torque pulsation can be added to the mechanical torque τt to simulate the
tower shadow effect.

• The shadow-effect frequency depends on the rotor speed ωt , the gear box ratio ηGB ,
and the number of blades nblade , as follows:



Ωb ω t
t + φ0
τ̃t = τt 1 + αs sin ηGB
nblade
where the torque pulsation amplitude can be fixed equal to αs

= 0.025.

• Observe that the inclusion of the shadow effect term into the torque model leads to a
nonautonomous set of DAEs.

• Shaft oscillations cannot be removed in the squirrel-cage induction generator type.
• For other wind turbine types that include VSC devices, the converter controls can
effectively damp shadow effect modes and shaft oscillations.
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Generator Models

• Type A wind generators are squirrel-cage induction machines.
• Type B wind generators are wound-rotor induction machines with variable resistance
connected to the rotor windings.

• Type C wind generators are wound rotor induction machines where both the rotor and
the stator windings contributes to the active power.

• Type D wind generators are fully decoupled from the grid through the ac/ac converter.
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Type C Model (I)

• The generator active and reactive power productions depend on the stator and
converter currents ids + jiqs and idc + jiqc , respectively, and stator and converter
voltages vds + jvqs and vdc + jvqc , respectively, as follows:
ph

=

vds ids + vqs iqs + vdc idc + vqc iqc

qh

=

vqs ids − vds iqs + vqc idc − vdc iqc

where ph and qh are the power injected into the grid.

• The expressions above can be rewritten as a function of stator and rotor currents
ids + jiqs and idr + jiqr , respectively, and stator and rotor voltages vds + jvqs and
vdr + jvqr , respectively.
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Type C Model (II)

• The converter powers on the grid side are:
pc

=

vcd idc + vqc iqc

qc

=

vqc idc − vdc iqc

pr

=

vdr idr + vqr iqr

qr

=

vqr idr − vdr iqr

• Whereas, on the rotor side:

• Assuming a loss-less converter model, the active power of the converter coincides with
the rotor active power, thus pc = pr .
• The reactive power of the rotor side and of the stator side of the converter are
decoupled.
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Type D Model (I)

• The active and reactive powers injected into the grid depend on the grid side current
idc + jiqc and voltage vdc + jvqc of the converter:
ph

=

pc = vdc idc + vqc iqc

qh

=

qc = vqc idc − vdc iqc

where the converter voltages are functions of the grid voltage magnitude and phase,
as follows:
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vdc

=

−vh sin θh

vqc

=

vh cos θh
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Type D Model (II)

• Assuming a permanent magnet synchronous generator, machine equations are
vds

=

−rs ids + ωm xq iqs

vqs

=

−rs iqs − ωm (xd ids − ψp )

where the permanent field flux ψp represents the rotor circuit.

• The active and reactive power produced by the generator are as follows:
ps

=

vds ids + vqs iqs

qs

=

vqs ids − vds iqs

• The link between stator fluxes and generator currents:
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ψds

=

−xd ids + ψp

ψqs

=

−xq iqs
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Regulator Models

• Type A and B wind turbines do not generally include regulators.
• Typical controllers of the Type C and D are:
◦ Speed/active power control
◦ Voltage/reactive power control
◦ Pitch angle control
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Type C Speed Control

• The speed control can be obtained through iqr .
• A typical speed control scheme is as follows:

imax
r,q

ωm

p∗w

p∗w

∗
τm

−(xs + xµ )

ωm

ir,q

xµ v(1 + sTǫ )

imin
r,q
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Typc C Voltage Control

• A typical voltage control for the Type C is obtained through idr , as follows:
imax
dr
v ref

−

+

1

KV

1+s

+

+

idr

imin
dr
−1
xµ
vh

• This control scheme can be switched to a constant reactive power control by setting
K V = 0.
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Type D Control Strategy (I)

• The back-to-back VSC that connect the generator to the grid allow controlling four
quantities.

• Controllable quantities are the converter currents ids , iqs , idc and iqc .
• Typical controlled quantities are the active power injected into the grid, the grid side
voltage, the dc voltage of the capacitor in the dc back-to-back connection, and the
reactive power on the generator side.

• Several combinations have been proposed.
• Only one possible control scheme is given in the following slides.
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Type D Control Strategy (II)

• The currents on the generator side control the rotor speed and the generator reactive
power:



p∗w (ωm )

i̇qs

=

1
Tqs

i̇ds

=

(Kds (qs0 − qs ) − ids )/Tds

ωm (ψp − xd ids )

− iqs



where p∗w (ωm ) is the optimal power-speed characteristic of the MPPT and qs0 the
desired reactive power on the generator side.
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Type D Control Strategy (III)

• The currents on the grid side control the active power and bus voltage:
i̇qc

=

(Kqc (ps − pc ) − iqc )/Tqc

i̇dc

=

(Kdc (v ref − vh ) − idc )/Tdc

• The first of the previous equations indirectly models the dynamic of the dc system of
the back-to-back connection.

• The steady-state error ps − pc is a model of VSC and capacitor losses.
• A pure integrator can be used for modelling a loss-less back-to-back VSC:
i̇qc

=

Kqc (ps − pc )/Tqc

• If the dynamics of the VSC dc connection are fast, one can simply impose:
ps = pc
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Pitch Angle Control

• A typical pitch angle control for the Type C and D is as follows:

ωm

+

Kp

θp

1 + Tp s

−
max
ωm

0

max
• Observe that anti-windup limiter for ωm < ωm

Dublin, 2022

Wind Turbines - 75

Protections

• Wind generators include a variety of protections and limiters:
◦ Stator current limiters.
◦ Inverter current limiters (Type C and D).
◦ Rotor current limiters (Type C).
◦ Standard protections for faults and short-circuits.
◦ Special protections for voltage sags, low frequency, etc.
◦ Crowbar-based protection.
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Fault-Ride Through

• A common problem of generator systems with direct grid connection of one generator
winding is their sensitivity to sudden grid voltage variations, e.g. occurring at
three-phase short circuits.

• Especially for induction generator systems this proves to be crucial due to their direct
coupling between excitation and torque production inside the same winding
arrangement.

• The main flux linkage cannot follow sudden supply voltage variations that will cause
considerable and slowly declining current transients with maximum amplitudes of up to
six times the rated current (hence leading to the disconnection of the wind turbine).

• A serious problem for wind power plants is also the torque stress to gear and drive
shaft during such transients.

• On the other side, grid operators demand continuous operation of the generator
system during grid disturbances and short circuits.
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Design of FRT Capability

• The design of a generator/converter system which offers FRT capability has to address
the following main topics:

◦ Protection of the converter components against overcurrents and overvoltages.
◦ Fulfillment of the applicable grid codes.
◦ Applying of minimum possible mechanical stress to gear and drive shaft.
◦ Reduction of transient short circuit current to enable operation at grids with low
short circuit power.
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Grid Codes for FRT Capability

• Requirements vary according to the locally applicable code.
• With regard to system design, the grid code requirements imply:
◦ Limitation of the transient short circuit current below the natural maximum transient
short circuit current i′′
k of the generator.
◦ Full controllability of the short-circuit current during the voltage dip.
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Grid Code for the Voltage

• Voltage dip duration and retaining voltage:
V /VN
1.0
0.8
FRT Area

Vr,min /VN

tdip
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Grid Code for the Current

• Short circuit current during voltage dip:

i′′k

V /VN

1.0

I/IN
tdip
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Remarks on FRT Grid Codes

• The minimum retaining voltage Vr,min defines the minimum voltage ad the dip
duration tdip , the maximum time at which the turbine has to maintain grid connection.
• Currently, the grid codes request Vr,min between 15% and 25% with maximum voltage
dip durations between 500 ms and 3000 ms.

• Short circuit current requirements address the maximum transient short circuit current
i′′k and the current to be fed to the grid during the voltage dip.
• The transient short circuit current becomes more and more an issue for the erection of
wind turbines at locations with low short circuit grid power.

• Suppliers which are able to offer systems with low i′′k (e.g., < 2.5IN ) will gain a clear
market advantage.
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Rotor Crow-bar and Stator Switch

• Essential components for FRT are the rotor-side crow-bar and the electronic switch on
the stator side.
WRIG

Stator
switch
Grid

Crow-bar
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FRT Strategy - Rotor-side Approach

• The main goal of this approach lies in converter protection.
• The system is fitted for FRT by an appropriate design of the rotor side crow-bar or a
combination of crow-bar design and means to divert the excess energy from the DC
link.

• Proper setting of the power switch to stay closed on the expected short-circuit current
amplitudes, and implementing a control strategy for re-synchronization to the grid.

• Grid connection on the stator side is always maintained.
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FRT Strategy - Stator-side Approach

• The drawbacks of the rotor side approach originate from the loss of system
controllability immediately after the fault event.

• To maintain controllability, the stator current has to be limited to a level which is safe for
the converter.

• One way to achieve this is to disrupt the stator current completely after the fault event,
i.e. effectively disconnecting the generator from the grid for a certain time.

• The stator switch is used for this functionality.
• In this configuration, the torque and current maxima and therefore also the transient
short circuit current are limited to the trigger level of the grid disconnection.
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Loss of Inertia

• Wind generators do not show most of the issues of synchronous machines (e.g., loss
of synchronism, interarea oscillations, etc.).

• On the other hand, they do not have some of the advantages of synchronous
machines:

◦ Limited capacity to regulate the voltage (this can be solved by installing capacitor
banks and/or FACTS devices).

◦ Small inertia!

• If the penetration of wind generation is high, some strategies overcome the loss of
inertia have to be implemented.
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Frequency Control

• The loss of inertia leads to limited ability to regulate the frequency of the system.
• There are several proposals, depending on the penetration of the wind power (and
other converter-based energy resources).

• In particular, for wind turbines, some interesting proposals are:
◦ Droop control based on system frequency deviations.
◦ Pitch control aimed to provide a “hot” active power reserve.
◦ Synthetic inertia (based on the kinetic energy stored in wind turbine shafts).
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Droop Control

• The droop control is similar to the
synchronous machine primary frequency control.

• This only works if the system actually includes synchronous machines!

• In fact the droop control uses the intertia of wind turbines and can provide only a fast transient remedial
action.

This can be coordinated

with synchronous machines (twostage frequency control).
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Pitch-based Frequency Control

• This control is based on the idea that, by varying the pitch angle, one can reduce the
output power of the wind turbine.

• If the pitch control is θP > 0, then the turbine has a “power reserve” which is promptly
available for frequency regulation.

• The regulation of the pitch is again driven by a frequency droop control.
• Of course, this kind of control has a major drawback: the wind turbine produces less
power than that avaiable

• This leads to reduced incomes unless the ability to provide frequency regulation is paid
separately.
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Synthetic Inertia (I)

• This method takes advantage of the kinetic energy available at the wind turbine shaft.
• It is similar to the droop control but uses a different control scheme.
• We add an “additional” torque signal to the machine torque control, based on the
measure of the system frequency.
ref
ωm

+

∗ +
τm

TG
−

τm

ωm
WT

+
ad
τm
f
ATC
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Synthetic Inertia (II)

• Say that we want to increase the torque of the machine.
• By artificially increasing the torque, the power will also increase in proportion.
• This will cause the turbine blades to slow down.
• But the MPPT controller will detect the reduction in rotational speed and decrease
torque demand . . .

• This will cancel out what we wanted to do!

Dublin, 2022

Wind Turbines - 91

Synthetic Inertia (III)

• In order to “fool” the controller, a dummy speed input is required.
ad
• The dummy speed (ωm
) cancels out the reduction in speed caused by the additional
ad
)
torque (τm

ref
ωm

+

+
TG
−

∗
τm

+

ωm
WT

−

+
ad
τm

AWC
ad
ωm

ATC
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Case Studies
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Case Study 1

• This section describes the output of a wind turbine Type C subjected to a “high” wind
speed.

• All static and dynamic simulations were solved using the software package D OME.
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Wind Speed Profile

• Wind speed profile (Weibull distribution).
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Turbine and Rotor Speeds

• The wind turbine is modelled using a two-mass elastic shaft.
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Pitch Angle Control

• The pitch angle is activated whenever the speed is bigger than the maximum allowed.
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Power Reference and Power Output

• The output power cannot follow the optimal power reference due to current limiters.
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Effect of the Current Limiter

• The power is controlled through the iqr , but only if |iqr | ≤ imax
qr .
−0.2

−0.3

−0.4

iqrDfig4 1 [pu]

−0.5

−0.6

−0.7

−0.8

−0.9

−1.0
0.0

Dublin, 2022

5.0

10.0
Time [s]

15.0

20.0

Wind Turbines - 99

Case Study 2

• This section describes a variety of case studies based on a 40-bus test system.
• All static and dynamic simulations were solved using the software package PSAT.
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40-bus Test System

• One-line diagram of the 40-bus test system.
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Time Domain Simulation (I)

• Wind speed profiles (composite model).
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Type A - Time Domain Simulation

• Time response of constant speed induction generator without SVC, with 1 centralized
SVC device (big), and with embedded SVC devices (small) at the point of connection.
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Type C - Time Domain Simulation (I)

• Response of doubly-fed induction generators (constant reactive power).
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Type C - Time Domain Simulation (II)

• Response of doubly-fed induction generators (constant voltage).
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Type C - Time Domain Simulation (III)

• Response of doubly-fed induction generators with LTC regulations at the feeder
connection.
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Type C - Time Domain Simulation (IV)

• Response of doubly-fed induction generators with 2 SVC at strategic positions (buses
29 and 30).
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Type C - Time Domain Simulation (IV)

• Response of doubly-fed induction generators with embedded LTC voltage regulators at
the point of connection.
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Type C - Time Domain Simulation (IV)

• Response of doubly-fed induction generators with embedded SVC devices at the point
of connection.
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Remarks on the Impact of WP on Power System Stability (I)

• Distributed wind generation can have an impact on the stability of the power system.
• The impact is relevant only for high wind power penetration.
• Anticipated issues are:
◦ Voltage stability issues due to limited reactive power sources.
◦ Reverse power flows in weak distribution networks.
◦ Angle and frequency instabilities are also possible.
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Remarks on the Impact of WP on Power System Stability (II)

• Wind turbine controllers are effective in enhancing the generation margin of the
distribution system.

• Distributed SVC and LTC are more effecive than centralized ones.
• In the case of Type C wind turbines, controllers eliminate the induction generator
instabilities that are shown by Type A and can avoid the voltage collapse.

• The behavior of Type D wind turbine is similar to that of Type C ones.
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