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Preface

This report describes the modelling and control work carried out during two
projects, i.e. “Simulation platform for modelling, optimization and design of
wind turbines”, and "Electrical Design and Optimisation of Wind Turbines".
These projects, carried out in a cooperation between Risg DTU National Labo-
ratory for Sustainable Energy and Aalborg University, were funded by the Dan-
ish Energy Agency contract numbers ENS 1363/04-0008 and ENS-1363/01-
0013.
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1 Introduction

The present report describes the dynamic wind turbine models imple-
mented in the power system simulation tool DIgSILENT, which provides both
an extensive library for grid components and a dynamic simulation language
(DSL) for the modelling of each wind turbine component. The development of
these models is a part of the results of a national Danish research project, whose
overall objective is to create a model database of electrical components mainly,
in different simulation tools in order to enhance the design and the optimisation
of the wind turbines.

The developed model database is able to support the analysis of the interac-
tion between the mechanical structure of the wind turbine and the electrical grid
both during normal operation of the wind turbine and during transient grid fault
events. Such models make it possible to simulate the dynamic interaction be-
tween a wind turbine/wind farm and a power system. They enable both the po-
tential wind turbine owners and the grid utility technical staff to perform the
necessary studies before investing and connecting wind turbines (farms) to the
grid. Simulation of the wind turbine interaction with the grid may thus provide
valuable information and may even lower the overall grid connection costs.

The motivation for this research work is the ever-increasing wind power
penetration into power networks. In recent years the trend has been moved from
installations with a few wind turbines to the planning of large wind farms with
several hundred MW of capacity. This increased and concentrated penetration
makes the power network more dependent on, and vulnerable to, the wind en-
ergy production. This situation means that future wind farms must be able to
replace conventional power stations, and thus be active controllable elements in
the power supply network. In other words, wind farms must develop power
plant characteristics (Serensen P. et al., 2000). The two utilities responsible for
the transmission systems in Denmark, Eltra and Elkraft System, have issued
requirements (Eltra, 2000) that focus on the influence of wind farms on grid
stability and power quality, and on the control capabilities of wind farms.

Another consequence of the increased future size of wind farms is that the
large wind farms will be connected directly to the high voltage transmission
grid. Until now, wind turbines and wind farms have been connected to the dis-
tribution system, which typically has either 10/20 kV or 50/60 kV grids. There-
fore, the main focus has been on the influence of the wind farms on the power
quality of the distribution system. For example in Denmark, this has been regu-
lated by the Danish Utilities Research Institute (DEFU) requirements for grid
connection of wind turbines to the distribution system (DEFU, 1998). However,
the transmission system operators in Denmark now issue more strict connection
requirements for large wind farms if they are connected directly to the transmis-
sion system. Moreover, national standards for power quality of wind turbines
have recently been supplemented by a new standard for measurement and as-
sessment of power quality of grid connected wind turbines, namely (IEC 61400-
21,2001).

A large part of the report is dedicated to the modelling and control of three
wind turbine concepts, namely:

1. Fixed speed active stall wind turbine concept
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2. Variable speed doubly-fed induction generator wind turbine concept
3. Variable speed multi-pole permanent magnet synchronous generator
wind turbine concept

The report is organised as follows. First, the power system simulation tool
DIgSILENT is shortly described. Then the wind turbine modelling in DIgSI-
LENT is presented. The modelling and control of the mentioned wind turbine
concepts in the power simulation tool DIgSILENT are then presented, their per-
formance being assessed and analysed by means of simulations. Different con-
trol strategies are presented and designed for both normal and fault operation,
based on goals such as fast response over disturbances, optimum power effi-
ciency over a wider range of wind speeds, voltage ride-through and grid support
capabilities.

2 Wind turbine modelling in  Dlg-
SILENT

After a short description of the power system simulation tool, the goal of this
chapter is to describe the wind turbine modelling in DIgSILENT at component
level, namely the modelling of each wind turbine component.

2.1 Power system simulation tool - DIgSILENT

The increasing capacity of wind power penetration is one of today’s most chal-
lenging aspects in power-system control. Computer models of power systems
are widely used by power-system operators to study load flow, steady state
voltage stability, dynamic and transient behaviour of power systems. Today
these tools must incorporate extensive modelling capabilities with advanced
solution algorithms for complex power-system studies, as in the case of wind
power applications. An example of such a tool is the power system simulation
tool DIgSILENT (DIgSILENT, 2006).

DIgSILENT has the ability to simulate load flow, RMS fluctuations and
transient events in the same software environment. It provides models on a dif-
ferent level of detailing. It combines models for electromagnetic transient simu-
lations of instantaneous values with models for electromechanical simulations
of RMS values. This makes the models useful for studies of both (transient)
grid fault and (longer-term) power quality and control issues.

DIgSILENT provides a comprehensive library of models of electrical
components in power systems. The library includes models of e.g. generators,
motors, controllers, dynamic loads and various passive network elements (e.g.
lines, transformers, static loads and shunts). Therefore, in the present work, the
grid model and the electrical components of the wind turbine model are in-
cluded as standard components in the existing library. The models of the wind
speed, the mechanics, aecrodynamics and the control systems of the wind tur-
bines are written in the dynamic simulation language DSL of DIgSILENT. The
DSL makes it possible for users to create their own blocks either as modifica-
tions of existing models or as completely new models. These new models can
be collected into a library, which can be easily used further in the modelling of
other wind farms with other wind turbines.
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The program DIgSILENT has been extended and further developed for
wind power applications, based on extensive communication and collaboration
between DIgSILENT and Rise DTU National Laboratory for Sustainable En-
ergy.

In the following, the two types of models in DIgSILENT are presented:

1. Built-in models, which are standard electrical component models, al-

ready existing in the DIgSILENT library.

2. DSL models, which are created by the user in the dynamic simulation

language DSL.

2.2 @Grid component built-in models in DIgSILENT

The built-in models are standard models existing in DIgSILENT for different
electrical components. The internal details of these models (e.g. equations, as-
sumptions, approximations) are not directly accessible for the user and therefore
they can only be used as black boxes with predefined inputs and outputs.

During the implementation of different wind turbine models in DIgSI-
LENT, different built-in models are used for the grid components and for the
electrical wind turbine components, e.g. generators, power converters, trans-
formers and capacitors. The simulation results depend strongly on these built-in
component models and they are therefore briefly described below, based on
DIgSILENT documentation.

A grid can be modelled in a graphical programming environment, see
Figure 1, where the power system component models (built-in models) are
dragged, dropped and connected.
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Figure 1: DIgSILENT graphical programming environment.
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2.2.1  Electrical machinery

DIgSILENT provides models for induction (asynchronous) machines as well as
for synchronous machines.

DIgSILENT machine models are black boxes with predefined inputs and
outputs. Figure 2 illustrates the built-in blocks, with the most relevant input and
output signals for squirrel cage induction generator (SCIG), doubly-fed induc-
tion generator (DFIG) and synchronous generator (SG).

Squirrel Cage
Induction Generator

Turbine power pt © O xspeed  Speed
ElmAsmo
Additional rradd © o Pgt Active power
Rotor Resistance
Doubly-fed
induction generator
Turbine power pt @ © xspeed Speed
PWM Amplification, Real Part Pmd © Q Pt Active power
PWM Amplification, Imaginary Part Pmq © EImAsmsc O Ird, Irq Rotor currents (rotor reference frame)
. O Ws r,vs_i Real/Imaginary stator flux (system reference frame)
Additional rradd &
Rotor Resistance Q om Mechanical angle

Synchronous
generator
© ussd Voltage d-component
Excitation voltage ~ ve O
© ussq Voltage q-component
Turbi ot O ut Subtransient voltage
urbine power
P BlmSymo o pgt Active power
ie o
Mechanical torque  Xmdm © o Excitation current
© xspeed Speed

Figure 2: Squirrel cage induction generator (SCIG), doubly-fed induction
generator (DFIG) and synchronous generator (SG) blocks.

1. Squirrel cage induction generator model (EImAsmo asynchronous machine
block model) — has the mechanical power of the wind turbine as primer mover
input. An additional rotor resistance can be inserted if it is necessary. The out-
puts are the generator speed and the electrical power. In the load flow calcula-
tion, used in the initialisation process of the system, the information on the gen-
erators active power has to be specified.

2. Doubly-fed induction generator model (EImAsmsc slip controlled asynchro-
nous machine block model) — has as inputs the mechanical power of the wind
turbine, the pulse width modulation factors Pmd, Pmq and the additional rotor
resistance. As outputs, besides the speed and the active power, the rotor cur-
rents, the stator flux and the mechanical angle of the rotor can be delivered. In
the load flow calculation, the active power for the stator, the reactive power and
the slip have to be specified. Internally, the corresponding modulation factors of
the converter are calculated and together with power balance between the AC
and DC side of the converter, DC voltage and DC current are obtained.

3. Synchronous generator (ElImSymo — synchronous machine block model) —
has as inputs the excitation voltage and the mechanical power of the wind tur-
bine. The outputs are the generator speed, the electrical power and the excitation
current. In the load flow calculation, used in the initialisation process of the sys-
tem, the information on the generators active power has to be specified.
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2.2.1.1 Squirrel cage induction generator (SCIG)

DIgSILENT uses different equivalent circuits to define the parameters in the
induction generator model, as illustrated in Figure 3. It consists of a general
model for the stator, which can be combined with three different rotor models,
depending on the type of the generator. The model is thus basically a classical
induction machine model including a slip dependent rotor impedance Zrot.

Rs Xs
u Xm Ur‘iﬁﬁz ‘VUr= e ™ Ur Zrot General model
s
(['1;
RrA )
‘ Zrot for squirrel cage rotor
ur without current displacement
KrA
RrA0 XrA0
RrA1 RrAZ .
f ’ Zrot for squirrel cage rotor
ur . )
with current displacement
XrA XrA2
Xrm RrAO XrAD

RrA2
Zrot for double cage rotor

XrA2

Figure 3: Squirrel cage induction generator diagram with the different defini-
tions for the rotor impedance Zrot.

The model is characterized by the stator winding resistance R, the stator
leakage reactance X, the magnetizing reactance Xy, and the rotor impedance Z;qt.
The rotor impedance Z, is frequency dependent and allows therefore the mod-
eling over a wide speed/slip range. The rotor impedance can be approximated
by parallel R-L elements. Different rotor circuit designs, depending on the rotor
geometry, can thus be modeled by selecting a specific rotor impedance Zy.

Three different squirrel cage rotor types, as illustrated in Figure 3, can be
used:

e Squirrel cage rotor without current displacement

e Squirrel cage rotor with current displacement

e Double cage rotor

The input parameters of the generator can be entered either by directly
specifying the resistances and reactances of the equivalent circuit diagrams (if
they are known e.g. from tests or other simulation programs) or by specifying
characteristic points on the slip-torque and slip-current characteristic of the gen-
erator. When the electrical parameters are not available, they are automatically
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calculated from the nominal operation point and slip-torque/slip-current charac-
teristics. The nominal operation point is specified by the rated mechanical
power, the rated power factor, the efficiency at nominal operation and the
nominal speed.

The dynamic model of the induction generator uses the steady state pa-
rameters defined in the equivalent diagram depicted in Figure 3. DIgSILENT
provides a d-q model, expressed in the rotor reference frame:

dy,
dt
dy,

0=R i + (0,0, +—L
rir J(syn r)Wr dt

uS:RSiS+ja)SanS+

(1)

where U, i, and  are space vectors for the voltage, current and flux, respec-
tively. @y is the synchronous speed, while a is the angular speed of the rotor.

As the rotor is short-circuited in the squirrel-cage induction generator, the
rotor voltage is set to zero. The voltage equations are used in DIgSILENT in per
unit quantities, as follows:

1) d
U =R+ 20y ke
o, —° o, dt
(o, —®,) 1 d @
0=R,i +jLm=@), 1 ¥
o, T o, d

where @y is the nominal electrical frequency of the network.

As mentioned before, DIgSILENT provides models with different detailing
levels. Depending on the goal of the analysis, it is possible to select the models
of an appropriate detailing level, by choosing the type of simulation method.
For stability analysis, power quality and control issues, RMS simulations are
used. RMS simulations are based on simplified electromechanical transient
models. In the case of induction generators, the RMS simulation is using a third
order generator model, where the stator transients are neglected. For the analy-
sis of the wind turbine’s behavior during grid faults, electromagnetic transient
EMT simulations of instantaneous values are used. For this purpose, models of
higher detailing level e.g. a fifth order generator model are used.

The generator inertia is modeled inside the built-in induction machine
model. The generator inertia is specified in the form of an acceleration time
constant in the induction generator type.

The dynamic model of the induction generator is completed by the me-
chanical equation:

J d)r =Te _Tm (3)

where J is generator inertia, T, is the electrical torque, T, is the mechanical
torque. The mechanical equation can be rated to the nominal torque:

T, =P/, (=5 (4)
and thus the acceleration time constant T,q can be expressed as:

_J(1-s) o, (5)
W= p

n

T
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where @, is the nominal electrical frequency of the network and s, is the nomi-
nal slip.

2.2.1.2 Doubly-fed induction generator (DFIG)

The doubly-fed induction generator (DFIG) model in DIgSILENT, illustrated in
Figure 3, extends the usual induction generator by a PWM rotor-side converter
in series to the rotor impedance Z,,; (DIgSILENT, 2006).

Rs X5 Zrot

J
et =g
U Xm u,{;,z; [Ur— e Ur UAC ] — m |UDC
T‘T

[

Figure 4: Doubly-fed induction machine with rotor-side converter.

The PWM converter inserted in the rotor circuit allows for a flexible and
fast control of the machine by modifying the magnitude and phase angle of the
generator’s AC voltage output Uac on the rotor side. This is done by modifying
the modulation factor PWM. Based on the power balance between the AC and
DC side of the converter, the DC voltage and DC current can be then calculated
(DIgSILENT, 2006). The AC-DC relationship of the PWM converter is the fol-
lowing (the AC voltage is expressed as line-to-line voltage):

o
r 2\/5
o 5
i 2\/5

where PWM;, and PWM,; are the real and imaginary components of the modula-
tion factor, respectively.

It is assumed that a standard bridge consisting of six transistors builds the
converter and that an ideal sinusoidal pulse width modulation is applied. The
relationship between AC and DC currents can be found by assuming that the
PWM converter is loss free:

Py =Re(U 4 I:c) = Upc Ipe = Poe (7)

PWM, ‘U
(6)
PWM, -U

During time domain simulations the converter is controlled through the
pulse width modulation factors PWMy and PWM,, which define the ratio be-
tween DC-voltage and the AC-voltage at the slip rings.

The model equations of the doubly-fed machine can be derived from the
normal induction machine equations by modifying the rotor-voltage equations:

a)syn 1 dl//s
/" + - =

u, =R, +]
B =Rl ¥ T Tt
(o, —®,) 1 d ®
!r e_J(a)syn_wr)t =Br i_r + J syn r +_ %r
o, ' o d

The per unit rotor voltage that appears in the above equation is related to the
DC- voltage as follows:
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V3 U

Uy == PWM, -

- 2\/5 U rnom
A ¥ )

Uy =——-PWM, - —2¢

2\/5 U rnom

where Upon is the nominal rotor voltage.

In the case of faults near the generator, rotor currents are increasing and risk
to damage the rotor-side converter. The rotor-side PWM-converter is therefore
protected against such high rotor currents by a bypass-circuit (Poller, M., 2003).
If the rotor current exceeds the maximum allowed value, a bypass R-L-circuit is
immediately inserted and the rotor-side converter is blocked. All parameters of
the bypass protection, including the time for its automatic removal can directly
be entered in the input dialogue of the doubly-fed induction machine (element).

Figure 5 illustrates the single line diagram of DFIG configuration in DIgSI-
LENT.

External grid

i
T
¥

WTH

3-windings transformer

IGBT Konverter
Stator busbar

© H}—D—-« DC busbar

5 [ =

DFIG

|

1]
[}

Figure 5: Single line diagram of the DFIG in DIgSILENT.

It contains a DFIG built-in model (the usual induction machine model ex-
tended with the PWM rotor-side converter), a common DC — busbar, an IGBT
grid-side converter (independent component in DIgSILENT’s library) and an
inductor in series with the grid converter, used to smooth the converter currents.
This inductor may also be integrated into the transformer.
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The controllers of the rotor-side converter and of the grid-side converter are
implemented as DSL models in DIgSILENT — see for details in Chapter 4.

2.2.1.3  Synchronous generator

A DC excited synchronous generator can be electrically represented by the one
phase equivalent circuit shown in Figure 6. In addition to that, the phasor dia-
gram of the synchronous generator is plotted for an arbitrary operational point.
The rotor field is generated by the excitation current lg, which induces the volt-
age E (electromotive force EMF) in the stator windings. The total magnetic
field is represented with the main inductance X,

Figure 6: One phase equivalent circuit and phasor diagram of a DC
excited synchronous generator

If the stator windings resistance R, and the leakage reactance X, are ne-
glected the equivalent circuit can be simplified. A simplified equivalent circuit
is shown in Figure 7 for a permanent magnet induction generator. The voltage E
is now induced by permanent magnets.

. j-X

h s

E:j'wgen'lPPM E ‘ Us

Figure 7: Simplified equivalent circuit a phasor diagram of a PM ex-
cited synchronous generator.

E electromotive force (induced voltage) X¢ field winding reactance
U, stator voltage X, main reactance

U, voltage, representing the main field Xso stator leakage reactance
I, stator current R, stator reactance

Y Permanent magnet flux 0 load angle

Y% DC excited flux @  power factor

l¢ excitation current Wgen generator rotational speed
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Both, frequency and amplitude of the induced voltage E depend on the actual
rotor speed @Wgen = P~ -Qgen . The difference between the two voltage vectors E
and U, which is mainly caused by the load angle &, drives the stator current I.

Based on this, a dependency between the machine torque, the voltages E and U,
and the load angle ¢ can be derived:

Pen=m-R {US-I: } :m.gq{US.US_E'(COS5—jsin5)}
(10)

- iX,
=-m-——sins
h
P - -E
T, =—¢ = m YsBgns
Qgen Qgen Xh

The reactive power of the generator is determined by:

Quen=M-3 {US.|: } :m_s{us.US—E.(cojsx5—Jsin5)}
A

UZ-U,-Ecosd
m-

X
m number of phases Peen  Generator active power
T. Electromagnetic torque Qgen Generator reactive power
p number of pole pairs £ Mechanical generator speed

Under load conditions, the stator current I and the stator reactance Xj, also cause
a magnetic field, which is superposed to the field of the rotor. Thus, the voltage
U, corresponds to the voltage induced by the total magnetic field (Grauers,
1999). The voltage drop over the machine’s reactance X; provokes a phase de-
lay between the electromotive force E and the stator voltage U, which are equal
only for no-load.

An increasing torque of the generator increases the load angle (the phase
shift between Us and E) and thus also the reactive power of the machine. While
electrical excited machines are controlled to be reactive neutral (reducing the
converter rating to the active power value), permanent magnet machines, with
their fixed excitation, work generally underexcited (Jockel, 2002).

Synchronous machine models for power system analysis are usually based
on the assumption that the magnetic flux distribution in the rotor is sinusoidal.
With this assumption the flux can entirely be described by a vector and thus the
internal voltage E induced in the stator by the permanent magnets can be ex-
pressed as follows:

E =0y Yoy =27 %, (11)

where .. 1s the electrical generator rotational speed, ¥4y is the magnitude of
the flux provided by the permanent magnets of the rotor, and f is the electrical
frequency. The excitation voltage E is proportional with the electrical speed of
the generator.

The equations of a PMSG can be expressed directly from the equations of a
DC excited SG, with the simplification that a PMSG does not have damper
windings (Kundur, 1994). The voltage equations of the generator, expressed in
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the rotor-oriented dg-reference frame RRF (the reference frame d-axis is aligned
with the vector of the permanent magnet flux), can be expressed as follows:

Uy = Rs g — @, V/sq T Wy

. . 12
usq = Rs Isq + a)e l//sd +l//sq ( )
With the stator flux components:

W =Lg I +Vom
(13)

Vg = Lq isq

Where Ugs and Ugs are the terminal stator voltages, igs and igs are the stator cur-
rents, Ly and L4 are the stator inductances in the dq reference frame. In stability
studies, where the stator transients can be neglected, the stator voltage equations
can be reduced to:

Uy = Rs g — @, l//sq

usq = Rs isq + a)e l//sd (14)

The electrical torque of the generator is:

Te = E p Im[ﬁ: i_s]: E p [l//sd isq - l//sq isd] 15
2 2 (15)

Expressing further the stator flux components, the electrical torque can be cal-
culated by:

3 - .
T, =5 P (™ —L) I +¥eu Isq] (16)

If the generator is a round rotor machine, where L4=L,, the equation for the elec-
trical torque results only from the permanent magnet flux and the g-component
of the stator current:

3 ]
T, :E PV¥Wen g (17)

The active and reactive power of the synchronous generator can be then ex-
pressed as:

3 . .
Pgen =Te O, =5 [usd s +usq Isq] (18)

Qgen =%[usq isd _usd isq]

As multipole permanent magnet generators are low speed applications and
generally connected to the grid through a frequency converter system, the gen-
erator has no damper winding in the rotor core. Moreover, due to the permanent
excitation a PMSG has no field windings, in which transient currents could be
induced or damped, respectively. Hence, in case of load changes the field wind-
ings would not contribute to damping either.

As neither a damper nor field winding exists in a PMSG, no transient or
subtransient reactances, as known for wound rotor SGs, can be defined for the
PMSG.
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Xy = Xy =X,

X — X! — X” (19)
q q q

X4 Synchronous reactance X4 Transient reactance

Xq" Subtransient reactance

However, as the multipole PMSG is a low speed application with slow dy-
namics, a damper winding is less important (Akhmatov, 2003). Nevertheless, a
damping of the system must then be applied by means of the converter control.

2.2.2 Power converters

DIgSILENT provides models for different power converters such as: rectifi-
ers/inverters, PWM converters, softstarter. They are briefly described below.

Rectifier/Inverter

The rectifier/inverter model is used to create DC power links, or for build-
ing power electronic devices such as variable speed drives (DIgSILENT, 2006).
The rectifier and inverter models allow modelling of different types of fre-
quency converters. For example, in the doubly-fed induction generator concept,
the rotor circuit is connected to the grid through two PWM converters working
back-to-back.

PWM converter

The power converters used in wind turbines are usually realised by self-
commutated pulse-width modulated circuits, voltage source AC/DC converter
based on the equivalent circuit shown in Figure 8. The DC-link capacitor is not
included in the converter model.

Udc e 1 Uac
\VaVAVAAV.
— b 41 1]

Figure 8: Generic PWM converter model.

These circuits are built by six valves with turn-off capability and six anti-
parallel diodes. The valves are typically realised by IGBTs (insulated gate bi-
polar transistors) because they allow for higher switching frequencies than clas-
sical GTOs.

The general model of the PWM converter, that usually operated as a volt-
age source converter, is illustrated in Figure 9.

a

Udc m

y !

Uac

Figure 9: PWM converter - general model.
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In load flow analysis, PWM converter model supports several control con-
ditions. The initial value of the PWM modulation index results from the load
flow calculation. The supported control conditions are as follows:

Vac-phi — Specifies magnitude and phase of the AC terminal.
Typical control mode for motor-side converters in variable speed
applications.

Vpc-phi — Specifies the DC-voltage and the AC-voltage phase.
No typical application;

PWM-phi — Load flow setup without control. The PWM index is
directly set in magnitude and phase.

Vpc-Q — Specifies DC-voltage and reactive power. Typical appli-
cations: STATCOM, UPFC, grid-side converter for doubly-fed
induction machine, VSC-HVDC applications.

Vae-P - Specifies AC-voltage magnitude and active power. This
mode is equivalent to a PV characteristic of synchronous genera-
tors. Typical applications: Grid-side converter of converter driven
synchronous machines, VSC-HVDC;

P-Q — Specifies P and Q at the AC-side. This control is equivalent
to a PQ characteristic of synchronous machines. Typical applica-

tions: Grid-side converter of converter driven synchronous ma-
chines, VSC-HVDC.

Since the model is based on the fundamental frequency approach, the load
flow calculations will assume always a 50 Hz frequency on the bus bars. Then,
the voltage angle for each bus bar is calculated in respect with the global refer-
ence frame as shown in Figure 10. This is the reason that for all the control con-
ditions in the load flow analysis the frequency is not a controlled variable.

Local

S0Hz reference

frame

50Hz Local
reference
frame

S0H
\' Py T Global

J * reference
frame

Figure 10. Reference systems in DIGSILENT.

Moreover, for the same reason the doubly-fed induction machine model in
DIgSILENT includes the generator side PWM converter. In this case the fre-
quency of the rotor voltage depends on the mechanical speed. If a separate
model for the PWM converter is used and connected to the machine terminals
via a bus bar, terminal or point terminal the load flow calculation will not be
possible. In this situation the fundamental frequency of 50 Hz is used for the
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PWM converter from the rotor-side and the modulation index cannot be calcu-
lated according with the mechanical speed of the machine.

For both RMS and EMT simulations, the PMW converter model is based
on a fundamental frequency approach. The PWM index (magnitude and phase)
can be defined in different ways depending on the application.

The model supports sinusoidal and rectangular modulation. Saturation and
losses are taking into account. An equivalent resistance between the DC termi-
nals models the losses in the converter. At fundamental frequency, the ideal,
loss-less converter can be modelled by a DC voltage controlled AC voltage
source conserving active power between AC and DC side. For values
[PWM|<1, the model equations are expressed as follows:

Uncr =Ky - PWM, -Upe

UACi = Ko 'PWMi 'UDC 20)

where Uacr, Uaci are the real and the imaginary parts of the AC voltage, corre-
sponding to the positive sequence component. PWM,, PWM; are the real and the
imaginary modulation factors, while Kq is the modulation factor, defined as fol-

lows:

A3
242
V243

o K,= for a sinusoidal PWM

e K, for a rectangular PWM or for no modulation

T

For EMT simulations, DIgSILENT provides an additional modelling op-
tion, namely a switching model of the converter using a switching frequency
and on and off resistances.

The input parameters for the converter are the rated AC or DC voltage, the
rated power and the modulation factor Ko, which relates the fundamental com-
ponent of the line to line AC voltage to the DC voltage. The equation (10) is
valid for modulation factor 0< |PWM|<1. For values higher than 1, the con-
verter starts to saturate and the level of low-order harmonics starts increasing. In
order to avoid the low-order harmonics the controllers of the converters usually
limit the pulse-width modulation factor to 1.

Assuming the PWM to be loss-less, the converter equation can be com-
pleted by the power conservation equation:

Pic =Re(U ¢ I/*\C) = Upc lpe = Poc (1)

As the switching frequency of PWM converters is usually very high (5-
10kHz), the switching losses are the predominant type of losses.

The input definitions of the stability model (RMS) are presented in Table
1.
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Name Unit Description

Pm_in p.u. Magnitude of PWM
Index

O p.u. Input frequency

FOHz Hz Input frequency

dphiu rad Voltage angle

Pmr Real part of PWM
index

Pmi Imaginary part of
PWM Index

cosref Cos of reference an-
gle

sinref Sin of reference an-
gle

Pmd PWM Index in d-
axis

Pmq PWM Index in g-
axis

id_ref p.u. Current reference in
d-axis

iq_ref p.u. Current reference in
g-axis

Table 1: Input definition of the stability model.

The control variables for the stability model are defined in 4 ways depend-
ing on the applications (DIgSILENT, 2006):

A.

Pmr, Pmi — Real and imaginary part of the PWM index. The
reference system in this case is the global reference frame,
which is usually defined by a reference-machine, external net-
work, voltage source or a PWM converter. This sets of inputs
must be always used in combination with phase measurement
devices e.g. Phase Locked Loop (PLL) and transformation be-
tween reference frames.

Pmd, Pmq, cosref, sinref — This set of input is used in grid-
connected applications. The PWM Index-vector is specified
with a reference to a reference system, which is defined by cos-
ref and sinref. For example the output from the current control-
lers are connected to Pmd and Pmq while the voltage is meas-
ured using a PLL and its output gives the cosref and sinref sig-
nals.

Pm_in, dphiu — magnitude and phase of the PWM Index. This
representation is equivalent to Pmr, Pmi. The phase of PWM
Index dphiu is expressed with reference to the global reference
frame.
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D. Pm_in, fO (FOHz) — Pm_in is the magnitude of the PWM index
and fO permits varying the frequency of the output voltage. The
control variable fO defines the frequency in p.u., while FOHz in
Hz. According with (DIgSILENT, 2006) this input pair “is es-
pecially useful in variable speed-drive applications, in which a
PWM converter is used for driving an induction machine”.

Based on these available control variables for the PWM-converter model it

can be concluded the following:

o Options A to C can only be used in grid-connected applica-
tions. In order to obtain the right angle for the output voltage
these options requires a phase measurement device (e.g.
PLL). Transformations between reference frames should be
made for option A and B. The frequency of the output volt-
age cannot be varied using these options! This will be in all
the cases around 50 Hz. The control schemes associated with
these options will control only the magnitude and the phase
of the output voltage.

o Option D is the only possibility to vary the frequency of the
output voltage in a wide range. So, using this option is not
possible to use vector control schemes. The only control
scheme associated with this input pair should be similar with
the scalar control (V/f control) for drives.

Softstarter

The softstarter is a simple and cheap power electric component, used in the
fixed speed wind turbine during connection or disconnection to the grid of its
generator. The softstarter’s function is to reduce the in-rush current and thereby
limit the disturbances to the grid. Without a softstarter, the in-rush current can
be up to 7-8 times the rated current, which can cause severe voltage disturbance
in the grid.

The softstarter contains two thyristors, as commutation devices in each
phase. They are connected in anti-parallel for each phase. The smooth connec-
tion of the generator to the grid, during a predefined number of grid periods, is
done by adjusting the firing angle (o) of the thyristors. The relationship between
the firing angle (o) and the resulting amplification of the softstarter is highly
non-linear and depends additionally on the power factor of the connected ele-
ment. After in-rush, the thyristors are bypassed in order to reduce the losses of
the overall system.

The softstarter model in DIgSILENT is a dqo model, considering one
phase and an RL source.

There are many configurations of softstarters, which fed an induction ma-
chine, as for example: a) star connection b) delta connection and c¢) branch-delta
connection. In wind turbine applications mainly the delta connection for the
induction machine is used because the current rating of the stator windings can
be reduced, and the third harmonic in the line currents is eliminated in this case.

In delta branch connection, the softstarter is not in series to the induction
generator lines, but it is built inside the delta of the generator, reducing thus the
power rating of the thyristors. As in DIgSILENT, the softstarter and the genera-
tor blocks are two independent components, it is not possible directly to model
the generator with delta branch softstarter. However, the delta branch connec-
tion could be possibly equivalent with an ideal delta/star transformer in series
with the softstarter and a star connected induction generator.
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Capacitor bank

The capacitor bank is an electrical component, which is supplying reactive
power (i.e. to the induction generators or to the grid). Thus the reactive power
absorbed by the generator from the grid is reduced.

The general compensation device is modelled in DIgSILENT by a series
connection of a capacitor C, a reactor L and a resistance R. The user can choose
between different types of shunt, e.g.: C, R-L or R-L-C. The capacitor can be
connected in a star or delta configuration.

To represent a parallel connection of capacitors, several compensators in
parallel must be connected to the same busbar, as illustrated in Figure 11.

Capacitor bank
|
| [ER—
| = =
|

Figure 11: Capacitor bank in DIgSILENT.

The capacitor bank system is combinations of shunt capacitors, which can
be switched on and off individually, depending on the load situation in response
to changes in reactive power demands.

2.2.3  Transformer

DIgSILENT provides model blocks both for 2-windings transformer and for 3-
windings transformer. The two/three winding transformer is a two/three -port
element connecting two/three cubicles, respectively, in the power system. Both
transformers include manual and automatic tap changers with voltage, active
power or reactive power control.

In the following, the model of the 3- windings transformer is briefly illus-
trated. The representation of the positive sequence equivalent diagram is shown
in Figure 12 and includes a generalised tap-changer model.

The magnetisation current may be chosen to be linear or piecewise linear,
which is defined with a knee-current, a linear current and a saturated current.

The zero sequence equivalent models for three common winding connec-
tions are illustrated in Figure 13 to Figure 15.
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r
bushv taphy : 1 - T 1 tapiv Bisly

Figure 12: Positive sequence - three windings transformer equivalent
model. Source: DIgSILENT Power Factory Manual (DIgSILENT, 2006).
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Figure 13: Zero sequence - grounded star/delta/delta connection.
Source: DIgSILENT Power Factory Manual (DIgSILENT ,2003).
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Figure 14: Zero sequence - grounded star/grounded star/delta connec-
tion. Source: DIgSILENT Power Factory Manual (DIgSILENT, 2006).
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Figure 15: Zero sequence - grounded star/grounded star/ grounded star
connection. DIgSILENT Power Factory Manual (DIgSILENT, 2006).
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2.3 DSL models of wind turbine in DIGSILENT
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Besides the models of the electrical components, already existing in DIgSI-
LENT, as described in Section 2.2, the modelling of the wind turbine also re-
quires models for wind speed, aerodynamic system, mechanical system and
control system.

The Dynamic Simulation Language (DSL) is a powerful feature of DIgSI-
LENT. It allows dynamic modelling of linear and non-linear systems. Thus,
besides the modelling non-electrical wind turbine components (i.e. wind speed,
aerodynamic system, mechanical system), DSL is also used to design and im-
plement different types of controllers, such as capacitor bank (reactive power)
controller, doubly-fed induction generator DFIG controller, active stall wind
turbine controller and variable speed/variable pitch wind turbine controller.

In contrast to the built-in electrical models with initialisation procedures
based on the load flow calculation, the initialisation of DSL models has to be
carried out carefully by the user. Such initialisation is very useful to be able to
evaluate the performance of the whole system (grid connected wind turbine),
both during normal operation and during transient faults. The wind turbine and
the electrical power system must be treated as a unified system, despite their
formal separation at initialisation.

For illustration, a directly grid-connected blade angle-controlled wind tur-
bine is used. Figure 16 depicts the overall structure of such a grid-connected
wind turbine model. It contains (i) the wind speed model, (ii) the aerodynamic,
mechanical, generator and grid model, and (iii) the control system models (i.e.
blade angle control model, capacitor bank control model).

Blade angle 6
control model|
Aerodynamic model
CporCq
table
(dynamic stall effeft
u Ugen
T dynamig/~ dynamic
C oy gneni
u Aerody Ugen d
Wind rodyny 7ot | ool |- Igen e
™ model torque - Generator| ] A Qmess | Capacitor bank
model | model | g Grid model control model
Uipmeas
- Sc
e
Orot Orot
|8rat Orot
Ogen Ogen
Pmeas

Figure 16: Example of grid-connected wind turbine model.

The aerodynamic model, extended with the dynamic stall effect, is fed with
the equivalent wind speed U from the wind model, the rotor speed o from the
mechanical model and the blade angle & from the control model. The mechani-
cal model describes the dynamics of the drive train and delivers the mechanical
turbine power Py to the generator model. Beside the mechanical turbine power
P, the generator model has as input the voltage Uge, from the grid model. It
delivers the rotational speed @yen and the current Iy, as outputs. The blade an-
gle-control and capacitor-bank control systems constitute the overall control.
The blade angle-control model delivers the blade angle & to the aerodynamic
model, by using information on the measured active power Ppess, the generator
speed @yen and the wind speed u. The capacitor-bank control model generates
the capacitor switch control signals S¢ to the grid model, based on information
on the measured reactive power Qness and on the capacitor status signals d..
The active and the reactive power Ppess and Qmeas, measured at the main switch
point MSP of the wind turbine, are used by the control system.
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2.3.1 Initialisation issues on the wind turbine DSL models

In this section, the initialisation procedure and the initialisation of each DSL
component model of a wind turbine is presented. The initialisation procedure is
described by using a blade angle-controlled wind turbine with a directly con-
nected squirrel-cage induction generator, as an example. However, during the
description of the initialisation procedure, some comments regarding the vari-
able speed wind turbine are also made.

To integrate new models in the power-system simulation software, e.g.
wind turbine and new controller models, the initialisation problem must be
solved properly (Hansen A. D. et al., 2003). Correct initialisation of a model in
a power-system simulation-tool avoids fictitious electrical transients and makes
it possible to evaluate correctly the real dynamic performance of the system
(even in the case of a grid transient event). A transient simulation requires very
small time steps and consequently very long simulation time.

Power system simulations start with a load flow calculation. Load flow
calculations provide the steady state condition of the system. For these calcula-
tions certain input data has to be provided by the user. For example, the load
flow input data for a squirrel-cage induction generator includes the active
power, while for a doubly-fed induction generator, the required load flow data
are the stator’s active power, reactive power and the slip. Once the load flow
calculation is performed, and thus all electrical models are initialised (e.g. me-
chanical turbine power at the machine and generator speed are calculated), the
initialisation of non-electrical turbine component models starts.

The initialisation of the grid-connected turbine model is a successive proc-
ess. The main problem is to find the sequence in which the models have to be
initialised one after another. The simulation equations are solved by setting time
derivatives to zero and using the load flow results and additional non-electrical
input data. It is necessary to identify which inputs, outputs and states are known
and which have to be initialised. Once one model is initialised, the gathered
information on its signals and states is used for the initialisation of the next
model. A DIgSILENT command makes it possible to check if the initial condi-
tions are transferred correctly from one component model to another. If the ini-
tialisation is not done properly, the state variables do not stay at the value at
which they were initialised, but start changing at the start of the dynamic simu-
lation. In this case, it may take time to reach a steady state, and even numerical
instability can occur before the stationary state is reached. These initialisation
transients are undesirable in the dynamic simulations, especially in the case
when a real grid transient event appears, just before the system achieves its
steady state. A correct evaluation of the dynamic performance is then quite dif-
ficult to achieve. To overcome these difficulties, an accurate calculation of the
initial conditions of the dynamic wind turbine models is required.

While Figure 16 depicts the direction of the simulation flow, Figure 17 il-
lustrates the initialisation flow of the turbine model. The input data necessary
for the initialisation are:

e clectrical input data (from grid side): e.g. the initial active power of the
generator and the initial capacitor status information d. . These electri-
cal input data are used in the load flow calculation and in the initialisa-
tion of the electrical models.

e non-electrical input data (from turbine side): the initial value of the
wind speed and the initial value of the blade angle.

These input data provide information about the operating point of the tur-
bine at the simulation start. The single-dotted lines indicate the direction of the
initialisation flow, for each component model; see Figure 17. The known sig-
nals at the simulation start, indicated by the double dotted lines, are:

Ris@-R-1400/Second Edition (EN)



e clectrical signals - determined in the load flow calculation: mechanical
power P, generator speed @gen, capacitor status signal d., generator cur-
rent lgen, generator voltage Ugen, the “measured” active power Ppeas and
reactive power Qpeas in MSP (Main Switch Point).

e initially (a priori) known non-electrical signals: the initial wind speed u
and the initial blade angle 6.
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Figure 17: Initialisation flow of a blade angle controlled wind turbine with a di-
rectly connected squirrel-cage induction generator.

The non-electrical input data (from turbine side) and the load flow electri-
cal input data (from the grid side) must correspond to each other, based on the
static power curve of the wind turbine, on the generator efficiency and eventu-
ally losses in the system. The initial value of the wind speed is assumed known
at the beginning of the initialisation sequence because, otherwise, its initialisa-
tion backward from the non-linear expression in wind speed of the aerodynamic
torque would be quite difficult and with ambiguous solutions. The initial value
of the blade angle is also assumed known (Hansen A. D. et al., 2003).

Two initialisation directions are distinguished in the initialisation proce-
dure; see Figure 17. Some of the variables in the initialisation sequence are ini-
tialised in the opposite direction of the simulation (starting from the grid con-
nection point towards the wind); while others are initialised in the same direc-
tion as the simulation is performed (starting from the wind to the grid). When
the initialisation is performed in the opposite direction of the simulation flow,
namely from the grid to the wind, the model is calculated from certain known
outputs to inputs, based on load flow computations. The initial values of the
inputs, outputs and state variables have thus to be calculated from the known
outputs and from the model equations.

For example, in the “Mechanical model” block shown in Figure 17, the
aerodynamic torque T,y is initialised in the opposite direction of the simulation
flow. It is based on the known outputs from the load flow calculation, i.e. the
mechanical power P; and the generator speed @gen.

When the initialisation is performed in the same direction as the simulation
flow, the model initialisation is performed from certain known inputs to outputs.
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The initial values of the inputs are assumed known based on the non-electrical
information about the system in the starting moment, as e.g. the initial wind
speed and the initial blade angle.

During the initialisation process, initial values are successively calculated
in two directions approaching each other. At the point where the initialisations
from the two opposite directions meet, they should match each other. If they do,
a steady state is obtained. Otherwise, fictive transients in the beginning of the
dynamic simulation appear. These fictive transients have been minimised by
choosing a point where the transients can be absorbed, e.g. big inertia in the
mechanical system. The place between the aerodynamic model and the me-
chanical model has been chosen as a point where the two opposite initialisation
directions meet. This is illustrated in Figure 17 by the borderline AA’. The rea-
son for this choice is that the fictive transients in the low-speed shaft torque sig-
nal, in the case of an initialisation conflict, are absorbed due to the large inertia
of the rotor.

The models are initialised one after another, starting with the mechanical
model, followed by the wind model, blade angle control model and the aerody-
namic model. The initialisation of the capacitor-bank control model is based on
the load flow data only, i.e. independent of the initialisation of the other indi-
vidual component models. Once one model is initialised, all its variables are
known and can be used in the initialisation of the next models in the initialisa-
tion sequence.

In the following figures, concerning the models initialisation, the known
signals in the moment of initialisation are illustrated by using double-dotted
lines. Single-dotted lines illustrate the signals, which must be initialised.

2.3.2 Mechanical model

In the mechanical model, Figure 18, emphasis is put only on those parts of the
dynamic structure of the wind turbine that contribute to the interaction with the
grid. Therefore only the drive train is considered in the first place, because this
part of the wind turbine has the most significant influence on the power fluctua-
tions. The other parts of the wind turbine structure, e.g. tower and the flap bend-
ing modes, are thus neglected.

Jrot 1: ﬂgear
Trot k Tshaft

‘Jgen

Orot c N '(.\: ;‘

Fam )

. ggen
Aero; Low speed Gear! High speefl
dynamic shaft box shaft Generator

Figure 18: Drive train model in DIgSILENT.

The mechanical model is implemented as a DSL model in DIgSILENT.
The drive train is essentially a two mass model (Hansen A.D. et al., 2002),
(Serensen P. et al., 2001a), namely a large mass corresponding to the rotor iner-
tia Jyor and a small mass corresponding to the generator inertia Jgen, which is im-
plemented as part of a DIgSILENT generator model. Thus, besides the electro-
magnetic description, the generator model in DIgSILENT also contains the me-
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chanical inertia of the generator rotor Jgen. The low speed shaft is modelled by a
stiffness k and a damping coefficient ¢, while the high-speed shaft is assumed
stiff. Moreover, an ideal gear-box with a ratio (1:Nger) is included.

The drive train converts the aerodynamic torque Ty, of the rotor into the
torque on the low speed shaft Tgha. The dynamical description of the mechani-
cal model consists of three differential equations, namely:

Oror = Doy [rad / S]

0, =, - Do [rad /s] (22)
ngear

d)rot = (Trot - Tshaft)/ ‘Jrot [rad / 52]

where 6 = Gt - Ggen/Ngear s the angular difference between the two ends of the
flexible shaft. The mechanical torque on the low speed shaft and the mechani-
cal power of the generator are:

Tshaft =C (a) rot a)ﬂ) + k ek [Nm]
n gear (23)

w]

Tshaft
n

gear

Pt = wgen

The damping coefficient C is given by:

c=2¢ kI, 24

where £ is the damping ratio and can be expressed using the logarithmic decre-
ment o:

1)

S

I e vaaae—— 25
\GETTd =

The logarithmic decrement is the logarithm of the ratio between the ampli-
tude at the beginning of the period and the amplitude at the end of the next pe-
riod of the oscillation:

S, = h{ﬂ] (26)
a(t+t,)

where a denotes the amplitude of the signal.
Figure 19 illustrates the inputs and outputs of the mechanical model, which
must be initialised. These are the aerodynamic torque Ty, the rotor angle Go

& =

and the rotor speed @yt The mechanical power F’tIf and the generator speed

a)gen are known (double dotted style) from the load flow calculation. The

aerodynamic torque Ty is initialised in the opposite direction to that of the
simulation flow (i.e. from grid to wind, and not from wind to grid), while the
rotor angle 6, the rotor speed @yt and the internal states of the mechanical
model are initialised in the same direction as the simulation flow.
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T rot [Nm]

If
@ geq [p-u.]

Mechanical
model O ot [rad]

Figure 19: Known and unknown inputs/outputs in the initialisation
of the mechanical model.

Notice that the electrical data available from the load flow calculation and
the equations of grid components are expressed in per unit in DIgSILENT. This
aspect must be taken into account in the initialisation process of the turbine

model, as the turbine equations are implemented in physical units. The per unit

If

mechanical power F’tIf and the generator speed @, , generated by the load flow

gen
are:
P
Ptlf = PT;SG [pU]
‘ 27)
I _ a)gen
w gen - a)g:se [p'u]

where P is the rated mechanical power in [W] of the wind turbine,

2 f
b . : .
@ g = is the synchronous speed of the generator in [rad/s], with f as

the grid frequency in [Hz] and p as the number of pole-pairs.
The initial steady states are determined by setting their derivatives to zero:

@

ek — 0 = a):gitial — - gen and -I-Sihnaigal — k eiinitial
gear (28)
@ =0 — -I-inital _ -I-inital and -I-initial _ Pt ngear
rot — rot —  'shaft rot -
a)gen

Notice that since the shaft is rotating, the derivative of the rotor position
6ot cannot be zero. Its value can be initialised to any appropriate value.

The mechanical model, expressed in (12) and (13), is using physical units,
while the signals determined in the load flow calculation are expressed in per
unit. The initialisation of the inputs and states, based on equations (18), must
take the transformations (17) into account, as follows:

o Plf Pbase
initial t t
T rot ngear T _base [Nm]
gen a)gen
If base
initial __ "7 gen "gen
@,y = 0 [rad /S] (29)
gear
initial If base
(9 initial __ Trlontl ° =n Pt Pt 1 [rad]
k= T T llgear If __base |,
k k
a)gen a)gen
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2.3.3 Aerodynamic model

As illustrated in Figure 17, the DSL aerodynamic model block contains two
sub-model blocks. One sub-model block relates to the non-linear expression of
the aerodynamic torque, and the other contains the power coefficient C, or the
torque coefficient Cy look-up tables. In the later sub-model block the modelling
of the dynamic stall effect can be included or not. Figure 20 depicts the known
and unknown inputs/outputs of the aerodynamic model and the initialisation
direction.

The rotor speed o is determined in the initialisation of the mechanical
model. The equivalent wind speed U is known from the initialisation of the
wind speed model. The initial pitch angle #is assumed known. Based on these
known non-electrical signals, the tip speed ratio A, the output aerodynamic
torque T,o and the internal states are further initialised. Notice that the aerody-
namic torque Ty is also initialised in the “Mechanical model”, based on the
electrical input data (load flow data); see equations (19).

Both Figure 17 and Figure 20 illustrate the borderline AA’, where the ini-
tialisation information from two opposite directions (wind turbine side and grid
side) cross each other. In this place, a conflict can appear if the initialisation
information provided by the non-electrical and the electrical signals don’t
match.

>

Initialisation information
from wind turbine side

Initialisation information
from grid side

:

T GCEEEEEEEEEEEEEEEEEE, SRRy Y

=

Aerodynamic model

iyl Aerodyn. | Trot [Nm]

Trot [Nm]
I torque

Figure 20: Known and unknown inputs/outputs in the initialisation
of the aerodynamic model.

As mentioned before, this border position AA” is chosen deliberately at the
aerodynamic torque signal. The reason is that the transients in the aerodynamic
torque, due to the possible discrepancy, can be absorbed by the large inertia of
the rotor.

(a) Aerodynamic torque
Standard aerodynamic programs typically use blade element methods and there-
fore they require considerable computation time. The use of such standard aero-
dynamic programs to simulate wind farms with several wind turbines is there-
fore not attractive. A simplified aerodynamic model is preferably used instead
when only the effect on the power, respectively the aerodynamic torque Ty is
taken into account. This simplified aerodynamic model is typically based on the
aerodynamic power coefficient Cy(6,4) or on the torque coefficient Cy(6, 1),
provided by a standard aerodynamic program.

Thus, the aerodynamic torque developed on the main shaft of a wind tur-
bine with rotor radius R at a wind speed U and air density p can be modelled by
one of the following static relations:

To=—m= 1,72 R W C6.4). (30)
@ 2w

rot rot
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32

or

= 2ip;r R’ U C,(0,4), (D

rot

where the aerodynamic power coefficient C; = C (6, 1) and the torque coeffi-
cient, respectively, C, =C,(6,1) are tabled as matrices, depending on the

pitch angle #and on the tip speed ratio A, which initial value is:

R 0" (32)
uinitial

Both torque expressions (20) and (21) can be used to express the aerody-
namic torque. However, the aerodynamic torque expressed in (21) with the
torque coefficient has the advantage that it is determined directly and not
through power and therefore it can also be used in the case of standstill (@t =
0). This is important because at standstill the aerodynamic power is zero, while
the aerodynamic torque is not. Both torque expressions (20) and (21) are pres-
ently implemented and can be independently used in DIgSILENT.

Notice that both aerodynamic torque expressions (20) and (21) contain the
wind speed U both in explicit and implicit form (through A). They are non-
monotone, highly non-linear and with a maximum point. This means that if the
initial wind speed is not known at the beginning of the initialisation, the wind
speed would have to be determined backwards from the high non-linear and
non-monotone aerodynamic torque expression. This calculation would be both
complicated and have ambiguous solutions.

The aerodynamic torque expressions (20) and (21) are expressed in steady
state operating points, based thus on steady state power coefficient or steady
state torque coefficient. This simplification underestimates the actual power
fluctuations in the stall region (Serensen P. et al., 2001a), and therefore the

aerodynamic model can be improved by taking the dynamic stall effects into
dynamic
P

A initial __

account. A dynamic power coefficient C (0 A) and a dynamic torque co-

efficient Cs YA (@ 1), respectively, are used instead.

(b) Dynamic stall model

The dynamic stall effects, described in (Serensen P. et al., 2001a), (Hansen
A.D. et al, 2002), appear because, at strong wind speeds, the dynamic
power/wind speed slope is much steeper than the static power/wind speed slope.
This is the reason why, at strong wind speeds, the power fluctuations in reality
are much larger than the power fluctuations estimated by using the standard
power curve.

Figure 21 illustrates both the steady state power curve of a wind turbine
and how large the dynamic power fluctuations are caused by wind speed fluc-
tuations. Two situations are illustrated: low wind speed region (U < 8 m/s - case
1) and high wind speed region (U > 8 m/s - case 2). For low wind speeds (case
1) there is no significant difference between the static power P**'° and the dy-
namic power PY™™ because the amplification factors of the fluctuations for
both steady state and dynamic state are similar. This is not the case for the high
wind speeds (case 2) in the stall region, where, due to the dynamic stall effects,
fluctuations in wind speed, produce larger power fluctuations.
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Figure 21: Power fluctuations in the stall region with and without dynamic stall.

The applied model for the dynamic stall is a slight modification of the
method described by (Jye & S.,1991), where the dynamic stall is modelled as a
time-lag of separation. According to this method, the lift coefficient for a blade
section can be associated with different flows with different angles of attack:

(i) an attached (un-separated) flow, which corresponds to the steady state flow
at low angles of attack;

(i1) a fully separated flow, which corresponds to the steady state flow at large
angles of attack;

(iii) a steady state flow (static flow).

Instead of using lift coefficient C,, as it is proposed by (Qye & S., 1991),
the dynamic stall effect model can be based on the aecrodynamic power coeffi-

cient C, or on the torque coefficient C,. In the following, only the generation of
dynamic

the dynamic aerodynamic power coefficient Cp

is presented, as the genera-

dynamic

q is similar.

tion of the dynamic aerodynamic power coefficient C

C dynamic

The dynamic power coefficient table, C

, is generated by using three

other tables: one for the steady state (static) power coefficient, C;taﬁc , one for

attached
C p

the attached power coefficient, and one for the separated power coeffi-

: separated
cient, C o P )

In order to illustrate these three power coefficients (static, attached and
separated) and thus the influence of the dynamic stall effect over the whole
wind speed range, a simulation of a single wind turbine is performed. In this
example, the equivalent wind speed is designed (not modelled by the rotor wind
model) to have a sinusoidal variation with a 3p frequency, amplitude of 2 m/s
and a linear increasing mean value, as it is illustrated in Figure 22. The simula-
tion is performed with a constant pitch angle, which corresponds to 2 MW
power at high wind speeds.
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Figure 22: Designed equivalent wind speed - input for
wind turbine simulation.

Figure 23 shows the profile of the dynamic power curve, modelled with
and without dynamic stall. The cyclic behaviour of the sinusoidal wind speed
input signal is transferred through the second order dynamic model of the
transmission system to other signals, such as the aerodynamic power, the aero-
dynamic torque and the rotor speed  with a corresponding phase shift. The
significantly increased amplitude of the dynamic power fluctuations at high
wind speeds illustrates that the dynamic stall effect is important at large wind
speeds, while at small wind speeds it is not relevant. The improved aerody-
namic model with the dynamic effect is thus able to simulate the larger fluctua-
tions in the power in the stall region. It is also observed that even the power
curve without dynamic stall has some cyclic behaviour. This is due to the sinu-
soidal wind speed input signal, which is transferred to the other state variables
through the model dynamics. Beside the sinusoidal wind speed, the power coef-
ficient without dynamic stall, expressed as a function of wind speed, Cy(u,6),
also influences the calculation of the small cycles in the power curve without
dynamic stall.

25 -

15

Aerodynamic power [kW]

— With dynamic stall R
Without dynamic stall

05

I L
5 10 15 20 25

Wind [m/s]

Figure 23: Power curve with and without dynamic stall effect.

Figure 24 illustrates the power coefficient as a function of tip speed ratio,
A=w R/ U, for the steady state, attached, separated and dynamic flow, simu-

lated with the wind speed illustrated in Figure 22. It is observed that the steady
state power coefficient, C;tat'c, illustrated this time as function of A, does not
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. .. tatic - . .
contain any cycles. This is because C;**is an algebraic function of rotor speed

o, wind speed U and pitch angle 6. It is also noted that the steady state C;tatic

attached
C p

converges to the attached power coefficient at high A values (low wind

speeds), while at small A values (high wind speeds), the steady state C;tatic con-

verges to the separated Cffparated. Moreover, at small wind speeds, the steady
dynamic
p

differ significantly, because at small wind speeds the dynamic stall effect is not

relevant. At high wind speeds (small A values) the values of the dynamic power
dynamic
p

state C;tatic power coefficient and the dynamic power coefficient C do not

coefficient C are delayedwith the time constant t of the first order filter,

and then moved towards the steady state power coefﬁcien‘cCZtatic on an almost

“parallel” curve with the attached and separated coefficient curves. The calcu-
lated value of ng”am'c is interpolated between these “parallel” curves, which

correspond to different separation ratios f (Serensen P. et al., 2001a). The dy-
dynamic
p

sponds to the fact that it cannot change instantaneously from one value to an-
other, remaining thus on a specific intermediary curve for a time lag. Thus, at

high wind speeds, the variation of C gynamic is different from that of C ;taﬁc .

namic value C is the result of the first order filter, which physically corre-

A
attached C:separated
c P
C P

»,
»

A

Figure 24: Steady state, attached, separated and dynamic power coeffi-
cient as a function of A.

The three power coefficients (static, attached and separated) are determined
as follows. As illustrated in Figure 25, for a certain known blade angle fand a
known tip speed ratio A, the three power coefficient look-up tables are provid-

. ttached tati ted
ing the values for CS ached C;a'c and C;eparae )
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Look-up tables
c attached C:mmeu(ﬁ, )
p

" static separated C dynamic
C™ (0.4 C p C p 1 f attached separated
fc: +(1-H)C 3

static
C p

C;eparated(a 2 C T)ttached_C ;eparated 1+s7

C separated
p

Figure 25: Known and unknown inputs/outputs in the initialisation of the dynamic stall
model.

The dynamic separation factor f is defined as the following transfer func-
tion:
C ;tatic _ C separated 1

f— p

- attached separated
C p C p

1+s«7 (33)

dynamic

The dynamic power coefficient C

is interpolated between the at-

attached separated
C: C rereed

tached power coefficient,

Cdynamic — fCSttaChEd + (1_ f) C;eparated (34)

p

, and the separated coefficient

The factor f is a dynamic separation ratio, obtained by using a low pass fil-
ter with a time constant (lag) t, approximated, as in (Serensen P. et al., 2001a),
by t = 4/uy, where U, is the mean wind speed.

With a known blade angle fand an initialised tip speed ratio A in (22), the
initialisation of the dynamic power coefficient is performed in the simulation
direction (see Figure 25), based on the expressions (23), (24) and on the final-
value theorem (Laplace transformation):

Cdynamic, initial - _ C;tatic(Q, /1) (35)

p

Once the dynamic power coefficient is initialised, the aerodynamic torque
Trot can be also initialised:

initial __ 1 2 3 dynamic, initial
T - nital P 7 R™u CP

rot 2 @ (3 6)

rot

Notice that there are two expressions, (19) and (26), which indicate the ini-
tial value of the aerodynamic torque. Nevertheless, the initial value of T, actu-
ally corresponds to (19), from which T,,; immediately steps to the value given
by (26). In the case of mismatch between the initial input data (both from grid
side and wind turbine side) in the initialisation sequence, the expressions (19)
and (26) will yield different initial values of the aerodynamic torque. This pro-
duces a transient step in T,or. However, due to the large inertia of the rotor, such
a transient in the aerodynamic torque will be rapidly absorbed. This is why the
delimitation border between the two opposite information sources (i.e. grid side
or wind turbine side) is chosen deliberately to be at the aerodynamic torque sig-
nal.

2.3.4  Wind model

The wind model, implemented as DSL model in DIgSILENT, generates the
equivalent wind speed U based on a spectral description of the turbulence and
includes the rotational sampling turbulence and the tower shadow effect. The
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wind model is described in details in several references, such e.g. (Serensen P.
et al., 2000), (Serensen P. et al., 2001a), (Serensen P. et al., 2001b).

The wind speed model is built as a two-step model — see Figure 26. The
first is the hub wind model, which models the fixed point wind speed at hub
height of the wind turbine. In this sub-model, possible park scale coherence can
be taken into account if a whole wind farm is modelled (Serensen P. et al.,
2001a). The second step is the rotor wind model, which adds the effect of the
averaging the fixed point fixed-speed over the whole rotor, the effect of the ro-
tational turbulence and the effect of the tower shadow influence. One input of
the rotor wind model block is the azimuth position of the turbine rotor &,
which provides the frequency and the phase of the 3p fluctuation. The presence
of the rotor position & in the model makes it directly applicable also for vari-
able speed wind turbines.

Hub wind model Rotor wind model

Unp [M/s] .|  Averaged wind over rotor
Ll

Fixed point wind speed

Rotational turbulence

Tower shadow

Figure 26: Simplified scheme of wind model with known and unknown in-
puts/outputs.

The rotational turbulence and the tower shadow are included in the model
as they have a major impact on the dynamics. They cause fluctuations in the
power with three times the rotational frequency (3p), which is the frequency
that mainly contributes to flicker emission during continuous operation. The
tower shadow is modelled as a 3p fluctuation with constant amplitude, whereas
the rotational sampled turbulence is modelled as a 3p fluctuation with variable
(stochastic) amplitude (Serensen P. et al., 2000).

As indicated in Figure 26, the initialisation of the wind speed model is
performed in the same direction as the simulation. The initial value of the
equivalent wind speed U is the same as the initial wind speed value, inserted in
the initialisation sequence in Figure 16. It corresponds to the active power of
the generator, based on the static power curve of the turbine and on the genera-
tor efficiency. If a time series describing the wind speed is available, then this
can directly replace the wind model. The first value in the time series is then
used as the known initial wind speed value in the initialisation sequence.

The two sub-models of the wind speed model, the hub wind model and the
rotor wind model, contain a cascade of second order filters (Langreder W.,
1996), of the following transfer function form:

S*T, +sT, +1 y
ST, +sT, +1°" (37)

Your = K

where Yot and Vi, are the output and the input, respectively, while K, Ty, T, T3,
T, are estimated parameters (Langreder W., 1996). The key in the initialisation
of this cascade of second order filters is the initialisation of each second order
filter, and therefore the generic initialisation of a second order filter is presented
shortly in the following. The second order transfer function (27) can be ex-
pressed in terms of the following canonical state space form:
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X
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Assuming that the output Y, is known, the initialisation of the input y;, and of
the two states (Xy, Xp) is:
)-(l — O — Xlznmal — 0
0 initial
=0 = X = Yin (39)
initial
yin = yout / K

2.3.5 Capacitor-bank control model

The capacitor bank (reactive power) control model is described in the fol-
lowing section. As illustrated in Figure 16, the capacitor-bank, with a specific
number of capacitors, is controlled, at each moment, based on information about
the measured reactive power. The number of capacitors to be connected or dis-
connected at each new step is determined by the control system.

Figure 27 illustrates the DIgSILENT block diagram for the capacitor bank
controller. The diagram is general for the simulation of capacitor bank switch-
ings, and consequently it can also be used in different wind turbine models.
Only the number of capacitors, as well as the averaging time may differ from
one wind turbine type to another.

Capacitor 1 Current
measurement
: Initialfold state
of

capacitors.

|
i
i
Capacitor N Current|
measurement

Switching || sc
Elmswi* |

Clock

Flipflop Clock Sample —Hold »| Signal- switching
ElmClock*

ElmFli* ElmSamp* EImSig*

Sum ——
ElmSum*

memct Sample ~Hold

eactive power Average ElmSamp*

measurement [ Emave | i
In MSP

Figure 27: DIgSILENT diagram for capacitor bank controller.

The switching of capacitors is done based on the average value of the
measured reactive power during a certain period of time. This average value is
used to avoid rapidswitchings of the capacitors, due to the short variations in the
reactive power, and thus, to reduce the switching frequency and to protect the
contactors. First a moving average of the reactive power is applied, and then a
sample-hold function is used to represent block averages. The sample-hold
function stores its sampled input signal at the output until the next rising edge of
the clock signal appears. The reactive power is measured in the Main Switch
Point (MSP), where the reactive power supplied by the already connected ca-
pacitors is taken into account. Therefore the control of reactive power is a
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closed loop control. Such output average includes the closed loop effect of the
reactive power supply from capacitors, which are already connected at a certain
moment. The total number of capacitors, which are connected at each step, is
obtained by a digital integrator, implemented in the block “Sum”, Figure 27. At
each time step, this block has information about the closed loop reactive power
and the memorised number of capacitors used previously. This information is
provided by the block “Initial/old state of capacitors”. The output of the digital
integrator is first stored and then used to define the switching signals, which are
used in the control block “Switching”. Based on this process, the control block
sends switching control signals S; to the capacitor-bank contactors of the grid
model, in order to operate different capacitors, and thus to supply the required
number of capacitors in the grid model, at a specific moment. It is thus at each
step determined how many additional capacitors should be further connected or
disconnected.

A very simplified version of the control diagram of the capacitor bank is
shown in Figure 28. The known and unknown inputs and outputs of the capaci-
tor-bank control model as well as the initialisation direction are shown. The
initialisation is performed in the simulation direction, based on electrical char-
acteristics of a grid-connected turbine: the status signal of each capacitor d, and
the measured reactive power Qpeas of the turbine.

Capacitor bank

q

Icl [A]

Capacitor bank Sc
control model

IE | Icn [A]

Figure 28: Known and unknown inputs/outputs in the initialisa-
tion of the capacitor bank control model.

The initialisation of the switching control signals S; is based on the status d.
information about the capacitors. The capacitor status signal d. indicates
whether a capacitor is connected or disconnected in the starting moment of the
simulation. The status initial information d of the capacitors (Cy, ..., C,) is in-
dispensable for a correct initialisation of the capacitor bank control model. The
capacitor K is considered connected if its current is positive, I >0. Based on
how many capacitors are connected at a certain time and on the measured reac-
tive power Qmeas (“required” at that moment), the number of capacitors to be
further connected or disconnected at the next time step is calculated.

2.4 Combined heat and power plant

In order to obtain the characteristics of a local grid a dynamic model of a
small CHP unit is implemented in DIgSILENT.

Various technologies are used in CHP plants (Jenkins N., et al. 2000) e.g.
back pressure steam turbines, pass-out condensing steam turbines, gas turbine
with waste heat recovery, etc.

CHP units are typically controlled, or despatched, to meet the heat de-
mands and not to export electrical power to the utility distribution system (Jen-
kins N., et al. 2000). The heat output is generally controlled as a function of
ambient temperature. Alternatively, a CHP unit can be controlled to meet the
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electrical load demand or may be run to supply both heat and electricity in an
optimal manner (Jenkins N., et al. 2000). However, the last mode of operation
requires a more complex control system.

Currently, the Danish small CHP plants are mainly controlled to meet the
heat demand.

Usually, the small CHP units are equipped with a self-regulated brushless
synchronous generator (alternator). The rated power is in 2-10 MV A range with
voltages in the 3-13.8 kV. Power generating sets are generally manufactured to
meet specific requirements (A. van Kaick Neu-Isenburg, a).

The generator consists of a primary internal pole machine (G1), an external
pole exciter (G2), an equal-pole type of auxiliary exciter (G3) and a voltage
regulator with a thyristor control element as shown in Figure 29.

Voltage
‘ Adjuster
Voltage
Regulator
T
.4-'\\--‘
G1
g /7N
“ 1 " A A
/
N -—
G2 G3

Figure 29: Block diagram of a self-regulated brushless alternator type
AvK..

Some protection schemes are included such as:

e External short-circuits — in a multi branch mains system the circuit
breakers should operate selectively in such a way that the switch nearest
the short-circuit trips as fast as possible while all others remain in cir-
cuit. In this way the short-circuits are always isolated within the main
grid and do not cause the generator switch to trip. So, the alternator
short-circuit protection normally operates as a stand-by protection de-
vice.

e Overload — this is the main protection device for the generator;

e Unbalanced load — an unbalanced loading cause a temperature rise in
the machine;

e Short break in the mains voltage — the generators operating in parallel
with the main grid have a high risk in the case of a fault in the main grid
particularly if the rating of the main grid is higher than the generator
rating. The recovery voltage from the main grid may catch the generator
in an asynchronous phase position and can cause high currents similar
to short-circuit currents and the possibility of mechanical damage. Dis-
connection of the generator from the main grid should take place in less
than 200 msec (A. van Kaick Neu-Isenburg, a);

e Protection against reverse power — if the prime mover fails the machine
becomes an electric motor and drives the generating sets (turbine);
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e Asynchronous operation — can occur as a result of a failure of the exci-
tation system or the grid voltage collapsing during short-circuits;

e Exciter failure;
e Underspeed and overspeed protection;

e Overvoltage — this type of protection is used on medium voltage alter-
nators. A 2-stage protection relays are used typically for 30% over volt-
age. Voltage monitors will not protect the alternator against external
voltage peaks (switching peaks or atmospheric effects);

e Overfrequency — is used if there is a risk of dangerous over speeds
caused by the prime mover.
Since the principal method of control for small CHP unit is based on active
power and reactive power/power factor as shown in Figure 30 it requires a con-
nection with an infinite bus bar.

Infinite Busbar

P’Q’ PF [,ymeas![meas
calculations

AN

Synchronous
Generator
Reactive Power N
or Power Factor
setpoint T Turbine

Governor »

Active Power
setpoint

Figure 30: Typical control scheme for a small CHP unit.

A voltage measurement is supplied to the Automatic Voltage Regulator
(AVR) and a speed/frequency measurement to the governor. However, in this
mode of control these signals are not used.

The error between the active power set point and the measured ones fed to
the governor. This governor controls the steam/gas supply to the turbine.

Similarly, the excitation of the generator is controlled based on reactive
power or power factor. The error signal between the set point and the actual
value is passed to the AVR and exciter. The exciter controls the field current
and thus the reactive power output (power factor) of the generator.

Using this control method the operational points of the CHP are as shown
in Figure 31. Usually, the CHP operates at unity power factor during the night
while during the day it works at 0.8 power factor. The active power is related
with the heat demand.
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Figure 31: Operational points for a synchronous generator used in a
small CHP.

It is clear that such a control scheme does not take into account the grid
conditions. The active power is set to a value which does not take into account
the frequency of the system whereas the reactive power set point (or power fac-
tor) does not consider the grid voltage. Moreover the operation at non-unity
power factor increases the electrical losses in the generator, while changing the
active power delivered to the grid according with the grid frequency will affects
the prime mover if the unit operates as a CHP.

The model, which was implemented in DIgSILENT during this project has
the above mentioned control characteristics. The control variables are the active
power and the power factor. However, additional signals namely frequency and
voltage are available. Thus, this model can be extended so that the possibilities
of dispatching the unit can be explored in the future.

The block diagram of the model implemented in DIgSILENT during the
project is shown in Figure 32.

Local Grid

Combined Heat |
and Power Plant |

: cos ‘:p--:.u: PF I -meas ) j.‘i?.‘df
' calculation
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| 1
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Speed Power | | Gas
Governor Limitation [ | _Power I Turbine
[ . Distribution !
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! | Dynamics |
! B e _
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Figure 32: Block diagram of the small CHP unit implemented in DIgSI-
LENT.
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An AvK generator type DIDB 160 h/4 with 5.4 MVA rated power is used
for the CHP model (A. van Kaick Neu-Isenburg, b). The prime mover model is
based on a GEC Alsthom gas turbine Type GT8C2 (Cigre, 2003).

The excitation system is IEEE Type ACS5A, which is a simplified model
for brushless excitation systems (IEEE Std 421.5-1992). This model can be used
to represent small excitation systems and has been widely implemented by the
industry (IEEE Std 421.5-1992).

3 Fixed speed active stall wind tur-
bine concept with AC connection —
with traditional power controller

An active stall wind turbine is in principle a stall-controlled turbine with vari-
able pitch angle. The generator of an active stall turbine is a simple squirrel
cage induction generator directly coupled to the grid. The main difference be-
tween stall and active stall turbines is a pitch actuator system for variable pitch
angles, which allows the stall effect to be controlled. In addition the power coef-
ficient C, can be optimised to a certain extend.

The implementation of the controller is done in a general way so that as
much as possible is expressed in terms of parameters. The idea is to use this
controller model to simulate different existing wind turbines with specific pa-
rameters. In-depth knowledge about manufacturer specific controller design is
not necessary.

The model described in this report spans the power control during normal
operation in the range from start-up wind speed to shutdown wind speed of a
single speed generator turbine.

When the wind speed is between start-up wind speed and nominal wind
speed the pitch angel is adjusted to optimise C, i.e. power output.

When the wind speed is above nominal wind speed power output is limited
to nominal power by utilising the stall effect. To get a flat power curve, i.e. con-
stant nominal power in the range between nominal wind speed and shut-down
wind speed, the pitch angle has to be adjusted accordingly. For comparison: In a
stall-controlled turbine the pitch angle is fixed and that means that the power
output cannot be held constant. Instead the stall effect leads to a drop below
nominal power in the range of high wind speeds. The maximal power of a stall
turbine depends on air density, grid frequency and aerodynamic influences e.g.
dirt on the blades.

3.1 Active Stall Control Strategy

It is desirable to be able to control the electrical output power of wind turbines.

There are different types of wind turbines, which apply different control strate-

gies for controlling the output power of the turbine. One is the active stall con-
trolled wind turbine.

The operation of an active stall wind turbine can be divided into two modes:

e Power limitation: power output is limited to nominal power when wind

speed is between nominal wind speed and shut-down wind speed; pitch

angle @is adjusted to control the stall effect. In order to get a flat power

curve, i.e. constant nominal power in the range between nominal wind
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speed and shut-down wind speed, the pitch angle has to be adjusted ac-
cordingly.

e Power optimisation: power yield is maximised between start-up wind
speed and nominal wind speed; pitch angle € is adjusted to optimise the
power coefficient C, and hence the power output.

In a passive stall turbine the pitch angle is fixed and that means that the
power output can neither be optimised nor controlled limited at wind speeds
beyond nominal wind speeds. Instead the stall effect leads to a drop below
nominal power in the range of high wind speed.

Although active stall turbines also use the stall effect like passive stall wind
turbines, active stall turbines have considerable advantages. The maximum
power output of passive stall turbines depends on wind speed, air density, grid
frequency, and aerodynamic influences like dirt on the blades, while the maxi-
mum power output of active stall turbines can be controlled to a constant value.

3.1.1 Power Limitation

Power limitation is activated whenever the electrical power is above its nominal
value, or the wind speed is above its nominal value. In the power limitation
mode the power is controlled in a closed control loop, where the measured and
averaged generator power is compared with its setpoint, which is the turbine’s
nominal power.

If the averaged power exceeds the setpoint, & is increased in negative direc-
tion to increase the stall effect and hence to limit the power output. If the aver-
aged power falls below the nominal power, 6 is increased in positive direction
to reduce the stall effect.

3.1.2 Power Optimisation

The power output of the turbine is optimised whenever the wind speed is below
the nominal wind speed and the power is below the nominal power. Optimising
power can only be done by finding the pitch angle that corresponds to optimal
power coefficient C,(6,u) at a given wind speed u. Optimising power by varying
the tip speed ratio A, which in the simplest case could happen by switching be-
tween two different generator speeds, is not considered here.

The pitch angle € can be adjusted to get optimal Cy(6,u) at a given wind
speed. In reality this means that the wind speed is averaged over a certain time
and @is adjusted so that it tracks optimal Cy(6,u) for this averaged wind speed.

Power optimisation is an open loop control since there is no feedback from
6 and power to wind speed.

By adjusting € not only according to wind speed, but also according to
power, side effects like varying air density and dirt on the blades can also be
taken into account (Lehnhoff M. et al, 1998). This aspect is not considered in
this project, since here focus is on the simulation of short-term operations. Dirt
on the blades and varying air densities however are comparatively slow effects.
In power optimisation the controller looks up appropriate values of & in a
lookup table. This lookup table consists of wind speed values and correspond-
ing @ values that refer to maximum C, at the respective wind speed.
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3.1.3 Transition between power limitation and power optimisation
mode

The transition between the operation modes power limitation and power optimi-
sation is a decision the controller based on the operating point of the wind tur-
bine.

Power over wind speed

power optimisation power limitation

— static power curve

Power

0.0
4 vn 25

wind speed [m/s]

Figure 33: Static power curve with operation modes of an active stall
controlled wind turbine.

The static power curve in Figure 33 shows the operation modes: power op-
timization and power limitation. The dashed line shows the border between the
operation modes, which is where the transition takes place, considering steady
state operation.

In the dynamic operation of the turbine the decision whether power optimi-
sation or power limitation mode is to be active has to be made on the basis of
averaged wind speed and averaged power values.

3.2 Traditional power controller

In the following subchapters the active stall controller is developed. For this
purpose a fictive 2 MW example turbine is used.

The controllers for power optimisation, power limitation and transition are
described in the following.

3.2.1 Power optimisation

In the power optimisation mode the pitch &-values are looked up in a table. The
6-values corresponding to optimal Cp-values have to be found in the C, table,
which describes the aerodynamic properties of the blades.

In order to achieve maximum power yield for each wind speed the maxi-
mal C, and the corresponding € has to be found, because the aerodynamic
power is calculated according to:

P=l-p.z-R2-u3-cp(9,u)

2 (40)
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3.2.1.1 Generating @lookup table

The aerodynamic properties of the blades are applied in the simulation model,
as a C, table. In order to generate a @lookup table that contains é-values, which
correspond to maximum C,- and not maximum Cg-values, a C, table has to be
generated from this Cg table. This is done using the following equation:

C,(0,u)=C,(0,u)- 2
(41)

Note that maximising C; would not achieve maximal power output since
maximum Cy and maximum C, do not necessarily correspond to the same 6.

The lookup table needed in the controller is a € versus u table. A is con-
verted to U since in a constant speed turbine the tip speed U, of the rotor does
not vary. U is calculated as follows.

] =_tr
' (42)
R-w

U= (43)

Note that rotor speed and hence tip speed Uy are considered to be constant,
neglecting the fact that the slip in the generator is actually a function of power.
(Nominal slip is typically 1% to 2% of nominal speed.)

Cp over theta, parameter wind speed

05

6:35 4m/s
0.3 5m/s
a o —6m/s
o ' 8m/s
62 — 10m/s
045 —11m/s

-10 -8 -6 -4 -2 0 2 4 6 8 10

theta [degree]

Figure 34: C, curve as function of the pitch angle @ for different wind speeds.

To get an idea how accurately the optimal & should be met, Figure 34
shows C, curves for different wind speeds as a function of 6. It can be seen that
at low wind speeds the C, over € curves have rather sharp maxima, i.e. C, is
sensitive to small deviations from optimal & (optimal & corresponds to maxima
in C,). At higher wind speeds the curves become flatter and the values of the
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maxima lie closer to each other, i.e. deviations from optimal € and slight varia-
tions in wind speed make no big differences in Cp,.

The graph in Figure 35 shows maximum C,, optimal & and linearly interpo-
lated € over the range of relevant wind speeds (power optimisation range). Op-
timal @ is the pitch angle required to achieve maximum C, under any wind
speed.

Cp max, optimal theta, linear theta over wind speed
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Figure 35: Maximal C,, optimal 6 and linearised 6 over wind speed.

In Figure 35 the graph of optimal @ shows a lot of discontinuities, espe-
cially between 8 m/s and 9.5 m/s. These discontinuities stem from rounding er-
rors and from the discrete data points in the C; table, which have a rather low
resolution (step sizes are: = 0.1 degrees and 4= 0.2).

It is not desirable to follow the discontinuities in theta opt as depicted in
Figure 35 in a wind turbine controller. Looking at Figure 34 it becomes clear
that only a little increase in C, can be achieved from an attempt to follow opti-
mal @ all too accurately. Hence for control purposes a lookup table with the
most relevant points and a linear interpolation between these points is used.
These values can also be seen in Figure 35 where they are called linear theta
opt.

When finding the points between which € shall be linearly interpolated it
has to be kept in mind that the optimal & for lower wind speeds should be met
precisely. As it can be seen in Figure 34 the C, over € curves have sharp
maxima for low wind speeds.

The pitch angle #1is adjusted on the basis of averaged wind speed values in-
stead of instantaneous wind speed values. For this purpose the method of mov-
ing average is used. Moving average is a realistic way of filtering the wind sig-
nal since this is the method often used in wind turbine controllers.

3.2.2 Power limitation

To get the power limiting stall effect the blades have to be pitched in negative
direction when electrical power of the wind turbine exceeds nominal power.
Figure 36 illustrates how power over wind speed behaves for different pitch
angles.
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Power over wind speed
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Figure 36: Power over wind speed for different pitch angles.

Figure 37 illustrates how the pitch angle has to be adjusted in order to get
nominal power (which is 2 MW in this model) for all wind speed values be-
tween nominal wind speed and shut-down wind speed.

2MW pitch
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Figure 37: Pitch angle 6 required for constant 2 MW power output in
the power limitation wind speed range.

The pitch angle @ is controlled in a control circuit as shown in Figure 39,
where the averaged electrical power from the turbine is compared with the
power setpoint i.e. nominal power (2 MW).

The electrical power is filtered using moving average in the same way the
wind speed signal is filtered in the power optimisation mode.

3.2.3 Transition between optimisation and limitation

Figure 35 and Figure 37 show that the pitch angle & at the end of the optimisa-
tion range and at the beginning of the limitation range is quite different. The
reason for this is that the power curves for different pitch angles in Figure 36 lie
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close to each other and are very steep in the range between 10 m/s and 12 m/s.
To avoid big steps in d when moving from one operation mode to the other, the
B-values at the end of the power optimisation range have to approach the &
values at the beginning of the power limitation range. This can be achieved by
modifying the & lookup table, so that @ falls linearly with the slope as in the
linearly interpolated € curve between 10 m/s to 11 m/s. The linearly interpolated
and extrapolated & curve, implemented as a lookup table in the simulation
model, are depicted in Figure 38.

This solution is a compromise between maximal power yield in the power
optimisation mode and a smooth transition between the operation modes. This
compromise reduces the maximum possible power in the range between 11 m/s
and 11.8 m/s (which is the nominal wind speed in this example). However, the
maximal difference between the practically achieved and the theoretically pos-
sible power is only 13.5 kW at 11.8 m/s. This is not only a marginal loss in
terms of power, it is also a very small loss in terms of produced energy, since it
is reasonable to assume that in most wind power sites a wind speed of 11.8 m/s
is a rarely occurring wind speed.

linearised and extrapolated theta over v

0 T T T T T T T T T |
4 5 6 7 8 9 ,—\\10 11 12 13 14
Y ——theta
El = opt
L JI/7 linear
2 extrap.
theta

theta [degree]

wind speed [m/s]

Figure 38: 0,, and 6 as implemented in 6-lookup table: Linearly inter-
polated in power optimisation range and linearly extrapolated for tran-
sition between power optimisation and power limitation.

For transition between power optimisation and power limitation the follow-

ing conditions have to be fulfilled:

e Transition from power optimisation to power limitation: power output
has to be greater than nominal power or wind speed has to be greater
than nominal wind speed.

e Transition from power limitation to power optimisation: power output
has to be less than nominal power and wind speed has to be less than
nominal wind speed.

3.2.4  Pitch angle control system

In this subchapter the generation and implementation of the pitch angle setpoint
in the pitch control system is described.

Figure 39 shows a diagram of the general control circuit of the pitch con-
trol system. The control circuit diagram is divided into four sections, namely
“power limitation”, “transition switch”, “pitch logic” and “pitch system”.
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The PI-controller for power control (in the section “power limitation” in
Figure 39) generates a pitch angle setpoint from the difference between the
power setpoint and actually measured and averaged power. The I-part of the PI
controller is combined with an anti-windup loop. The task of this anti-windup is
to avoid that the integrator keeps integrating while the power control is not ac-
tive, or while the pitch angle is held constant by the pitch logic. The gain Py, in
the anti-windup loop has to be tuned to the normal hold time of the sample and
hold (S&H in the section “pitch logic”). When the gain P, is not tuned cor-
rectly the anti-windup either does not work properly, or effectively disables the
I-controller. The first case occurs when P, is too low and the latter case occurs
when Py, is too high.

For safety reasons the signal from the PI-controller is limited to a reason-
able range, e.g. —2deg to —90deg, which is the range in which & can be during
the power limitation mode.

Also in the section “power limitation” in Figure 39 is a block called “over-
power”, which detects when the averaged electrical power is excessively above
nominal power.

In the section “transition switch” in Figure 39 is the switch, which selects a
pitch angle setpoint, either from the power controller for power limitation mode,
or from the lookup table for power optimisation mode.

Control
signal
ey | 4 4 0
e T
trigger
Power Actual 6Lookup
Setpoint ~ Power
power limitation transition pitch logic pitch system
switch

Figure 39: General control circuit of active stall pitch actuator system.
Pl-power controller, pitch mode selection, sample and hold with a
selection of 2 hold times, threshold for pitch angle setpoint and pitch
actuator system model.

To the right of the section “transition switch” in Figure 39 is the section
“pitch logic”. This section contains a sample and hold (S&H) and a threshold
block. The desired operation of an active stall wind turbine is to pitch only
when necessary. The S&H block has an input from the overpower block in sec-
tion “power limitation”. This input to the S&H block has impact on the hold
time, which is needed for overpower protection.

In the section “pitch system” in Figure 39 is a representation of the pitch ac-
tuator system. The characteristic of the pitch actuator system is modelled by a
pure limitation in the rate of change in pitch angle. The pitch angle setpoint &,
is compared with the actual pitch angle & and the difference is multiplied with a
factor Ppiwch, which has the unit deg/s. This signal is limited to a parameter that

deg
defines the maximum rate of change in the pitch angle.
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The integrator in section “pitch system” integrates over the limited rate of
change in the pitch angle setpoint, which leads to the actual pitch angle of the
blades.

The factor Ppien determines the slope of the limiter characteristic in the
range between the limits. It is desirable to have the steepest possible slope in
order to avoid that the simulation of the pitch actuator system shows a dynamic
behaviour in the range of small rates of pitch angle changes. This would mean
that the integrator would not integrate fast enough. If however Ppicn becomes
too big, i.e. the slope becomes too steep; the limiter cannot output small rates of
change. In such a case it would permanently jump from one limit to the other
instead of staying at a value between the limits.

3.2.4.1 Subsystem to avoid unnecessary pitching

To get pitch actions only once in a specified period the pitch angle setpoint &,
from either the power controller or from the lookup table, is held in a S&H
block.

To further avoid unnecessary pitching a threshold block downstream of the
S&H block (in Figure 39) allows a new setpoint &, only when the new setpoint
differs from the old setpoint by a minimum value.

The function of this combination of S&H and threshold is depicted in
Figure 40 where an example & with two different slopes is used to illustrate the
function of the system.

The S&H block samples at each positive flank of the rectangular signal. In
this example the parameters for threshold, hold time and the slopes of the input
signal &. are chosen such that the function of the threshold block becomes clear.

oy

ANaly

hold

LT UL

Figure 40: Function of the combination of sample and hold (S&H) and
threshold. Input signal & is a ramp, which leads to the output signals &,
of the S&H and the threshold block. The rectangular signal triggers the
S&H at each flank.

The rectangular signal determines at which points in time the S&H block
samples a new value. If however the difference between the newly sampled
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value and the current output value of the threshold block is not bigger than the
threshold parameter, the current output of the threshold block is held.

3.2.42  Overpower protection

Overpower protection protects the wind turbine from damages due to excessive
power production. If under any circumstance the averaged power exceeds a cer-
tain level, immediate action has to be taken to limit the power output to avoid
damages in mechanical and electrical components of the turbine.

The overpower block in Figure 39 compares the power error with an over-
power parameter. If the power error exceeds the value of this parameter the
overpower block effects that S&H uses a much shorter hold time. This means
that pitching takes place much more frequently and hence the power output of
the turbine can be reduced within a reasonable time.

The power signal that is used for overpower protection (and also for power
control) is averaged using a moving average. The averaging time should not be
too long but should only make sure that periodic fluctuations in power are fil-
tered out. This avoids that the power controller picks up a setpoint that is not
realistic to act on. If the averaging time would be too long, the implied delay
would make the overpower protection ineffective.

3.3 Wind turbine controller implementation in
power system simulation tool

In the following the implementation of the above-described controller, into the
power system simulation tool DIgSILENT PowerFactory is described. During
the implementation of the controller care has been taken, that as much as possi-
ble is expressed in terms of parameters.

The idea is to simulate different existing active stall wind turbine control-
lers with this simulation model. The parameters allow the model to be fitted so
that it represents the existing controllers of the considered wind turbine. Fur-
thermore the parameters make the program understandable by avoiding con-
stants in the program that are not self-explanatory.

The controller is split up into sub-models as it can be seen in Figure 41.

setpoint bo
_— )
cl held_theta_setpoint
o/¢- 0 s&h 0
av_el_power input
1 10——=0 5
' ) pltch_system0 p
av_wind_speed gitch_controller
clock_normal .
clock_fast
0 5
fast 6
clock
op—
normal 5
=< .
clock S held_theta_setpoint
ﬁl
Q
£

Figure 41: The part of the wind turbine composite model that contains
the pitch controller, the pitch actuator system, the sample and hold
(S&H) unit and the two clocks that are necessary for the two different
hold times in the S&H.

The block “pitch controller” in Figure 41 contains a macro that is depicted
in Figure 42. The pitch controller macro contains the PI controller for power
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limitation, pitch angle setpoint selection (operation mode selection) and clock
signal selection for overpower protection.

pitch_controller:
over &
PN power
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overpower
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Figure 42: Pitch controller macro.

The block “pitch system” in Figure 41 contains the macro, which is de-
picted in Figure 43.

pitch_system:

held theta unlimited limited
setpoint Y pitch rate itch rate pitch rate theta
threshold! = ™9 gain plimiter s

theta

Figure 43: Pitch actuator system macro with threshold and pitch rate
limiter.

As it can be seen in Figure 41 the two clocks as well as the S&H block are
separate units in the composite model and not a part of the pitch actuator system
macro where they would naturally belong. The reason for this is that clocks as
well as S&H are built-in DIgSILENT elements and can hence only be used in
composite models, but not in macros.

3.3.1 Power optimisation

For power optimisation, i.e. pitch angle from &-lookup table, the & versus wind
speed table is implemented in the program. In Figure 42 the block select pitch
determines whether or not 6 from the lookup table (in Figure 42 it is called
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theta_lookup) is to be chosen. The conditions for choosing theta lookup as
theta_setpoint are:

av_el_power < setpoint OR av_wind_speed < nominal wind speed
(The variable names are as depicted in Figure 42, and “nominal wind speed” is
a parameter.)

Wind speed is averaged using moving average. The averaging time is de-
termined by setting a parameter. The averaging time should be similar to the
normal hold time of the S&H block. For 8 values corresponding to wind speed
values, which lie between two values in the table, linear interpolation is applied.

The moving average function, used for averaging the wind speed and elec-
trical power signal, is implemented into the program as shown in Figure 44
(here at the example of wind speed).

wind_speed AN av_wind_speed

o ..
divisor
T

wind_speed

delay
T

Figure 44: Moving average macro.

For initialisation of the moving average block the assumption is made that
the wind speed is constantly on the initial value prior to the start of the simula-
tion. This way a moving average with a constant averaging time can be realised,
even at the beginning of the simulation i.e. before the simulation time exceeds
the averaging time.

3.3.2 Power limitation

The PI-controller of the closed power control loop is split up into a P- and an I-
controller.

As explained before, the I-controller is combined with an anti-windup loop.
The gain in the anti-windup loop has to be tuned to the normal hold time of the
S&H. When the gain is not correctly tuned the anti-windup either does not work
properly, or effectively disables the I-controller. The first case occurs when the
gain is too low and the latter case occurs when gain is too high.

The power that is controlled (in Figure 42 this signal is called av_el_power)
is not the instantaneous power but a moving average of the instantaneous elec-
trical power. The averaging time is a parameter and has to be tuned so that fast
periodic fluctuations like 3p and fast transient wind speed changes are filtered
out, but at the same time overpower can be detected after a tolerable time delay.
Therefore it is advantageous to set the power averaging time to a value similar
to the short hold time of the S&H because during overpower protection opera-
tion these two times have to match each other.

If the averaged power exceeds a certain level of overpower i.e. the condi-
tion error < -(overpower parameter) is fulfilled the overpower block sets its
digital output to high. This effects that the switch in Figure 42 selects the fast
clock signal. The clock signal is input to the S&H block where it determines the
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hold time. By switching between two different clock signals the pitch controller
can choose between two different hold times i.e. pitch frequencies.

3.4 Simulations

Different scenarios are simulated to assess the performance of the controller
developed.

The impact of the S&H/threshold subsystem on power production is as-
sessed, where applicable, by comparison with a reference turbine. This refer-
ence turbine is subject to the same wind speed input but has the least possible
restrictions on the pitch action. In both cases i.e. the turbine to be assessed and
the reference turbine, the power is averaged over 600 seconds. This allows an
effective comparison of the power yields and a quantification of this difference.

3.4.1 Parameter Settings

In all simulations the parameter settings are the same and as listed in Table 2.
The parameter settings are chosen such that a fictive example-turbine rated at 2
MW is simulated. By selecting other sets of parameters specific types of active
stall turbines could be modelled.

The Power Averaging Time (T4p) is a parameter and has to be tuned so that
fast periodic fluctuations like 3p and fast transients from transient wind speed
changes are filtered out, but at the same time overpower can be detected after a
tolerable delay time. Therefore, it is advantageous to set T,p to a value similar to
T, of the S&H.

Uy Nominal Wind Speed [m/s] 11.8
Pn Nominal Power [kW] 2000
o, Air Density [kg/m’] 1.25
R Rotor Diameter [m] 80
Tap Power Averaging Time [s] 5
Taw Wind Averaging Time [s] 60

r Maximum Pitch Rate [deg/s] 8
Pitch Gain Pitch System 1000
Ppow Gain Power Controller 0.01
lpow I-gain Power Controller 0.0025
Paw Gain Anti-Windup 500
Toh Normal Pitch Setpoint Hold Time [s] 60
Ten Short Pitch Setpoint Hold Time [s] 5
Pover Allowed Overpower [kW] 300
ABhin Minimum Pitch Angle Change [deg] 0.5

Table 2: Parameters of simulation model of an active controlled wind
turbine.

The reference turbine, to which the power yield of the turbine described in
Table 2 is compared to, has the same parameter settings as in Table 2; only the
parameters listed in Table 3 are different.
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Thn Normal Pitch Setpoint Hold Time [s] 5
ABpin Minimum Pitch Angle Change [deg] 0

Table 3: Parameters of reference turbine.

The reference turbine has the least possible restriction on the pitch actions.
As it can be seen in Table 3 the pitch angle setpoint threshold is disabled and
Thn is set to the shortest possible value. (Continuous pitch action is not possible
since the controller is not designed for that i.e. instabilities might occur under
certain conditions.)

3.4.2 Power optimisation

Figure 45 illustrates the simulated operation in power optimisation mode with
the mean wind speed set to 8 m/s.
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Figure 45: Normal operation in power optimisation mode at mean wind
speed 8 m/s. Wind speed, electrical power and pitch angle.

In Figure 45 the pitch angle is held constant since the changes that would
be due are below the threshold. The restrictions on pitching implied by the pa-
rameters A6 and Ty, lead to losses in the 10-minute average of power produc-
tion as it can be seen in Table 4. To calculate the relative difference in averaged
power the power of the active stall turbine (restricted pitch action) is used as
basis (100%).
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600 s power 600 s power | A averaged relative
average average power A averaged power
standard active reference P2 -P1 P2 —-P1
stall turbine turbine T *100%
P1 P2
684.4 kW 691.1 kW 6.7 kW 0.98 %

Table 4: Comparison of power yield in power optimisation mode.

It can be seen that the pitch angle changes that occur maximum every 5
seconds (when no A6, is used) lead to a better power yield of 0.98%. This in-
crease in power yield however has to be paid for with many consecutive pitch
actions (every 5 seconds), which means stress for the pitch actuator system.

3.4.3 Transition between optimisation and limitation

To simulate the behaviour of the controller under transition conditions the mean
wind speed is set to 12 m/s.
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operation mode: overpower_flag
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Figure 46: Operation at mean wind speed of 12 m/s. Frequent transition
between operation modes. Wind speed, electrical power, pitch angle,
overpower indicator and operation mode indicator.

The diagram in Figure 46 shows that transition frequently takes place. The
signal “power_limitation_flag” is a digital indicator: If on 1 power limitation
mode is active; if on 0 power optimisation mode is active.

The power is always around nominal power, intolerable overpower does
not occur, nor is power below nominal power, while wind speed is above nomi-
nal wind speed. The pitch angle is held constant since the differences implied by
the changes in wind speed and by the different operation modes are always be-
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low 0.5 degrees. This proves that the linear extrapolation of the & lookup table
leads to a smooth transition between the two operation modes.

Unlimited pitch action leads to no increase in power yield, on the contrary
averaged over 10 minutes the power yield is slightly less. Unlimited pitch action
avoids not only power deviation below, but also beyond nominal power. How-
ever, damages caused by excessive overpower have not to be feared since this is
cared for by the overpower protection. Hence pitching every 5 seconds leads to

no improvements but to extra stress for the pitch actuator system only.

600s power 600s power A averaged relative A
average stan- average power averaged power
dard active reference P2-P1 P2 -P1
stall turbine turbine *100%
P1 P2
1918 kW 1916.8 kW -1.2 kW -0.06 %

Table 5: Comparison of power yield under operation mode transition con-
dition.

3.4.4 Power limitation

In Figure 47 the performance of the controller in power limitation mode is as-
sessed by applying rather high wind speeds, i.e. mean wind speed is set to 23
m/s.
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Figure 47: Operation in power limitation mode at mean wind speed 23
m/s. Wind speed, electrical power and pitch angle.

Also for such high wind speeds the controller finds the appropriate pitch
angle so that power is always around nominal power. If mean wind speed is at a
constant level, pitch angle changes are usually not required as can be seen in
Figure 47.
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Although it has to be said that the absolute power variations are rather big
considering that they exceed £ 100 kW around nominal power, trying to control
them out would make little sense in terms of power quality. Considering large
wind farms these fluctuations anyway do not exist to such an extent at the ter-
minals of the wind farm, since fluctuations of individual turbines partially offset
each other (Rosas, P., 2003).

The operation of the reference turbine is an attempt to control out the
power fluctuations. Here the power output of the turbine gets much closer to
nominal power, which means less deviation from nominal power. This leads to
a decrease in the 10-minute power average of negligible 0.03 % as it can be
seen in Table 6.

600s power 600s power A averaged relative A
average active average power averaged power
stall turbine reference turbine P2 -P1 P2 -P1
P1 P2 57— 100%
2000.9 kW 2000.2 kW -0.7 kW -0.03 %

Table 6: Comparison of power yield in power limitation mode for an
active stall controlled wind turbine.

While the power limitation is a straightforward task for an active stall wind
turbine in the case of moderate wind speed changes only, it becomes a more
demanding task when the overall average wind speed increases considerably.
To simulate such a situation in the following simulation, the mean wind speed is
11 m/s until the simulation time 60 s, between 60 s and 160 s it is ramped up
from 11m/s to 16 m/s. This corresponds to a slope in mean wind speed of 3 m/s
per minute. The simulation results of this scenario are depicted in Figure 48.

0.00 49.98 99.96 149.9 199.9 [s] 249.9
wind speed: instantaneous
***** wind speed: moving_average

49.98 99.96 149.9 199.9 [s] 249.9
electrical power: instantaneous
77777 electrical power: moving_average

operation mode: overpower_flag
— — - operation mode: power_limitation_flag

Figure 48: Operation with increasing wind speed implying overpower.
Wind speed, electrical power, pitch angle, overpower indicator and op-
eration mode indicator.
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The turbine starts off in the power optimisation mode, where an increase in
the pitch angle takes place. With an increasing wind speed the turbine enters
into power limitation mode and a further increasing wind speed lets the average
of the power exceed 2300 kW (300 kW beyond nominal power, which is the
maximum allowed level of tolerable overpower). As soon as overpower is de-
tected the pitch angle is adjusted with a maximum delay time of 5 seconds,
which is Tg,. The signal “overpower_flag” is a digital indicator: If overpower is
detected it is set to 1.

Due to the steadily increasing wind speed it takes three overpower protec-
tion operations to get power permanently down to nominal power.

It can be seen that the controller manages efficiently to limit power to or at
least close to nominal power and at the same time does only pitch when it is
effective and necessary.

4 Fixed speed active stall wind tur-
bine concept with AC connection —
with grid support power controller

Today, the wind turbines on the market mix and match a variety of innovative
concepts with proven technologies for both generators and power electronics
(Hansen A.D., et al., 2004), (Blaabjerg F., et al., 2004), (Hansen A.D., 2005).
The survival of these wind turbine technologies is strongly conditioned by their
ability to support the grid, to handle faults on the grid and to comply with the
stringent requirements of the utility companies (Slootweg JG, et al., 2001),
(Gjengedal T., 2003). These wind turbine technologies have to support the grid,
i.e. to participate actively in the control of the active and the reactive power on
the grid.

During the last years, the market interest for the fixed speed active stall
wind turbine concept has decreased slightly in favour of variable speed wind
turbine concepts (Hansen A.D., 2005). One reason for that is that they do not
contain advanced power-electronic components and their control is typically not
designed to support the grid. However, they are still attractive due to their ro-
bustness, simplicity and low cost. The market interest for wind farms with ac-
tive stall turbines may therefore increase if their grid support is improved.

A grid support power controller for active stall wind turbines has been de-
veloped and presented e.g. in (Hansen A.D., et al., 2006a) and (Hansen A.D., et
al., 2006b). Such designed power controller has as task of enabling better grid
integration characteristics for active stall wind turbines with AC connection. It
has to be as fast as possible to power reference changes, but still with physical
limits on pitch activity. The active stall wind turbine model, presented in this
work, is intended to cover turbines like the ones in Nysted.

Figure 49 illustrates a typical example layout of the active stall wind tur-
bine. The induction generator, softstarter, the capacitor bank for reactive power
compensation and the step-up transformer are all placed in the nacelle, and thus
the transformer is considered part of the wind turbine. The control of active and
reactive power is based on measured power at the Main Switch Point MSP.
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Figure 49: Active stall wind turbine layout including softstarter and ca-
pacitor bank.

4.1 Grid support active power controller

Wind turbine active power controller must be able to adjust the wind tur-
bine production to the power reference demanded by the system operator.
In case of normal operation conditions, the wind turbine has to produce
maximum power. In power limitation operation mode, the wind turbine
has to limit its production to the power reference received from a wind
farm controller or directly from the system operator. The power reference
required from the wind turbine can be equal to the rated power of the
wind turbine or less than that. Figure 50 illustrates the power curve and
Cp curves for a 2 MW active stall wind turbine for different imposed
power setpoints.
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Figure 50: Power curve and Cp curve for different wind turbine power
setpoints.

Notice that by imposing a power setpoint lower than the designed rated
power of the wind turbine, the wind turbine range with high aerodynamic effi-
ciency is, as expected, reduced, while the maximum aerodynamic efficiency is
moving toward lower wind speeds.

In the previous chapter, i.e. Chapter 3, a traditional power controller has
been presented and designed for a typical active stall wind turbine. This tradi-
tional controller is very slow because it tries to reduce the pitch activity as much
as possible to limit the stress of the pitch system. Such a controller design is not
optimal for grid support, since in this case the wind turbine or the wind farm is
asked to act as a fast active element in the power system. To speed up the power
control, a new active stall power controller is proposed and described in this
chapter. To provide the best grid support, the aim is to use a simpler power con-
troller, which enables fast control of the wind turbine power to different power
setpoints imposed for example by system operator.

Figure 51 illustrates the new proposed power control scheme for an active
stall wind turbine. A PI controller with antiwind-up ensures a correct active
power production from the wind turbine both in power optimisation control and
power limitation control modes. The input of the controller is the error signal
between the measured active power at the Main Switch Point (MSP) (see Figure
49) and an imposed active power reference. The PI controller produces the pitch

angle reference @ ., which is further compared to the actual pitch angle & and

ref »

then the error A8 is corrected by the servomechanism. In order to get a realistic
response in the pitch angle control system, the servomechanism model accounts
for a servo time constant Ty, and the limitation of both the pitch angle and its
gradient. The output of the actuator is the actual pitch angle of the blades.

The available power of the wind turbine can be monitored at each instant,
based on the wind turbine’s power curve and the filtered wind speed uj, as illus-
trated in Figure 51. The wind speed is filtered appropriately to avoid unneces-
sary fluctuations.
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Figure 51: Grid support active power control scheme.

In the power optimisation control mode, the controller has to maximise the
power production. In this case the difference between the measured power and
its reference value is always positive and is integrated up until the pitch refer-
ence angle reaches the upper limit of the controller. The optimal pitch angle is
thus given by the upper limitation of the controller. This upper limitation is cal-
culated on-line based on an “optimal pitch” look-up table as a function of the

estimated tip speed ratio 4 =@,z R/ U;, where @,z is the wind turbine

rotor speed, R is the rotor radius and u; is the filtered wind speed.

In the power limitation control mode the error signal AP of the controller
is negative and therefore the pitch angle moves from the upper limitation and
starts to actively drive the measured power to the power reference. Notice that
the measured power used in the error signal is lowpass filtered in order to avoid
the 3p fluctuations (three times the rotational frequency) in the power causing
the pitch angle to fluctuate with the 3p frequency as well. This is because it is
assumed that the pitch system is too slow to remove the 3p from the power, and
thus the 3p fluctuations in the power would stress the system unnecessarily.

Compared with the controller presented in Chapter 3, the present controller
contains an additional gain scheduling control of the pitch angle in order to
compensate for the existing non-linear aerodynamic characteristics. The gain
scheduling is necessary to ensure that the total gain of the system remains un-
changed irrespective of the operational point of the wind turbine. The non-linear
aerodynamic characteristics imply that the effect of pitching on the power varies
depending on the operational point. The goal of the gain scheduling is therefore
to change the proportional gain of the controller K, in such a way that the total
gain of the system remains unchanged irrespective of the operational point of
the wind turbine. The pitch sensitivity, namely the effect of pitching, can be

. dP .
expressed mathematically by @ The total gain Kgysem of the system can be
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then expressed as the proportional gain of the PI controller, K, times the pitch

.. dP
sensitivity of the system @ , as follows:

K

-1
i . {dp} P const (44)

system = Kp a0 K | de
where K is a dimensionless constant independent of the operation point.

The total gain of the system Kgem is kept constant by changing K, in

such a way that it counteracts the variation of the pitch sensitivity @ by the

dP7"
reciprocal sensitivity function {@} , hence:

P 1"
K, =K, {E} (45)

. ... dpP : .
The pitch sensitivity @ of the system depends on the operational point of

the wind turbine. The operation point of the wind turbine is characterised di-
rectly by the wind speed and the power setpoint and indirectly by the pitch an-
gle and tip speed ratio. The implementation of the gain scheduling, namely the
expression of the non-linear aerodynamic amplification in the system, is per-
formed on-line based on the simulated pitch angle and tip speed ratio, according
to:

dc
w1 arw S
do 2 do

where Us is the filtered wind speed and the power -coefficient
C, =C, (0, 4) depends on the pitch angle 6 and the tip speed ratio A. Figure

(46)

52 illustrates the pitch sensitivity for different wind speeds and power setpoints.
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Figure 52: Pitch sensitivity function versus wind speed for different power set-
points.
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Notice that the pitch sensitivity increases at higher wind speeds. This
shows that the more sensitive the system is (larger pitch angles 6/ higher wind
speeds) the smaller the gain for the controller should be and vice versa. When
the active power setpoint is decreased, the pitch sensitivity becomes significant
also for lower wind speeds.

4.2 Grid support reactive power controller

Compared with the controller described in Chapter 3, the present wind tur-
bine controller contains also an additional controller for the reactive power of
the wind turbine. As illustrated in Figure 49, a capacitor bank is chosen to com-
pensate for the reactive power absorbed by the induction generator or required
by the grid operator. The reactive power consumption of an induction generator
is a function of its loading and it increases as the active power increases. The
power factor of the induction generator at rated load is usually in the range of
0.85-0.90, which means that the consumption of reactive power is typically
about half of the active power generation. This aspect is taken into account in
the design of the size of the capacitor bank. In order to be able to produce reac-
tive power to the grid, the size of capacitor bank should thus be larger than the
amount of reactive power consumed by the generator.

In the present implementation, a standard DIgSILENT SVC component is
used to model the capacitor bank instead of a number of individual capacitors as
used in earlier models (Serensen P., et al, 2001a). The SVC component is a
standard component in DIgSILENT and has the advantage of being an effec-
tive and easier way to simulate a capacitor bank consisting of several capacitor
steps of the same size.

The standard SVC component is a combination of a shunt capacitor bank
and a thyristor controlled reactance (TCR). The thyristor controlled reactance is
usually used for a continuous control of reactive power. However, the compen-
sation unit in wind turbines consists only of capacitors. Thus the TCR part of
the standard SVC component is deactivated in the design of the present SVC
control.

A discrete control of SVC is implemented using the dynamic simulation
language DSL of DIgSILENT — see Figure 53. The capacitors in the capacitor
bank can be switched on and off individually by the control system, depending
on the load situation, in response to changes in the reactive power demand.

Clock Register
MSP
Qref
1 SvC
MsP -~ AQ Digital
Q —= 5| Sample-Hold . (( f
meas integrator IT°T

Figure 53: Designed SVC control for the active stall wind turbine.

MSP

meas ON the

The difference AQ between the measured reactive power Q
lowvoltage side of the step-up transformer at the Main Switch Point MSP (see

Figure 49) and an imposed reference reactive power QM

P . .
et > 1s used inside a

sample-hold block. This block stores its sampled input signal at the output until
the next rising edge of the clock signal appears. The clock supervises further-
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more a register, which memorises the number of capacitors, which have been
switched on at the previous clock period. For each clock period, based on the
new updated and the old loading situation, a digital integrator determines the
required number of capacitors.

The control system of SVC has to solve a dilemma: it must be able to
switch the capacitors fast in order to be able to support the grid but on the other
hand it should not attempt to control the 3p fluctuations in the reactive power
consumption of the induction generator due to the wind fluctuations. The tradi-
tional wind turbines with directly connected induction generators are equipped
with standard capacitor banks using mechanical contactors, which are typically
controlled in intervals of 1-10 minutes. This control is not fast enough in the
case when the turbine has to support the grid. However, if the capacitors are
switched more often using mechanical contactors, the transients due to the
switchings will reduce the lifetime of the capacitors and contactors too much.
To provide a faster control possibility, new wind turbines are using thyristor
switches instead of mechanical contactors, which can reduce the switching tran-
sients significantly and thus make it possible to switch the capacitor much more
often without reducing the lifetime significantly.

As an example, the active stall controlled Bonus wind turbines in Nysted
offshore wind farm in Denmark are equipped with such a dynamic phase com-
pensation unit, using thyristor switches. Another similar dynamic phase com-
pensation unit was tested on a wind turbine by Serensen et.al. (Serensen P, et
al., 2004). This test concluded that the dynamic phase compensation technology
should not be used to remove the 3p fluctuations in reactive power, because the
transients caused by the many capacitor switchings appeared to cause more
flicker than could be removed by dynamically compensating the 3p reactive
power fluctuations.

The control system of the capacitor bank has thus to switch the capacitors
fast in order to be able to support the grid, but on the other hand it should not
attempt to control the 3p fluctuations in the reactive power consumption of the
induction generator.

In the present work, the fast switching of the capacitors is ensured by the
clock time 20 ms, while the insensitivity to 3p fluctuations in the wind speed is
realised by implementing a hysteresis in the digital integrator. The output of the
digital integrator is sent directly to the SVC component and thus the required
number of capacitors is switched on or off. The hysteresis has been used instead
for a lowpass filter in order to keep a very fast response to large changes in the
reactive power reference. This is regarded as important for the ability of the
wind turbines to support with voltage control.

4.3 Simulations

Different scenarios are simulated to illustrate the performance of the new devel-
oped grid support power controller for the active stall wind turbine. The control-
ler’s performance is assessed and discussed by means of normal operation simu-
lations of a 2 MW active stall wind turbine.

Figure 54, Figure 55 and Figure 56 present simulation results of the pro-
posed power control strategy of the active stall wind turbine, shown in Figure
51 and Figure 53, respectively. The active stall wind turbine is simulated at an
average wind speed of 11 m/s and a turbulence intensity of 20%. This opera-
tional point for the wind turbine corresponds to a transition operational regime
for the wind turbine, between power optimization and power limitation regime,
where the 3p fluctuation (three times the rotational frequency) is strong.
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Figure 54: Power reference response of an active stall controlled wind turbine.

Figure 54 shows the reference power Py, the measured power P, at the
MSP and the filtered measured power Py used in the controller, together with
the pitch angle and generator speed, respectively. As expected for an active stall
wind turbine, the 3p fluctuation is present in the measured electrical power
Pmeas. In order to illustrate the performance of the active stall wind turbine con-
troller, the following sequence is assumed. The first 60 sec, the power reference
is set to the rated power (i.e. 2 MW). The power reference is then stepped down
to 0 MW and after 120 sec it is stepped back again to 2 MW.

In the first and last 60 sec of the simulation, by setting the power reference
equal to the rated power for a wind speed less than the rated wind, the wind tur-
bine has to produce maximum possible power. In this case the pitch angle is set
by the upper limit of the controller given by the “optimal pitch” look-up table —
see Figure 51. The wind turbine is then ordered to work in the power limitation
mode when the power reference is set to 0 MW. In this control mode, the tur-
bine has to produce less than it is capable of and therefore the power controller
starts to actively drive the measured power to the power reference. The control-
ler has been tuned so that the pitch angle changes smoothly from one steady
state operational point to another without any overshoot. A reduction of the
power production implies a more negative pitch angle and a smaller generator
speed (slip). The demand of producing 0 MW is achieved while the wind tur-
bine operates close to the border between generator and motor modes.

Figure 55 gives a more detailed view on the power and the pitch angle in
the moment when the power reference is stepped down to 0 MW. The new
power reference is reached in 4-5 seconds. The change in the pitch angle is lim-
ited by the pitch rate limiter + 8 deg/s, which exists in the actuator.
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Figure 55: Detailed view of the power reference responses illustrated in Figure
54,

Figure 56 illustrates the simulation results for the reactive power control,
sketched in Figure 53. The simulation case is the same as shown in Figure 54.
The reactive power at the MSP is controlled to zero by switching on or off a
certain number of capacitors. In the present simulation a capacitor bank consist-
ing of 12 steps with 0.1 MVar is used. A clock with 20 ms sampling period en-
sures a necessary fast switch of the capacitors. With this fast sampling period,
as seen in Figure 56, the reactive power is changed immediately by capacitor
switchings as soon as the reactive power exceeds the hysteresis interval £150
kVar. Figure 56 also shows the number of capacitors switched during the simu-
lation. Notice that, as expected, a step down in the active power reference im-
plies a reduction of the reactive power demand and, as a result, the number of

connected capacitors is decreased.
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Figure 56: Reactive power control for the active stall controlled wind turbine.

5 Fixed speed active stall wind tur-
bine concept with HVYDC/VSC con-
nection

The HVDC transmission system with Voltage Source Converter (VSC) has
been developed as an alternative to the classical HVDC system due to some
specific attributes such as: independent control of reactive and active power,
continuous voltage and frequency regulation, black-start capability, etc (Schet-
tler F. et al., 2000), (Bahrman M.P.et al., 2003).

Currently two main concepts exist for such a transmission system. The first
concept is the HVDC Plus developed by Siemens, which use two single 6-pulse
converters to form a 12-pulse bipolar group as shown in Figure 57.
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Figure 57: Main circuit diagram of a bipolar HYDC Plus transmission system.

This system is available for power ratings up to 200 MW for one bipolar
unit with DC voltages up to + 150 kV (Schettler F. et al., 2000). The second
concept developed by ABB is the HVDC Light based on a 6-pulse bipolar VSC
with ratings up to 330 MW/+ 150 kV DC for one bipolar unit (Bahrman M.P.et
al., 2003), as shown in Figure 58.

Station A Station B

Converter A Converter B

Cable

AC T — s Rhose
oc| T T AC %
AC Filters AC Filters

Figure 58: Circuit diagram for the HVDC Light transmission system.

Both concepts have a four-quadrant operation in the P-Q plane and decoup-
led control for active and reactive power. This means that each converter can
operate as rectifier or inverter at variable frequency and to absorb or deliver re-
active power to the AC grid.

In 1998, Eltra decided to investigate the HVDC Light technology for DC
connection of wind power to transmission grid. An HVDC Light transmission
system was realized on the existing wind farm at Tjaereborg (Skytt A.K. et al.,
2001), (Sebrink K.H. et al., 1999).

The schematic of the Tjareborg system including some basic data is shown
in Figure 59.

2 levels VSC 7.2 MW 2 levels VSC

: 8 MVA /- 9 kV a8 MvA
Wind farm 10.5 kV AR e e +4 3gkm e 10.5 kV

DC
Cable

AC Line

Figure 59: Schematic of the Tjeereborg transmission system.

The Tjeereborg wind farm consists of 4 different type of wind turbine with
different nominal powers. Two of these turbines are pitch regulated (type B and
type C) while the other two are stall controlled (type A). The rated power of the
wind farm is 6.5 MW (Sebrink K.H. et al., 1999), while the HVDC system is 8
MVA rated.
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The DC transmission system is in parallel with an AC line and it has a
length of 4.3 km. The voltage and frequency in the wind farm can be varied
continuously and independently of the transmission grid (Skytt A.K. et al.,
2001), (Sebrink K.H. et al., 1999) using this DC link. In isolated operation the
frequency can vary between 30 and 65 Hz (Skytt A.K. et al., 2001).

According to (Skytt A.K. et al., 2001) the control concept was imple-
mented and tested in EMTDC program under different conditions and it has
been found a “fairly good agreement between simulation and commissioning
tests”. However, the frequency control of the wind farm was an exception. In
simulation the dynamic frequency control worked fine (Skytt A.K. et al., 2001).
During the commissioning test the frequency was varied between 47 and 51 Hz.
Outside this range the wind turbines are tripped by their protections (Skytt A.K.
et al., 2001). In (Skytt A.K. et al., 2001) is mentioned that a reason for different
result in simulation compared with the commissioning tests might be the diffi-
culties in simulating correctly the dynamics of the wind farm. Also the follow-
ing remark should be noticed “with a stiff voltage concept the interaction be-
tween the HVDC Light and the windmills is much more robust and simple”.

The control schemes for the DC transmission system developed in DIgSI-
LENT during this project take into account all the above-mentioned aspects. In
the following paragraphs these schemes are presented in detail.

5.1 Control for Station A (sending end station)

The main target here was to implement a control scheme, which must have
available the voltage and frequency set points for the MicroGrid Controller.
Therefore, the magnitude of the PWM index and the frequency (Pm_in, f0) are
used as control variables for the PMW converter model. Since each wind tur-
bine can have different values for the wind speed in a given moment and there-
fore different operation points a droop control for both voltage and frequency
has been adopted as shown in Figure 60.

Each wind turbine will deliver active power and will absorb reactive power
according with the wind speed variations. Therefore the voltage stability is de-
pendent on the demand for reactive power (Lasseter R. H., 2002). The voltage
control loop should insure that the reactive currents, which circulate inside the
wind farm, are not large. A small error in the voltage reference can generate
very large reactive currents. A droop characteristic for the voltage controller
will minimize the stationary error in this case. Since the induction generator will
always draw reactive power from the PWM converter, the reference for voltage
should be increased when the generator demand for reactive power increase as
shown in Figure 61.

The voltage reference value is calculated using:

vV ref =V stp + kameas (47)

where: k, is the voltage droop coefficient.
An inner current control loop will assure a relatively fast tracking of the ac-
tual current.
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Figure 60: Structure of the control for sending end station (wind farm
side).
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Figure 61: Voltage set point with droop characteristic.

In order to follow and to transfer the entire available power from the wind
farm a frequency droop characteristic is used. The set point frequency is varied
as a function of the produced power as shown in Figure 62.
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Figure 62: Frequency set point with droop characteristic.

The reference for frequency is given in per unit as:
.I:ref Zl—kf(l—PmeaS) (48)

o

where: k¢ is the droop coefficient for frequency, k, = P

5.2 Control for Station B (receiving end station)

Usually in grid-connected applications the PWM converter from the grid
side must control the DC-link voltage and the reactive power. Therefore for the
receiving end station of the considered DC transmission system such a control
scheme is implemented in DIgSILENT.

Several DC-link voltage control schemes exist depending on the applica-
tion (Karlsson P., 2002). There are two topologies commonly used namely mas-
ter/slave and droop control. The master/slave control is used for parallel opera-
tion of converters. The active load sharing is performed and the master control-
ler distributes references for power to other converters (slave). Since this control
requires communications between converters the bandwidth of the DC link
voltage control can be increased if the communication bandwidth is relatively
high (Karlsson P., 2002). In this way less energy needs to be stored in the DC
bus and therefore the DC capacitance can be decreased. In (Karlsson P., 2002)
is mentioned that the system become sensitive to interactions between the two
sides when the energy storage is reduced.

In the droop control each converter delivers power to the DC bus deter-
mined by the actual DC bus voltage error at the converter (Karlsson P., 2002).
This control method does not require communication between converters.

Since the PWM converter can be seen as a controlled voltage source the
equivalent diagram of the receiving end station is as shown in Figure 63.
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Figure 63: Equivalent diagram of the receiving end station.

As the station operates around 50 Hz grid frequency all the time the influ-
ence of the capacitors can be neglected. Therefore, the equivalent diagram of
the station can be reduced as shown in Figure 64.

R L

] 74BC 7Eeds
pwm grid

Figure 64: Simplified diagram of the receiving end station ne-
glecting the AC filters.

The voltage equations can be written as:
- ABC (49)

ABC __ = ABC ABC
Virig = R-1i™ +L pm +Voum

Assuming that the voltage system is symmetrical and balanced the zero
component can be neglected in stationary reference frame. Therefore the previ-
ous equation can be written as:

i’ (50)

: d
af op afl
Vorig = R-1 + L pm +Voum

Further in synchronous reference frame it is assumed that its derivate can

O‘)grid

be neglected =0 and therefore the previous equation can be written in

matrix form as:

Vgrid :Li i° + 0 _O‘)grid'l— . i " ngm D
Vgrid dt iq (Dgrid L 0 iq ngm

It can be observed that there is a cross coupling between axes with the term
Ogrig L. A change of the current e.g. in d-axis results in a change of the g-axis
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current. Therefore, this cross coupling should be taken compensated in the con-
trol scheme.

In this project a droop control of the DC-link voltage is implemented for
the receiving end station as shown in Figure 65. The entire control scheme is
build in dg-system, therefore a PLL is used to calculate the angle for transfor-
mations between axes. The actual power from the DC-link is calculated based
on the measured voltage and power. Another measurement block in the connec-
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Figure 65: Control structure of the receiving end station (grid side).

The DC-link voltage set point is calculated using the actual active power
from the DC-link and the droop characteristic. A 5% variation in DC-link volt-
age is allowed. The error signal between set point and the measured value fed
the PI controller. One of the advantages of using the PI controller is the error
restoration in droop control (Karlsson P., 2002). The output from DC-link volt-
age controller is the reference for current in d-axis. The error between the reac-
tive power set point and the actual value is applied to a PI controller, which
gives the reference for the g-axis current.

The control scheme comprises also an inner current control loop for both
axis and a feed-forward compensation of the voltage references (modulation
index in d and q axis). The feed-forward compensation requires the exact value
of the total reactance connected between PWM converter and the connection
point in the grid. This reactance is the sum of the phase reactor and transformer
reactances.

The transformer reactance has been calculated based on:

_ Ay, ‘Ur?
;= ——n
100-S,
AP, -U? ©2)
_ Cu n
T 1000-S,
where:

e Au, - short circuit voltage [%];

e U - rated voltage [kV];

n
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e S - rated apparent power [MVA];

n

e AP, - copperlosses [kW].

Without the feed-forward compensation the reactive power cannot be con-
trolled accurate.

The reactive power set point is given so that the reactive power on the con-
nection point is kept at zero. However, other values for this set point can be im-
posed according with the System Operator or MicroGrid Controller.

5.3 System overview

The structure of the system implemented in the power system simulation
tool DIgSILENT is presented in Figure 66.

Main
grid
WindFarm Grid 10KV 108V Local Grid
10 km DC line

Ix2ZMW
Station A Station B CHP
Contraller Controller Controller

Active Stall
Wind
Turbines

WT-1
Conltroller
WT-2
Controller
WT-3
Controller

W-f Control Vde-Q Control P-PF Control
'y & HVDC based VSC 5.4 MVA
8 MVA Rated Power I I Rated Power
[ s . A

Figure 66: Structure of the system implemented in DIgSILENT.

The simulation scheme comprises an active stall wind farm, a DC trans-
mission system, a small CHP and some loads.

Three active stall wind turbines models the wind farm, each turbine being
equipped with a 2 MW squirrel-cage induction generator. The power set point
from the wind turbine control is available.

The DC transmission system is based on IGBT-Voltage Source Converters.
There are two stations, on the wind farm side (Station-A) and on the local grid
side (Station-B) respectively. A 10 km DC cable (= 9kV) connect these two
stations. The rated power of the transmission system is SMVA.

The wind farm and the Station-A are connected at a 10 kV wind farm grid
while the Station-B, a small CHP with 5.4 MVA rated power and some loads (8
MVA rated power) forms a local grid. A connection with the main grid, which
is relatively stiff, (5000 MW short circuit power) is also present.

The wind farm grid has some particular characteristics as:

The wind farm delivers variable active power and draw reactive power ac-
cording with the operational point of each wind turbine.

The voltage and frequency can vary in some limits. A variable frequency in
this case will allow a better wind power conversion especially in the case of low
wind speeds.

The voltage stability is dependent on the wind farm demand for reactive
power

On the other hand the local grid has the following characteristics:

e CHP is non-despatchable , which means that the active power deliv-
ered depends on the heat demand. The reactive power produced has a
fixed value. Usually, a power factor of 0.8 or 1 is used in operation.

e The voltage and frequency are controlled via the main grid. The Sta-
tion B should control the voltage and frequency when this connection
is not available.
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In fact all these characteristics make this system to be a MicroGrid (Lasse-
ter R. H., 2002). From the utility point of view the system should act as a single
controlled cell of the power system. On the other hand from the customer point
of view the system should meet some specific needs such as voltage and fre-
quency support, island operation when the connection with the main grid is not
available, etc.

A MicroGrid/Wind Farm Controller should perform the overall control for
each component from this system based on the System Operator requests or
based on the demand of the local loads during island operation.

5.4 Simulation results

541 CaseA
There are several events in the system in this case as:

e The average wind speed is increase from 11 m/sec to 16 m/sec in the
time interval 60 — 120 sec so that the wind turbines will pass through all
three operating modes of the active stall controller;

e A 100% increase in the load occurs at time 50 sec. The load is 2.5 MW
rated power.

e The CHP operates first at 0.7 p.u. turbine power and a power factor of
0.8. The power set point of the turbine is increased to 1 p.u. at time 300
sec.

The reactive power set point for Station B is kept to zero.

The frequency droop coefficient ky in Station A (sending end station) is
zero. Therefore a fixed reference for frequency (50 Hz) is used.

The wind time series for each wind turbine as well as the pitch angles are
shown in Figure 67.
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Figure 67: Wind time series and pitch angles for each wind turbine.
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As the wind speed and the produced power are greater than the rated values
the active stall controller take actions. In order to limit the output power the
pitch angle is increase. An overpower of 300 kW is allowed. The active and
reactive powers for each wind turbine are shown in Figure 68.
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Figure 68: Active and reactive power for each wind turbine.
The power balance in the connection point is shown in Figure 69.
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Figure 69: Power balance in the connection point.

It can be observed that the receiving end station operates at zero reactive
power.
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The voltage and frequency profile for each Station are shown in Figure 70
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Figure 70: Voltage and frequency for both terminals of the DC transmission
system.

The DC-link voltage is shown in Figure 71. There is an overshot of 1.5%
for the DC-link voltage when the wind farm starts to deliver the rated power.

Since the control scheme allows a 5% variation in the DC-link voltage, this re-
sult shows that the DC-link voltage control works properly.
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Figure 71: DC-link voltage.

Finally, the output of the CHP in terms of power and power factor is shown
in Figure 72.
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Figure 72: The output of the CHP.

Even if the power set point of the turbine varies, it can be observed that the
CHP operates at constant power factor. The output power factor of the plant is
not exactly 0.8 because of the parameters for the excitation system and the rated
voltage of the generator. The rated voltage of the generator is 11.5 kV whilst the
bus bar voltage of the local grid in Dig Silent is 10.5 kV. Changing the bus bar
voltage or using another generator will correct this problem.

54.2 CaseB

In this case the frequency droop coefficient for Station A (sending end station)
is 0.02 that correspond with ca. 50.2 Hz for the maximum output power of the
wind farm. The frequency at the wind farm bus bar will vary according with the
produced active power.

The wind time series for each wind turbine as well as the pitch angles are
shown in Figure 73.
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Figure 73: Wind time series and pitch angles for each wind turbine.

The active and reactive power for each wind turbine, as well as the power
balance in the connection point are shown in Figure 74 and Figure 75.
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Figure 74: Active and reactive power for wind farm.
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Figure 75: Active and reactive power in the connection point.

The voltage and frequency profile for each Station are shown in Figure 76.

1.02 T T I I
— “oltage Station A
S s eCe e, S — Freguency Station A [
- bt : —
S M ol S ot S S ot . _|
=T : ' ' : '
1] S S S S SO S .
0.9 | | | | |
1] 100 200 300 400 s00 BOO
1.02 T T I I
— “oltage Station B
LT e R C R SEEEEREREEEE SRR — Frequency Station B [
Y = i
2 "
7 R SRR U U SO S
095 | | | | |
1] 100 200 300 400 s00 BOO

time [sec]
Figure 76: Voltage and frequency for DC transmission system.

It can be observed that the deviations from the rated values for both fre-
quency and voltage are less than 0.5%
The DC link voltage is shown in Figure 77.
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Figure 77: DC-link voltage.

Again there is an overshot of 1.5% when the wind farm operates in power
limitation mode.

The output of the CHP is shown in Figure 78.
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Figure 78: Output of the small CHP.

Based on these results it can be concluded that the control of the DC con-
nection works properly.
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5.4.3 Different frequency drop coefficients

Some comparisons for different frequency droop coefficients are made.
During the calculation of initial condition different pitch angles are calculated
for each wind turbine, even if the initial conditions are identically (see Figure 67
and Figure 73). Therefore, in order to evaluate the droop control for sending end
station a fixed pitch angle is used for all wind turbines. This pitch angle is the
optimal value (ca. -1.5 deg) for an average wind speed of 11 m/sec. The system
has been simulated for 120 sec with a fixed value for the pitch angle and an av-
erage wind speed of 11 m/sec. For the sake of simplicity only the relevant
waveforms are shown.

First the frequency for the wind farm bus bar is shown in Figure 79.
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Figure 79: Wind farm frequency for different droop coefficients.

The average frequency increases with 0.4%, which corresponds to a fre-
quency of 50.2 Hz.

The shaft speed of the generator for “Wind Turbine 17, when different co-
efficients for the droop characteristics are used, is shown in Figure 80.
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Figure 80: Shaft speed for on wind turbine using different droop coefficients.

Some simple calculations shows that the average speed increase with only
0.5% while the increase in the energy capture is around 7% for the considered
time frame.

The power spectra density of the shaft speed in the considered cases is
shown in Figure 81.
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Figure 81: Power spectra density of the shaft speed for Wind Turbine 1.

It can be observed that the power spectra density of the shaft speed is re-
duced when the frequency droop coefficient is not equal with zero. This means
that the shaft speed is smoother in this case than in the previous case and the
mechanical stress is also reduced.
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In order to evaluate this control strategy for a wide range of wind speeds
further investigations are necessary. Moreover an optimal value for the fre-
quency droop coefficient should be found.

5.4.4 Island operation

The entire system is analysed when the connection with the main grid is
lost. There are several events in the system in this case as:

e The average wind speed is kept constant to 8 m/sec so that the wind
turbines controller will operate in optimization mode;

e A 100% increase in the load occurs at time 50 sec. The load is 2.5 MW
rated power.

o The CHP operates first at 0.7 p.u. turbine power and a power factor of
0.8. The power setpoint of the turbine is increased to 1 p.u. at time 200
sec;

e The circuit breaker for connection to the main grid is opened at time
300 sec. The system will operate in island mode.

The reactive power set point for Station B is kept to zero as well as the fre-
quency droop coefficient k¢ in Station A (sending end station). Therefore a fixed
reference for frequency (50 Hz) is used.

The wind time series for each wind turbine as well as the pitch angles are
shown in Figure 82.
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Figure 82: Wind speeds and pitch angle for each wind turbine.

The active and reactive powers for wind turbines are shown in Figure 83.

The power balance in the connection point is shown in Figure 84.

The voltages and frequencies for each terminal of the DC connection are
shown in Figure 85.
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Figure 84: Active and reactive power on the connection point.
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Figure 85: Voltages and frequencies in each terminal.

The DC-link voltage is shown in Figure 86 while the CHP output in Figure
87, respectively.
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Figure 86: DC-link voltage.
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Figure 87: CHP output.

From the above figures it can be concluded that the control scheme for the
receiving end station (Station B) is not able to regulate the voltage and the fre-
quency of the local grid because of the following reasons:

e There is no active power balance in the local grid. Since the wind farm
is not controlled, the production of the wind farm and the CHP output
does not match the load demand.

e The reactive power set point for station B is kept at zero whilst the CHP
operate at constant power factor. Therefore there is no reactive power
balance in the local grid.

Using a MicroGrid/WindFarm controller the set points for each wind tur-
bine can be given according with the load demand as well as the set point for
the reactive power in station B. However, the station B controls the DC-link
voltage and an AC voltage control might be necessary.

6 Variable speed wind turbine con-
cepts

During the last few years, variable speed wind turbines have become the most
dominating type of yearly installed wind turbines (Hansen, A.D., 2004), (Han-
sen, L.H., et al., 2001). The increased interest in the variable speed wind tur-
bines is due to their very attractive features, given by the presence of the power
converter, with respect to both the wind turbine itself as well as to more onerous
grid requirements.

The variable speed wind turbines have a more complicated electrical sys-
tem than the fixed speed wind turbines. They are typically equipped with an
induction or synchronous generator and a power converter. If the wind turbine
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operates with variable rotational speed, it implies that the electric frequency of
the generator varies and therefore it is decoupled from the grid frequency
through a power electronic. The presence of the power converter makes the
variable speed operation itself possible. By introducing the variable speed op-
eration, it is possible to continuously adapt (accelerate or decelerate) the rota-
tional speed of the wind turbine to the wind speed, in such a way that the tur-
bine operates continuously at its highest level of aerodynamic efficiency. Con-
trary to fixed speed wind turbines, which are designed to obtain maximum effi-
ciency at one wind speed only, the variable speed wind turbines are designed to
achieve maximum aerodynamic efficiency over a wide range of wind speeds.

The power converter controls the generator speed in such a way that the

power fluctuations caused by wind variations are more or less absorbed by
changing the generator speed and implicitly the wind turbine rotor speed. Seen
from the wind turbine point of view, the most important advantages of the vari-
able speed operation compared to the conventional fixed speed operation are:

¢ reduced mechanical stress on the mechanical components such as shaft
and gearbox — the large inertia of the wind turbine is used as a fly-
wheel during gusts, i.e. the power fluctuations are absorbed in the me-
chanical inertia of the wind turbine.

e increased power capture — due to the variable speed feature, it is possi-
ble to continuously adapt (accelerate or decelerate) the rotational speed
of the wind turbine to the wind speed, so that the power coefficient is
kept at its maximum value.

e reduced acoustical noise — low speed operation is possible at low
power conditions (lower wind speeds).

Additionally, the presence of power converters in wind turbines also pro-
vide high potential control capabilities for both large modern wind turbines and
wind farms to fulfil the high technical demands imposed by the grid operators
(Eltra, 2000), (Serensen,P., et al.,2000), such as:

e controllable active and reactive power (frequency and voltage control)

e quick response under transient and dynamic power system situations

¢ influence on network stability

e improved power quality (reduced flicker level, low harmonics filtered

out and limited in-rush and short circuit currents)

Due to these advantages, the variable speed operation offers the possibility
of increased “grid friendliness”. Its direct drawbacks are the additional losses
due to power electronics, more components, thereby reliability issues, and an
increased capital cost due to the power electronics. As power electronic is a rap-
idly developing technology today, it is clear that variable speed wind turbines
will continue to be the norm and not the exception.

As well known, a wind turbine is characterised by its power speed charac-
teristics. For a horizontal axis wind turbine, the amount of mechanical power
Pmec that a turbine produces in steady state is given by:

Pmeczépﬂ' R2U’C,(6.4) (53)

where p is the air density, R the turbine radius, u the wind speed and Cy(6, 1)
is the power coefficient, which for pitch controlled wind turbines depends on
both the pitch angle 6 and the tip speed ratio A. The tip speed ratio A is given
by:
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where @y denotes the rotor turbine speed.

The prime motivation for variable speed wind turbines at lower wind
speeds is to adjust the rotor speed at changing wind speeds so that C,(6, 1) al-
ways is maintained at its maximum value. The power coefficient Cy(6, 1) has a
maximum for a particular tip-speed ratio Agy and pitch angle Gy, This means
that for extracting maximum power from a particular wind speed, the control
strategy has to change the turbine rotor speed in such a way that the optimum
tip speed ratio Aqpy is always obtained. The maximum power a particular wind
turbine can extract from the wind is a cubic function of the turbine optimum
speed, as follows:

P =K,y [0 ] 43
where:

1 S C:)nax
Koptzzpﬂ-R T (56)

Kopt depends on the turbine characteristics and the air density. Tracking the
maximum power is the goal as long as the generated power is less than the rated
power. At wind speeds higher than rated wind speed, the control strategy has to
be changed so that the wind turbine no longer produces maximum power but
only rated power. The blades are thus pitched to reduce the power coefficient
Co(6, 4) and thereby to maintain the power at its rated value. Wind gusts are
absorbed by rotor speed changes, the wind turbine’s rotor behaving as energy
storage.

The mechanical power is transformed in the generator into electrical
power, the relation between them being given by:

I:)el :ngen P (57)

mec

where 7gen 1 the generator efficiency.

Currently, for units above 1MW, there are two dominating groups of vari-
able speed wind turbine concepts with a fast growing market demand (Hansen,
A.D., 2004):

e Variable speed concept with partial scale frequency converter — known

as doubly-fed induction generator (DFIG) concept. The generator is a
wound rotor induction generator (WRIG), where the stator is directly
connected to the grid, while the rotor is controlled by a partial scale
power converter. The rotor frequency and thus the rotor speed are con-
trolled by the partial-scale frequency converter, whose size defines the
range of the variable speed (typically +/- 30% around synchronous
speed).

e Variable speed concept with full-scale frequency converter — where the
generator stator is interconnected to the grid through a full-scale power
converter. The generator can be synchronous (wound rotor synchro-
nous generator WRSG or permanent magnet synchronous generator
PMSG) or induction generator (wound rotor induction generator
WRIG).
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The attention in the following chapters is thus focused on a detailed model
and control strategies description of variable speed DFIG wind turbine concept
and variable speed multi-pole PMSG wind turbine concept, respectively.

7 Variable speed DFIG wind turbine
concept — normal operation

In this chapter, the attention is drawn to the control strategies and performance
evaluation of the variable speed pitch controlled wind turbine with DFIG. The
chapter is organised as follows. First, the characteristics of the variable speed
wind turbine and of the doubly-fed induction generator (DFIG) are summarized.
Then, the overall control system of the variable speed wind turbine with DFIG
is described, with focus on the control strategies at the different control levels:
DFIG control and wind turbine control.

The fundamental feature of the DFIG is that the power processed by the
power converter is only a fraction of the total wind turbine power, and therefore
its size, cost and losses are much smaller compared to a full-scale power con-
verter used in the full variable speed concept.

The typical DFIG configuration, illustrated in Figure 88 consists of a wound
rotor induction generator (WRIG) with the stator windings directly connected to
the three-phase grid and with the rotor windings connected to a back-to-back
partial scale power converter. The back-to-back converter is a bi-directional
power converter. It consists of two independent controlled voltage source con-
verters connected to a common DC-bus. These converters are illustrated in Fig-
ure 88, as rotor-side converter and grid-side converter. The behaviour of the
generator is governed by these converters and their controllers both in normal
and fault conditions. The converters control the rotor voltage in magnitude and
phase angle and are therefore used for active and reactive power control.

Because the optimal voltage of the rotor is typically less than the optimal
stator voltage, the transformer connecting the system to the grid has two secon-
daries: one winding connecting the stator and the other connecting the rotor.

Stator circuit
Frmmmm ] S

é Sub»synchronousé Over-synchronous !
! : :

Pstatur >0 ! P >0 i Pgrid ~ Pstator + Protor
! —

Grid

Partial scale power converter
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converter converter

AC 1 [»]
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i i
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Figure 88: Principle diagram of the power flow in doubly-fed induction generator.

rotor

DFIG system allows variable speed operation over a large but restricted
range. The smaller the operational speed range the less power has to be handled
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by the bi-directional power converter connected to the rotor. For example if the
speed should be controllable between +/- 30%, the converter must have a rating
of approximate 30% of the generator. Thus the size of the converter does not
relate to the total generator power but instead to the selected speed range and
hence the slip power (Heier, S., 1998), (Leonhard, W., 2001). Therefore, the
cost of the power converter increases when the allowed dynamic speed range
around synchronous speed increases.

Notice that, since the speed range is restricted, the slip-induced voltage is
only a fraction of the grid voltage, depending on the turn-ratio between the sta-
tor and rotor. The DC bus voltage is thus relatively low. The operation at a
lower DC bus voltage is possible because of the voltage reduction on the rotor
side realised by the three winding transformer.

In order to cover a wide operating range from sub-synchronous to over-
synchronous speed, i.e. the DFIG is able to work as a generator in both sub-
synchronous (positive slip s$>0) and over-synchronous (negative slip s<0) oper-
ating area, the power converter has to be able to operate with power flow in
both directions. This is the reason why a back-to-back PWM (bi-directional)
converter configuration is used. The slip is defined as:

S=——— (58)

where nNgy,and Nge, are the synchronous speed and generator speed in rpm, re-
spectively. For a doubly-fed induction machine, it is the sign of the electrical
torque, independent of the slip, which indicates if the machine is working as
motor or generator.

Assuming that all the losses in the stator and rotor circuit can be neglected,
the power through the power converter (through the rotor circuit), known as the
slip power, can be expressed as the slip s multiplied with the stator power,

P, - Furthermore, the delivered stator power can be expressed based on the

grid power P, or on the mechanical power:

I:)rotor ~ =S Pstator
59
Pstator ~ Pgrid /(1-s)= Mgen Pmec / (1-75) (59)

where 740 is the generator efficiency. Depending on the operating condition of
the drive, the power is fed in or out of the rotor: it is flowing from the grid via

the converter to the rotor (P, < 0) in sub-synchronous mode or vice versa

(P

rotor

otor
>(0) in over-synchronous mode, as it is indicated in Figure 88. In both

cases (sub-synchronous and over-synchronous) the stator is feeding energy to
the grid ( P, >0) (Leonhard, W., 2001).

The presence of the power converter allows DFIG a more versatile and
flexible operation compared with a squirrel-cage induction machine. The power
converter compensates for the difference between the mechanical and electrical
frequency by injecting a rotor current with a variable frequency according to the
shaft speed. Through collector rings, the power converter supplies thus the ro-
tor windings with a voltage with variable magnitude and frequency. It improves
the controllable capabilities of such generator, as for example:

= it provides DFIG the ability of reactive power control. DFIG is there-

fore capable of producing or absorbing reactive power to or from the

tator
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grid, with the purpose of voltage control (i.e. in the case of weak grid,
where the voltage may fluctuate).

* it can magnetize the DFIG through the rotor circuit, independently of
the grid voltage.

» it decouples active and reactive power control by independent control of
the rotor excitation current.

7.1 The overall control system of a variable speed
wind turbine with DFIG

The control system of a variable speed wind turbine with DFIG has as goals to
control the reactive power interchanged between the generator and the grid and
the active power drawn from the wind turbine in order to track the wind turbine
optimum operation point or to limit the power in the case of high wind speeds.

Each wind turbine system contains subsystems (aerodynamical, mechani-
cal, electrical) with different ranges of time constants, i.e. the electrical dynam-
ics are typically much faster than the mechanical. This difference in time con-
stants becomes even bigger in the case of a variable speed wind turbine, due to
the presence of the power electronics. Such more complicated electrical system
requires a more sophisticated control system too.

The overall control system of a variable speed DFIG wind turbine is built
up with a hierarchical structure. It consists of two control levels with different
bandwidths, strongly connected to each other, i.e. it contains a slow dynamic
control level and a fast dynamic control level.:

e Wind turbine control (slow control)

e DFIG control (fast control)

The fast dynamic control level, i.e. DFIG control, encompasses the electri-
cal control of the power converters and of the doubly-fed induction generator.
Since this controller is an electric one, it works very fast. It addresses the elec-
trical control of the frequency converter. The DFIG control level has as goal to
control the active and reactive power of the wind turbine independently. The
DFIG control contains two controllers:

e Rotor-side converter controller - controls independently the active and

reactive power on the grid point M — see Figure §9.

e  Grid-side converter controller - controls the DC link voltage Upc and
guarantees unity power factor in the rotor branch. The transmission of
the reactive power from DFIG to the grid is thus only through the sta-
tor.

As the pulse-width modulation factor PWM is the control variable of the
converter, each of these control channels generates a pulse-width modulation
factor PWM, for the respective converter. This control variable is a complex
number and therefore can control simultaneously two variables, such as the
magnitude and phase angle of the rotor induced voltage. For example, for a pre-
defined DC voltage and a control variable (pulse-width modulation factor
PWM), the line-to-line AC-voltage is determined as follows:

3
242

On the other hand, the wind turbine control is a control with slow dynamic
responses. The wind turbine control contains two cross-coupled controllers: a
speed controller and a power limitation controller. It supervises both the pitch

Uac|= |PWM|-U (60)
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angle actuator system of the wind turbine and the active power setpoint of the
DFIG control level. It thus provides both a reference pitch angle G directly to

Pconv, ref

the pitch actuator and a converter reference power signal Py for the meas-

urement grid point M to the DFIG control.
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Figure 89: Overall control system of variable speea wind turbine with
doubly-fed induction generator.

Figure 89 sketches the overall control system of the variable speed DFIG
wind turbine. Different line styles are used to provide a quick overview of the
signals of the overall control system in Figure 89:

e double-dotted lines mark the measured signals.

o single dotted-lines reveal reference (setpoint) signals

e solid lines reveal the output signals from the controllers

Notice that the overall control system requires information on different

mea:

. . . . S . meas
measured electrical signals: the active F’grid and reactive Qgrid power (meas-

ured in the measurement grid point M), the voltage U 1" on the DC — busbar,

the AC- converter current |, (measured in point N), the generator speed

meas

meas
@ g, and the rotor current | ;..

The DFIG control level has three reference input signals:

conv, ref
P

e The converter reference active power Py~ in the measurement grid

point M. This information is delivered by the wind turbine control level.
e The converter reference reactive power Qgr:;L in the measurement grid

point M. This reference can be extraordinarily imposed by the grid op-
erators (based for example on a certain dispatch control). For example
in the case of a weak grid or a grid fault situation, the DFIG can have
the extra task to generate reactive power to support the grid voltage.
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e The reference DC- voltage Uf is a value strictly connected to the size

of the converter, the stator-rotor voltage ratio and the modulation factor
of the power converter.

The wind turbine control level has a slower dynamic response than the
DFIG control. It controls the pitch angle of the wind turbine and the reference
active power to the DFIG control level.

Different control strategies of variable speed wind turbine are widely pre-
sented in the literature (Novak P., et al., 1995), (Bossany E.A., 2000), (Bindner
H., etal., 1997), (Hansen A. D., etal., 1999), (Wortmann B., et.al, 2000).

In this work two of the most frequent control strategies for variable speed
wind turbines, see Figure 90, have been implemented and described:

= Control strateqy | - where the power converter is used to control the

generator speed, while the pitch system limits the power. In this control

strategy, as long as the power limit Pg[ﬁ; is not reached (i.e. wind speeds

less than the rated wind speed), the wind turbine control keeps the pitch
angle to its optimal value and it generates the optimal active power ref-

erence Py "™ to the DFIG control level. The DFIG control has then to

adjust continuously the generator speed in order to keep the power ref-
erence provided by the wind turbine control level.

= Control strategy Il - where the power converter controls the power,
while the pitch system prevents the overspeeding of the generator, i.e.
the pitch angle limits the generator speed to its rated value in case of
high wind speeds. It provides a fast power control.

Control strategy |

Speed controller @ 3 P o Power controller P9

P-o_curve P meas

meas grid + 6, y
Pgrid ()AL Pl =t 3 Ppitch actuator 9
—] Pel i
[ - b i

Py P o f KP\

grid '
Gain - _9 _________________ L
schedulling

meas

Dgen

Control strategy Il

conv, ref
Speed controller ® &6 Power controller P ¥ P
meas [ P-o curve
@ gen * Aw 0.¢ " 0 meas Prev "
> | S Pitch actuator Wyen Pl oid + ) n chrulgv.re
i —
rated - H .
wgen KPI i < 1 -
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schedulling grid

Figure 90: Variable speed wind turbine control strategies

No matter which control strategy is used, the wind turbine control gener-

ates two control signals:

. ref . .
e The converter reference active power Pyif""™ - is the setpoint for the

active power signal for the DFIG control level. For example in control
strategy (I), when the wind speed is less than the rated wind speed, the

wind turbine control level generates the converter reference active

conv, ref
P

power Py by adjusting the generator speed in such a way that the

turbine captures the maximum power.
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e The pitch angle 6 - is delivered directly to the wind turbine blades. The
pitch angle actuator system is implemented as a part of the controller.
(Dor Pgrﬁg (1), depending on the
used control strategy, is normally equal to the nominal power of the wind tur-

ref
grid »

) . f
The active power reference signal Pgrreid

bine. Similarly toQ the active power reference signal can be imposed in

special situations by the grid operators control system to a power value less then
the nominal (rated) power of the wind turbine. The present work considers the

case when PgrreiL is the nominal (rated) power of the wind turbine.

In the following sections, the two control levels, i.e. DFIG control level
and wind turbine control level with their individual controller, are described.

7.2 DFIG control

The DFIG control contains the fast electrical control of the doubly-fed induction
generator. Control strategies and performance evaluation of doubly-fed induc-
tion generators have been widely discussed in the literature (Leonhard W.,
2001), (Mohan N, et al., 1989), (Novotny D.W. et al., 1996), (Pena, R., et al.,
1996), and it is therefore briefly presented in this report.

Power converters are usually controlled utilizing vector control techniques.
Briefly, vector control allows decoupled control of both active and reactive
power. The idea is to use a rotating reference frame based on an AC flux or
voltage and then to project currents on this a rotating frame. Such projections
are usually referred to as the d and q components of their respective currents.
With a suitable choice of reference frames the AC currents appear as DC quan-
tities in the steady state. For flux-based rotating frames, changes in the q com-
ponent will lead to active power changes, while changes in the d component
will lead to reactive power changes. In voltage-based rotating frames (and thus
90 degrees ahead of flux-based frames) the effect is the opposite.

7.2.1 System reference frames

Briefly, the vector control techniques allow de-coupled control of active
and reactive power. These techniques are based on the concept of d-q control-
ling in different reference frames, where the current and the voltage are discom-
posed into distinct components related to the active and reactive power. Each
specific reference frame is defined by two orthogonal axes, namely d-axis (di-
rect axis) and g-axis (orthogonal axis). In this report the stator flux oriented ro-
tor current control with decoupled control of active power and reactive power is
adopted (Novotny D.W. et al., 1996).
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Figure 91: Reference frames used in doubly-fed induction generator control.

The doubly-fed induction generator DFIG and its control in DIgSILENT is
using the following reference frames, illustrated in Figure 91:

o System reference frame (SRF)- is the reference frame fixed to the grid,
and it is rotating with the grid reference voltage. Therefore its relative
speed to the grid is considered zero.

e Rotor reference frame (RRF) - is the reference frame fixed to the rotor.
The d-axis in the rotor reference frame is chosen collinear to the rotor
phase winding. The position of the rotor reference frame is the actual

position of the rotor ¢, .

e Stator flux reference frame (SFRF) — is the reference frame, which ro-
tates synchronously with respect to the stator flux, namely its d-axis is
chosen collinear to the stator flux vector. The position of stator flux ref-
erence frame is the instantaneous position ¢ 4, of the stator flux vector.

SRF

¥ q.stator SRF
" SRF where ¥4 stator

d,stator

This is calculated as tan(@,,)= and

SRF . . . . )
W q stator AT€ its stationary components on d- and g- axis, respectively in

the system reference frame SRF. Since the d-axis of this reference
frame is chosen to be the instantaneous axis of the stator field, the phase
angle ¢qyq of the stator voltage is generally not a constant, although its
frequency and magnitude are constants constrained by the power sys-
tem. This reference frame is defined with respect to the stator flux and
not to the stator voltage because the stator flux basically represents the
integral of the stator voltage and is therefore much smoother.

e Grid converter voltage — oriented reference frame (GCVRF)- is the ref-
erence frame which d-axis is chosen collinear to the voltage grid con-
verter V . This reference frame is positioned by the voltage angle ¢,

which is measured with a PLL (phase-locked loop) block.
Once, a reference frame is defined, a vector can be discomposed into dis-

tinct components on the axes. For example, the grid converter voltage vector V,
shown in Figure 91, can be expressed in system reference frame SRF as:

V=Nlel =VvF 4+ jv I (61)
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where VdSRF and VqSRF are the components on d (real) and g (imaginary) axis,

respectively, in the system reference frame SRF. M = \/ (V z‘RF )z +(V ;‘RF)Z is

the absolute value of the voltage vector, while ¢ is the angle of voltage vector V
in the system reference frame SRF.

In the vector control, the signals are typically transformed from one refer-
ence frame to another. Such coordinate transformations have as scope to sim-
plify the modelling and the control algorithms. For example, the voltage grid

converter vector \LSFRF expressed in SFRF can be transformed in RRF by:
VR SFRE i (62)

where X = P4q — P 1s the angle between the two reference frames, \LRRF and

\LSFRF are the voltage vectors expressed in coordinates of RRF and SFRF, re-

spectively. The angle sign convention for the coordinate transformation is also
shown in Figure 91.

7.2.2  Control configuration of DFIG in DIgSILENT

The power converter is a standard built-in model in the PowerFactory library.
Its control is not a standard model in the PowerFactory library and therefore it
has to be implemented as a user-written model in the dynamic simulation lan-
guage of the PowerFactory. In this report, the converter control is modelled on
a generic level, without focusing on any particular design of a manufacturer.

Figure 92 shows the overall control configuration of DFIG in DIgSI-
LENT. Notice that the DFIG model and the control of the converters in DIgSI-
LENT are not using the same reference frame, and therefore different coordi-
nate transformations are performed in order to be able to make possible the in-
terconnection between these different blocks.
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Figure 92: Control scheme of DFIG in DIgSILENT.

As illustrated both in Figure 88 and Figure 92, the configuration of the
doubly-fed induction generator contains two converters with a DC link:

Risg-R-1400/Second Edition (EN)

99



| SFRF
g, rotor

Prime mover|y  Pu
(dsl model)

SFRF SFRF. R
14 rotor PWMy o [ .
. e
meas PWM d rotor | RRF o N
Para PWM R C - oS aimer L f Tranformation
P

e N poonw. et etz Side Tranformation || pWM T, | (RRF) v St | ol RRF o SFRF
P,Q measurement ‘grid converter

(built-in mode) : Q= control SFRF to RRF Y g, stator (dsl model)
e — [ grid (SFRF)

orid gl (®uit-in mode)

| (ds! model)
Qc::v- vt I pQ controller
o (dsh-model)
| SFRE
d,rotor

Figure 93: Inputs and outputs of the rotor-side converter control.

-

| SFRE
d.rotor

1. Rotor-side converter: is an integrated part of the DFIG model in DIg-
SILENT together with the usual induction machine d-q model. The
DFIG model in DIgSILENT is expressed in the rotor reference frame
RRF and it is a d-q built-in model with predefined inputs and outputs.
The rotor-side converter (RSC) operates in a stator flux reference frame
SFRF. The g-axis current of the RSC is used to control the active
power, while the d-axis current is used for reactive power control.

2. Grid-side converter - is an independent component in DIgSILENT’s li-
brary, which can be added to the machine model to form the DFIG with
back-to-back converter. The grid-side converter (GSC) operates in the
stator voltage reference frame SRF. The d-axis current of the GSC is
used to control the DC link voltage to a constant level, while the g-axis
current is used for reactive power control.

In the following, it is focus on the control of the two converters existing in
the DFIG configuration. Both the rotor- and grid- side controllers are explained
only to the necessary extent.

7.2.3 Rotor-side converter control

As mentioned before, the rotor windings are connected to the main grid by a
power converter allowing controlling the slip ring voltage of the generator in
magnitude and phase angle. Figure 93 illustrates the blocks, which are con-
nected with the rotor-side converter control block. Notice that some of the block
models are built-in type while others are dsl type. The diagram contains the
following blocks:

P, Q measurement block (built-in model) — delivers the measured active Pjii®

meas

and reactive power Qgrid in a predefined grid point M — see Figure 89.

Coordinate transformation blocks (dsl model) —perform different coordinate
transformations, as for example:
e from SFRF to RRF:
The induced controlled rotor voltage is modulated with the pulse-width
amplification factor PWM. This modulation factor is the output of the
rotor-side converter controller and it is expressed in SFRF. As the DFIG
model is expressed in RRF, the output of the rotor-side converter’s con-
troller has therefore to be transformed to RRF:

PWM RRF — P\WM SFRF e+i(¢dq—¢m) (63)

rotor rotor

e from RRF to SFRF
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The output of the generator model is expressed in RRF and therefore it
has to be transformed back to SFRF in order to be used by the rotor-side
converter’s controller:

I SRFR __ I RRF efi(wdq = Pm) (64)

rotor —  'rotor

DFIG block (built-in model) — comprises the model of the doubly-fed induction
generator and of the rotor-side converter. Notice that its inputs, outputs and

equations are expressed in rotor reference frame RRF. This block can have as

I RRF SRF

output the rotor current 1 , stator *

the rotor position ¢, and the stator flux

Prime mover block (dsl model) — gets as input the generator speed @, and it

delivers as output the mechanical power P; to the generator. In wind turbine ap-
plications, the prime mover of the generator is the turbine itself, where the me-
chanical component model provides the mechanical power to the generator.

Rotor-side converter control block (dsl model) — contains the rotor-side con-
verter control, which is illustrated in Figure 94. As mentioned before, the aim of
the rotor-side converter is to control independently the active and reactive
power in the measurement grid point M (see Figure 89), and therefore the stator
flux oriented rotor current control approach is used. The active and reactive
powers are not controlled directly. The impressed rotor current is controlled
instead.

The rotor-side converter control consists of two PI- control loops in cas-
cade — see Figure 94:

e aslower (outer) power control loop

e avery fast (inner) rotor current control loop.

The power control loop controls the active and reactive power, while the
very fast current control loop regulates the machine’s rotor currents to the refer-
ence values that are specified by the slower power controller.

meas
Qgrig

| ref

R i
¢ 1
1 1
1 1
1 SFRF 1
1 q, rotor 1
1 pe - PWM o
i - Lot oior K o
: pconv, ref K 1
6 grid 1
1

1

1

Power control Rotor current control ]

1

(slower control loop) (fast control loop) |

1

1

1

1

- = = ———— -

&

| SFRF
d, rotor

= d, rotor
SFRF
Q- il PWM T, 1
o urid

Stator flux reference frame (SFRF)l

Figure 94: Rotor-side converter control scheme using a cascade control structure.

Such cascade control structure is advantageous as the electrical and me-
chanical dynamics are in different time scales, i.e. the electrical dynamics are
much faster than the mechanical dynamics. Since the electrical dynamics are the
fastest, the rotor current control loop is the inner loop.
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The rotor current is thus split into a parallel and orthogonal component to
the stator flux, respectively. In the stator flux reference frame SFRF, the d-axis
is equivalent to the reactive component and the g-axis is equivalent to the active
component. In such a reference frame, the active power (the electromagnetic
torque, respectively) is only a function of the - component of the rotor current,
while the reactive power is expressed as function of the d- component of the
rotor current (Novotny D.W. et.al., 1998):

SFRF
P = func( I, o) (65)
SFRF
Q = funC( Id,rotor
This means that the active power P control is therefore achieved by control-
ling the - component of the rotor current IqS,Frﬁtir orthogonal on the stator flux,

while the reactive power Q control is achieved by controlling the d- component

SFRF

d.rotor COllinear with the stator

of the rotor current (the magnetising current) |

flux. Expression (46) illustrates that in SFRF the control of active and reactive
power is decoupled.
The power control loop generates the reference rotor current components

ref ref
Iq,rotor and Id,rotor’

current control loop generates the reference rotor voltage components. As the
pulse-width modulation factor PWM is the control variable of converter, the
output of the rotor-side converter’s controller is expressed in terms of pulse-

respectively, for the rotor current control loop. The rotor

width modulation factor components PWM § Tofor and PWM iﬁifm , respectively.

Notice that the outputs of the controller are expressed in SFRF. As the
model of the rotor-side converter is comprised in the DFIG model and ex-
pressed in the rotor reference frame (RRF), the outputs of the rotor-side con-
verter controller have to be transformed from stator flux reference frame
(SFRF) to the rotor reference frame (RRF), according to equation (44) and to
Figure 93.

Pconv, ref

Notice that the converter active and reactive power references By~ and

Qurid *f for the measurement grid point M, respectively, used as inputs by the

rotor-side converter controller (see Figure 89, Figure 94), can be dynamically
varied depending on each specific application.

The protection of the rotor-side converter against over-currents is an inte-
gral part of the doubly-fed induction machine model in DIgSILENT and it is
discussed in (Poller, M., 2003).

7.2.4 Grid-side converter control

The aim of the control of the grid-side converter is to maintain the DC-link ca-
pacitor voltage in a set value regardless of the magnitude and the direction of
the rotor power and to guarantee a converter operation with unity power factor
(zero reactive power). This means that the grid-side converter exchanges only
active power with the grid, and therefore the transmission of reactive power
from DFIG to the grid is done only through the stator.

Figure 95 illustrates the blocks, which are connected with the grid-side
converter control block. Similar to Figure 93, the types of model blocks are
also specified. The scheme contains the following blocks:

DC - voltage measurement block (built-in model) — measures the DC-voltage in
the common DC-busbar of the back-to-back converter.
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AC-current measurement block (built-in model) — measures the ac- current of
the grid-side converter (measurement point N in Figure 89).

ref
Udc
DC- voltage measurement u
dc
(built-in model)
L SRF
| SR Grid side PWM "o
p dac gl converter Grid side
AC-current measurement SRE C;mn”g' Converter
built-in model l g (VORF - SRF) SRE (SRF)
( ) o, PWM
g, conv
(dsl — model) (built-in model)
cos(p)
PLL measurement
(built-in model) sin(¢p)

Figure 95: Inputs and outputs for the grid-side converter control in DIg-
SILENT.

PLL measurement block (built-in model) — measures the phase angle ¢ of the
AC-voltage generated by the grid-side converter. The voltage phase angle is
measured in order to synchronize the AC-converter voltage to the AC-grid volt-
age.

Grid side converter block (built-in model) —is an independent IGBT converter
component in DIgSILENT’s library. As mentioned before, DIgSILENT pro-
vides several control modes for the control of the converters. The typical control
mode used for the grid-side converter of the DFIG is Upc-Q mode, as its func-
tion is to regulate the DC-voltage and the reactive power.

Grid-side converter control block (dsl model) — contains the grid-side converter
control, illustrated in Figure 96. Similarly to the rotor-side converter, the grid-
side converter is current regulated. The DC-voltage and the reactive power are
controlled indirectly by controlling the grid-side converter current.
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: . I o i
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' i
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[P e cons —— PwM ¥ !
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o I
' i
: 1
1
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! i
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System reference frame (SRF) H

Figure 96: Grid-side converter control in DIGSILENT.

The grid-side converter control contains two PI control loops in cascade:
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e aslower (outer) DC-voltage control loop
e avery fast (inner) converter current control.

The DC- voltage control loop regulates the DC-link voltage to a predefined
value Uf , while the very fast current control loop regulates the converter cur-

rent to the reference value specified by the slower DC-voltage controller.

The outputs of the grid-side converter controller define the magnitude and
phase angle of the AC-voltage terminal of the converter. The converter current
control operates in the grid converter voltage oriented reference frame GCVRF.
The converter current is discomposed into a parallel and an orthogonal compo-
nent on the grid-side converter voltage. In such reference frame the d-axis is
equivalent to the active component, while the g-axis is equivalent to the reactive
component. The converter current component parallel to the converter voltage

(direct phase) | is used to control the DC-voltage (active power), while the

d, conv

component orthogonal to the converter voltage (quadrature phase) |q, cony 18 used

to control the reactive power.
The DC-link voltage is controlled in the outer slower control loop to its

setpoint value Uf by the d-converter current component. It generates the ref-

| ref The refer-

erence of the direct phase component of the converter current |, .

ref

ence of the quadrature component of the converter current |q conv

is constant,

almost proportional to the reactive power. To operate the converter with unity

— . : ref _
power factor (Qcony = 0) implies a zero g- current reference I ,,, = 0.

Notice that the converter current control loop generates the direct PWMy
conv and the orthogonal PWMj, ¢ony component of the pulse-width modulation fac-
tor in the grid converter voltage oriented reference frame (GCVRF). These
components are then transformed into the system reference system SRF, as the
grid converter requires controlling signals in SRF.

Notice in Figure 89 that the grid-side converter is connected in series with
inductors to the line in order to smooth the converter currents. These inductors
may also be integrated into the transformer.

7.3 DFIG wind turbine control strategy |

As described in Section 7.1, in the wind turbine control strategy (I) the power
converter is used to control the generator speed, while the pitch system limits
the power.

This control strategy is close to that described in (Wortmann B., et.al,
2000). The strongest feature of the implemented control method is that it allows
the turbine to operate with the optimum power efficiency over a wider range of
wind speeds. Moreover, due to the design of this control method, the transition
between power optimisation mode and power limitation mode is not dominated
by large power fluctuations due to small changes in generator speed.

The control strategy I are fundamentally based on the two static optimal
curves, illustrated in Figure 97:

(a) Mechanical power of turbine versus wind speed
(b) Electrical power versus generator speed.

These characteristics are determined based on predefined aerodynamically
data of the turbine. A parallel presentation of them, as shown in Figure 97 for a
2 MW wind turbine, provides a graphical illustration of the relation between the
generated power, the wind speed and the generator speed for each operational
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stage of the wind turbine. Notice in Figure 97(b) that, as long as the speed can
be varied, the maximum power extracted from the wind is a cubic function of
the turbine optimum speed, as expressed in (37).

Each wind turbine has some physical operational restrictions, related to the
acceptable noise emission, the mechanical loads and the size and the efficiency
of the generator and of the frequency converter. It is therefore necessary to limit

the stationary wind turbine rotational speed, to a range given by a minimum and
min nom

a rated (nominal) value [a) rot > @ rot ] Notice that, the graph Figure 97 (b) in

min r]dyn,max
gen > ''gen

speed. The generator speed can be expressed in [rad/s] or in [rpm] as follows:

also indicates the operational speed range [N ] for the generator

D 400 (U) =174 @ 1 (U) [rad /5]
60 60 (66)
n gen(u)zga) gen(u) = g 7 gear @ rot(u) [rpm]

where 7jgear is the gear-box ratio. The operational speed range [n;“;,? , ng:r:"max]
covers both the stationary generator speed range as well as the dynamical gen-
erator overspeed range, which is allowed by the doubly-fed induction generator

DFIG’s control.

Power curve P-n curve
2500 T T 2500 -
_Powerlimitation | Operational speed range !
] rated | (—>I
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Figure 97: Two static curves used in the design of the control strategies for a doubly-
fed induction generator:
(a) mechanical power versus wind speed and (b) electrical power versus wind speed.

Two control strategies for the variable speed wind turbine are indicated in
Figure 97:
I.  Power optimisation strategy (below rated wind speed u™)—
where the energy capture is optimised. It is depicted by the range
A-B-C-D, both in Figure 97(a) and in Figure 97(b).
II.  Power limitation strategy (above rated wind speed u™®) — where
the goal of the controller is to track the nominal (rated) power ref-

erence Pi"™ of the wind turbine. It is depicted by the range D-
E both in Figure 97(a) and in Figure 97(b).
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Figure 97 points out four different control algorithms for the control of the
variable speed wind turbine:

Algorithm 11. Partial load operation with fixed reference speed at the lower
limit (power optimisation strategy zone A-B)
This case corresponds to the situation when the wind speeds are so small

that the rotational speed is less than the lower limit®,, < a)r";;" (the generator

speed N, < N™"). The turbine’s reference speed is therefore set to the minimal

gen = 'lgen
value @5 = " and the tip speed ratio A(u) is calculated by:
a)min R
A(U) = rot
(u) . (67)

For each determined tip speed ratio A(u), the optimal power coefficient
value Cgpt (A1) and then the corresponding pitch angle @ is found in the look-up

table C_ (6, 4). The optimum power is therefore achieved by keeping the tur-

min |
rot °

[one ]’ W] (68)

bine speed at the lower limit @
s Cl(w)
2 ()

mec

P (u) =%p7z R

Algorithm 12, Partial load operation with variable reference speed (power op-
timisation strategy zone B-C)

This case corresponds to the situation when the rotational speed is higher
than the lower Ilimit and less than the nominal rotational

min nom
ot < Opot < O, <Ngep < Nggp ). The goal

nom min

speed @ o (the generator speed N o,

here is to maximise the energy capture by tracking the maximum power coeffi-
cient C™ curve. The maximum power coefficient value C ™ corresponds to

one pitch angle Hopt and one tip speed ratio Aqy. The pitch angle is therefore

kept constant to the optimal value &

opt » While the tip speed ratio is tuned to the

optimal value /”topt over different wind speeds by adapting the rotor speed @,

to its reference, expressed by:

Ay U
() === [rad /5] (69)

The maximal mechanical power is therefore achieved by tracking the refer-
ence rotational speed:

1 CmaX o
P =2 p 7R =[] w] (70)

opt

Algorithm 13. Partial load operation with fixed reference speed at the higher
limit (power optimisation strategy zone C-D)

This case corresponds to the situation when the turbine speed is restricted

ref ____nom
rot = Drot

to the nominal value @ and when the generated power is less than the

rated value (P, < Pn::;ed ). The control algorithm is similar to Algorithm 11

(presented for zone A-B), with the only difference that the tip speed ratio, the
optimal power coefficient value Cgpt (1), the optimal pitch angle € and the op-
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min

instead for @,

timal power are determined based on @'"

ot . In this case, the

nom

highest efficiency is obtained by operating the turbine at nominal speed @, .

Algorithm I1. Full load operation (power limitation strategy zone D-E)
This case corresponds to the situation of wind speeds higher than the rated
wind speed. The reference output power is the rated mechanical power

i ted : . .
Pree = Pooe”  while the reference rotor speed is the nominal rotor

speed a)fgtf =@ ;o . Thus, for each wind speed u, the power coefficient is calcu-
lated as:
2 Prated 213 u
CP(/,L) = mecs ngm)S (71)
prR |_a) rot J

Once the power coefficient value Cp (A) is calculated and the tip speed ra-

tio A(U) = y" R/U is known, the static pitch angle € can then be determined

by interpolation in the power coefficient table C (6, 4).

An example of the pitch angle and rotor speed versus wind speed, deter-
mined based on the presented control strategies for a variable speed 2 MW wind
turbine, is shown in Figure 98. Similar to Figure 97, Figure 98 also points out
the wind turbine operation ranges (A-B, B-C, C-D, D-E). The pitch angle values
in the power optimisation strategy are all found close to zero for the given wind
turbine, while at higher wind speeds in order to limit the power, the pitch angle
is increasing by a non-linear function. The static reference values of the rotor
speed are, as expected, varying in zone B-C and otherwise are kept constant.
However, as the DFIG control design allows overspeed in the case of a wind
gust, the rotor speed can vary dynamically in zone C-D-E. Therefore, the ability
to vary the rotor speed @y is used in both strategies (power optimisation and
power limitation), but it is mostly exploited below rated wind speed (in the
power optimisation strategy). The ability to vary the pitch angle € with wind
speed is mostly used above rated wind speed to prevent over rated power pro-
duction.

Power limitation EJ)

Power optimisation

Pitch angle [deg]
=
3

dyn , max
........................... ®En o

Rotor speed [rad/s]
5
3]
:\
@

0.3 5 10 15 20 25
wind [m/s]

Figure 98: Generic static pitch angle and rotor speed versus wind speed - re-
sult of the control strategies.
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As illustrated in Figure 89, this wind turbine control strategy contains two con-
trollers, which are cross-coupled to each other:

1. Speed controller

2. Power limitation controller

The design of these two controllers is based on the previous described con-
trol strategies. The speed controller is the main controller in the power optimisa-
tion strategy, while in the power limitation strategy both controllers are active
and cross-coupled to each other. This interconnection can be exemplified as
follows.

If the wind speed is less than the rated wind speed U~ ", the pitch angle is

kept constant to the optimal value &, , while the generator speed @gen is ad-

rated

justed by the wind turbine control in such a way that the maximum power is
captured out of the wind. If a wind gust appears, the rotor speed @y and thus
also the generator speed @yen Will increase due to the increased aerodynamic
torque. In this moment, the speed control loop reacts by increasing the power

P to the DFIG control, see Figure 99. If the wind speed in-

creases further beyond the rated wind speed, then the power limitation control
loop, see Figure 100, reacts by increasing the pitch angle to prevent the power
generation becoming too large. Meanwhile, the speed control loop controls the
rotor speed to its nominal value, but allows rotor speed dynamic variations in a
predefined speed range. The changes in the aerodynamic power are thus ab-
sorbed as changes in the rotational speed instead of as changes in torque and
therefore the impact of the wind speed variations on the drive train loads is re-
duced.

reference

7.3.1 Speed controller (1)

The speed controller has as main tasks:
1. to achieve the optimum power by keeping the generator speed at the

min
gen
reference speed limit.

2. to keep the optimal tip speed ratio Aqy over different wind speeds u, by

lower limit @, (Algorithm I1) in power optimisation A-B zone with fixed low

adapting the steady state generator speed to its reference a);; (Algorithm 12)

in power optimisation B-C zone with variable reference speed.
3. to control the generator speed to its nominal value, allowing however
dynamic variations in the predefined speed range indicated in Figure
97(b). For wind speeds above rated wind speed u™® (in power limita-
tion), the speed control loop prevents the rotor/generator speed becom-
ing too large.
Figure 99 shows the implemented speed control loop. It has as input the

difference between the reference generator speed and the measured generator
ref

speed. The reference generator speed @,

is obtained from the predefined

static characteristic (see Figure 97(b)), and it corresponds to the generator speed

at which the measured active power Pyic® on the grid is optimal. The error

ref meas

A @y, = Oyey — Wy, 1s sent to a PI controller and then further to a power gra-

dient limitation block. Unbalance between turbine torque and generator torque

will result in an accelerating torque until the desired speed is reached. The out-

Pconv, ref t

put of the speed controller is the reference power value on the grid B

the DFIG control.

(0]
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Figure 99: Speed controller of the wind turbine control.

Notice that the speed controller is active both in the power optimisation
and power limitation operating modes. The parameters of the speed controller
are changed depending on the wind turbine-operating mode (power optimisation
or power limitation).

7.3.2 Power controller (1)

The power limitation controller has as task to increase or decrease the pitch an-
gle in the power limitation strategy, i.e. in order to limit the generated power to
the rated power.

Figure 100 shows the power limitation control loop. The error signal

AP =P — Pgﬁ;ed’mf based on the measured power in the grid point M, is

sent to a Pl-controller. The PI controller produces the reference pitch angle
0 ¢ - This reference is further compared to the actual pitch angle &and then the

error A@is corrected by the servomechanism. In order to get a realistic response
in the pitch angle control system, the servomechanism model accounts for a
servo time constant Teer,o and the limitation of both the pitch angle and its gradi-
ent. The output of the power limitation controller is the pitch angle of the
blades.

%fmax fmax
pmeas — [ R .
LUCIS v W N BN - VS Ve R IR 91 J11 8 i Windtubine!
Pratedref - - Tsen’o _/dt > E““b_lez(%eis_“i
= do . &min
KPI 0 amln
|

schedulling

Figure 100: Power limitation controller of the wind turbine control,
which controls the pitch.

Notice that both speed and power limitation controllers do not need a wind
speed measurement. Only the generator speed and the generator active power
are required. Ideally, the control parameters would be chosen as a function of
the wind speed, but this is not an appropriate procedure due to the fact that it is
not possible to measure the wind speed precisely. Assuming that the wind tur-
bine system is well controlled, then the pitch angle and the active power can be
used as gain-scheduling parameters instead of wind speed. Therefore, the im-
plementation of the gain scheduling is performed based on knowledge of the
pitch angle, which can be thus used to express the non-linear aerodynamic am-
plification in the system.
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The non-linear variation of the pitch angle versus wind speed for high wind
speeds, illustrated in Figure 98, implies the necessity of a non-linear control
(gain scheduling) — as indicated in Figure 100. A linear control would result in
instabilities at high wind speeds.

The total gain of the system in the power control loop Kgysem, can be ex-

pressed as a proportional gain K, in the PI controller times aerodynamic sensi-
dpP

tivity of the system — :
déo

dP

K bl
deo

K (72)

system —

P
The aerodynamic sensitivity E of the system depends on the operating

conditions (the setpoint power value, the wind speed or the pitch angle). There-
fore, in order to maintain the total gain of the system Kgyem constant, the pro-

portional gain of the PI controller K, is changed in such a way that it counter-

- : ... dP :
acts the variation of the aerodynamic sensitivity @ . The gain of the controller

Kpy must therefore incorporate information on the dependency of the variation
of the power with the pitch angle. The variation of the aerodynamic sensitivity
with the pitch angle for a 2 MW wind turbine is illustrated in Figure 101(a). It
increases numerically (absolute value) with the pitch angle and it can vary with
a factor up to 10.
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Figure 101: Sensitivity function and the inverse sensitivity function of the wind
turbine. (a) sensitivity function dP/d6 versus pitch angle 6 . (b) inverse sensi-
tivity function [dP/d6]" versus pitch angle 6.

Observe that the variation of the aerodynamic sensitivity is almost linear in
the pitch angle @ and therefore a linear expression with the parameters a and b
can be estimated:

dP
d—9=a9+b (73)

This linear description makes it possible to determine the reciprocal of the
aerodynamic sensitivity, defined as follows:

e
do afd+b
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where the negative sign compensates for the negative ramp of the aerodynamic
sensitivity and thus assures that the sign of the total gain of the system does not

dP 7"
change. Notice that the reciprocal sensitivity function [—9} , illustrated in

Figure 101(b), is non-linear with the pitch angle. It is used in the definition of
the controller gain K, to counteract the mentioned variation, as follows:

dP 7"
KPI =Kbasis [@:l (75)

where Kpqis is the constant designed proportional gain of the PI- controller, de-
termined to be appropriate for one arbitrary wind speed. Notice that the more
sensitive the system is (larger pitch angles &/ higher wind speeds) the smaller
the gain for the controller should be and vice versa. The introduction of the
gain scheduling enables the PI- controller to perform an adequate control over
the whole wind speed range.

7.3.3 Cross-coupled control

Both the speed control loop and the power control loop are cross-coupled
in the power limitation strategy. Notice that these two strategies do not need a
wind speed measurement. Only the generator speed and active power are re-
quired.

The interconnection between speed control loop and power control loop
can be exemplified as follows. If the wind speed is less than the rated wind

speed U™, the pitch angle is kept constant to the optimal value Oyt » While the

generator speed wyen 1s adjusted by the frequency converter control in such a
way that the maximum power is obtained. If now a wind gust appears, the rotor
speed aror and thus also the generator speed wyen are increasing due to the in-

creased aerodynamic torque, and the speed control loop reacts by increasing the

P conv, ref

power reference Py (in Figure 99). If the wind speed increases further

over the rated wind speed, then the power control loop reacts by increasing the
pitch angle to prevent the power generation becoming too large. Meanwhile, the
rotor speed is also prevented to become too large by the speed control loop,
which tries to keep the rotor speed to its nominal value. DFIG control has the
advantage to permit a dynamical variation range of the generator/rotor speed
around the nominal value. Thus the impact of the wind speed variations on the
drive train loads is reduced. The changes in the aerodynamic power are ab-
sorbed as changes in the rotational speed instead of as changes in torque.

7.3.4 Simulation results (I)

Different scenarios are simulated to asses the performance of both the DFIG
controller and of the overall control of the variable speed /variable pitch wind
turbine.

A. DFIG control

Using the stator flux control approach, the active power control is decoupled
from reactive power control. As mentioned before the active and reactive power
can be controlled using the impressed rotor currents in the stator flux reference
frame. Thus, the active power control is achieved by controlling the rotor cur-
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I meas

rent ¢- component 1, .,

orthogonal to the stator flux, while the reactive power

control is achieved by controlling the d- component of the rotor current referred

to the stator flux |7, . Figure 102 illustrates the control of the active power

Pconv, ref

on the grid when a step in the reference active power signal Py on the grid

conv, ref

is imposed and when the reference reactive power signal Qgrid remains un-

changed.
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Figure 102: Decoupled control of active and reactive power of DFIG.

The active power step response, measured on the grid (30 kV), exhibits
good dynamic performance. A little coupling with the reactive power control is
observed in the transient phase. However, in steady state the reactive power is
not affected by the active power step, as it is back to its reference value. As ex-
pected, the step in the reference of the active power is reflected only in the q-
component and not in the d- component of the rotor current, as the reactive
power is controlled by the d- component.

B. Power flow inside DFIG

Both Figure 103 and Figure 104 illustrate the results of a simulation, where a
fictive non-turbulent wind speed with fixed mean value and a sinusoidal varia-
tion with a 3p frequency is used. A variable speed DFIG wind turbine with 2
MW rated power is considered. A step in the mean speed value from 7 m/s to 9
m/s is performed to force the system from sub-synchronous to over-
synchronous operation. The purpose of this simulation is to illustrate:

e the power flow through the grid, stator and rotor when the DFIG
changes between sub-synchronous and over-synchronous operations,
due to a step in the wind speed.

o the filter effect of the mechanical 3p fluctuations in the electrical power.

Notice in Figure 103 that during sub-synchronous operation the power de-

livered to the grid is less than that delivered by the stator Pgr, as in the rotor
circuit the power is flowing from the grid to the rotor via power converter (Py,.
tor<0). Meanwhile in over-synchronous operation, the power delivered to the
grid is higher than that from the stator because of the power contribution from
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the rotor. The rotor power flows from the rotor to the grid in over-synchronous
operation (Pyotor> 0).
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Figure 103: Simulated power through the grid, stator and rotor in sub-
synchronous and over-synchronous operations.

The 3p fluctuations of the wind speed are present in the mechanical part of
the system, i.e. in the aerodynamic torque, but not on the electrical part, i.e. in
the electrical torque — see Figure 104. The 3p fluctuations in the wind are thus
not visible in the electrical power. They are reduced substantially by the control
of the DFIG. For this wind speed range (7 m/s to 9 m/s), the wind turbine oper-
ates in the power optimisation mode (zone B-C-D), where the speed controller
seeks to maximise the power captured from the wind according to Figure 97(b).
It thus adjusts the generator speed to its predefined reference (variable or fixed)
to be able to capture as much energy from the wind as possible. The power limi-
tation controller is not active here, as the rated power is not reached. The pitch
angle is kept constant to its optimal value determined with the control Algo-
rithm 12 and 13.

Risg-R-1400/Second Edition (EN)

113



«——  Sub-synchronous 3¢ Over-synchronous —» i« Sub-synchronous —
(variable reference speed) (fixed reference speed) (variable reference speed)
B8 [ e N P B
| | | | |
P [ A N —— R S —— S 1
| i i Generator Speed |
?’“9” ************** e S A T T T T T T T T T T T T T I N T T T T T T T T i
Shomwe b 0 o N
= T I | T |
| | I | |
R 2 I |
0.951 i Il Il 1
00 T2000 o 21000 w00 o000
& speed
750804
s2a6a3
sz
Zsrosn
2es101 ! ! ‘ !
120000 L L L L
0000 72000 o 2o w00 : o000
0sss
053
™
=
Eom
008
028
[ [ A S NS R — B
| | | Pitch | |
080 ————————————— T [ By I S e B q
| | | | |
e e S I | B / ****** T~ oo o T i
E;
. 02000 77777777777777}777777777777777} 77777777777777 }77777777777777}777777777777777}
. S S S S o I Lo ]
00000 | | | I I
-~1.0000 L L L L
00 72000 T pTr T o000
Limited_power_controller model: Pitch Time [sec]

Figure 104: Simulated generator speed, aerodynamic torque, electrical
torque and pitch angle.

C. Overall control of the wind turbine

Both Figure 105 and Figure 106 illustrate how the control algorithms are work-
ing at different operating conditions. Again a variable speed wind turbine with a
rated power of 2 MW is used. The rated wind speed is 11.5 m/s and the rated

generator speed @y is 1686 rpm. Typical quantities are shown: wind speed,

generator speed and reference generator speed, the pitch angle and the generator
power on the grid.

Figure 105 illustrates the simulation operation at 7 m/s mean value turbu-
lent wind speed with turbulence intensity of 10%. This operation corresponds to
the power optimisation with variable generator speed reference (zone B-C in
Figure 97).
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Figure 105: Simulation with turbulent wind speed, with mean 7m/s and turbu-
lence intensity of 10%.

In power optimisation, the main turbine controller is the speed controller.
As the rated power is not reached, the power limitation controller is not active.
The speed controller has here to be strong and fast in order to seek to the maxi-
mum power. It has to assure that the generator speed follows very well the vari-
able generator speed reference in order to be able to absorb the maximum en-
ergy from the wind. The speed reference is generated based on the static curve
illustrated in graph (b) of Figure 97 and it corresponds to the generator speed for
which the measured power is optimal. As expected for this wind speed range (7
m/s mean value), the pitch angle is not active, being kept constant to its optimal
value (i.e. zero for the considered wind turbine). Notice that the fast oscillations
in the wind speed are completely filtered out from the electrical power.

Figure 106 shows the simulation results when a turbulent wind speed with
a mean value of 18 m/s and a turbulence intensity of 10% is used. In order to
illustrate the elasticity of the variable speed DFIG wind turbine, some gusts
about 5 m/s up and down, respectively, are introduced in the wind speed at each
150s.

This simulation case corresponds to the power limitation strategy, where
both the speed controller and the power limitation controller are active. The
power limitation control loop is strong and fast, while the speed control loop is
deliberately much slower, allowing dynamic variations of the generator speed in
the speed range permitted by the size of the power converter.
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Figure 106: Simulation with turbulence wind speed, with mean speed 18 m/s,
turbulence intensity 10% and gusts.

The power limitation controller changes the pitch angle to keep the rated
power, while the speed controller prevents the generator speed from becoming
too high. Contrary to the power optimisation, illustrated in the previous simula-
tion, the speed controller allows here deviations of the generator speed from its
reference (rated) value. For example, at the time instant t=150 s, the wind speed
rapidly reaches 22 m/s. The generator speed increases quickly due to the in-
creased aerodynamic torque. The electrical power increases too, until the pitch
controller reacts modifying the pitch angle. The pitch controller is not fully ca-
pable of capturing this fast wind speed change. The pitch angle follows the slow
variation in the wind speed, while fast gusts in the wind speed are absorbed as
variation (peaks) in generator speed. The rotational speed of the turbine rotor is
thus allowed to increase storing energy into the turbine’s inertia.

7.4 DFIG wind turbine control strategy |1

As described in Section 7.1, in the wind turbine control strategy (II) the power
converter controls the power, while the pitch system prevents the overspeeding
of the generator.

This second control strategy is expected to be closer to the real controllers
in DFIG wind turbines, although this is not easy to clear up because the actual
control algorithm is kept confidential by the wind turbine industry.

The two controllers of the control strategy (II), sketched in Figure 90, are
as follows:

e Speed controller — controls the generator speed to its reference value

by acting on the pitch angle. It has as task to control the generator speed at

high wind speeds i.e. to change the pitch angle in order to prevent the over-
speeding of the generator. At low wind speeds, the pitch angle is kept con-
stant to a optimal value.
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e Power controller — assures the power reference by acting on the refer-
ence to the DFIG control level. It generates the active power reference sig-
nal for the active power control loop, performed by the rotor-side converter
controller in DFIG control level. This reference signal is determined from
the predefined characteristic P-o look-up table, illustrated in Figure 107,
based on filtered measured generator speed. This characteristic is based on
aerodynamical data of the wind turbine’s rotor and its points correspond to
the maximum aerodynamic efficiency. As illustrated in Figure 107, this
characteristic is truncated at rated speed, so no speed reference over rated
speed is provided.

2000 -

1500 1

Pel [kW]

1000

600 800 1000 1200 1400 1600 1800
[rpm]

Figure 107: Maximum power tracking (MPT) characteristic used for DFIG wind turbine.

Both the speed controller and the maximum power-tracking controller are
active in the power limitation strategy, while only maximum power tracking
controller is active in the optimization power strategy. In the case of high wind
speeds there is a cross-coupling between these two controllers.

Figure 108 illustrates explicitly the speed controller, the maximum power
tracking controller and the rotor-side converter controller. The grid-side con-
verter controller is out of interest in the present study and therefore it is shown
as a “black box”.
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Figure 108: Wind turbine control level.

In the rotor-side converter control, there are two independent control
braches, one for the active power control and the other for reactive power con-
trol. Each branch consists of 2 controllers in cascade. Only the active power
control loops are relevant in the present study.

Notice that all these controllers, except maximum power tracking control-
ler, are basically PI controllers. Both the speed controller and the maximum
power tracking have as input the filtered measured generator speed. The genera-
tor speed is measured and a low-pass filter is used to avoid that the free-free
frequency in the transmission system is amplified through the control system.

7.4.1 Speed controller (I1)

The error between the filtered measured generator speed and the rated gen-
erator speed is thus sent to the PI speed controller. The output of this PI-

controller is used as reference pitch signal @ ; to the pitch system. In order to

get a realistic response in the pitch angle control system, the servomechanism
model accounts for a servo time constant Tepno and the limitation of both the
pitch angle (0 to 30 deg) and its gradient (10 deg/s). Thus the reference pitch

angle @ is compared to the actual pitch angle & and then the error A6 is cor-

rected by the servomechanism.

A gain scheduling control of the pitch angle, as described in Section 7.3.2,
is implemented in order to compensate for the existing non-linear aerodynamic
characteristics.

Assuming that the dynamic behavior of the system can be approximated
with a second order system behavior, then the parameter design of the PI speed
controller can be based on the transient response analysis for a second order
system:

2
K @

2 = 2 2
Is°+Ds+K s +2fw,s+w,

(76)
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where |, K and D denote the system inertia, stiffness and damping, respec-
tively. Hence the natural frequency and the damping ration can be expressed as:

o [K sl DD o
= _[— an == =— , FeSpectively.
T 2w, 2K “o TPy

In the literature, two main parameterizations of the PI controller are ap-
plied:

¢ Pl controller - parameterization 1:

K.
y=(K, +?')U (77)

where the proportional and integral gain can be expressed (see Stig @je’s
calculations) as:

KQ P!
K, = —0_ [——} (78)
N 30 de

gear

K.

K,z 2 —
@,

In this PI controller parameterization form, the integral gain K is propor-

tional to the stiffness K of the system, while the proportional gain K, is propor-

tional with the damping of the system D =2 & K/@,. Notice that when this

parameterization is used, both controller parameters contain gain scheduling,

dP "
i.e. they vary with the reciprocal sensitivity function [— @} .

¢ Pl controller - parameterization 2:

1
y=K, (HE)U (79)

where the integral time and the proportional gain are expressed as:
K 2
oK _2e

K; @,

(80)

"o,y 30

Kzz_@LP£T
dé

ear
Ml

This parameterization of the PI controller is typically used in control sys-
tems. Notice that here only one parameter, i.e. the proportional gain K,, has a

-1
. _ . . e . dpP .
proportional variation with the reciprocal sensitivity function {— — | , while

the integral time T; can be directly determined based on design parameters
(damping ration & and natural frequency ax).
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The implementation in DIgSILENT of the PI controllers is using the
parameterization 2. As design parameters in the controllers, there are used the
damping ratio £ = 0.66 and the natural frequency about 0.1 Hz (i.e.

@ ,= 0.6). Using the expressions (6) and (12), the proportional gain Kpasis of
the PI- controller can be expressed as:

< 26 KQ,

asis 81

Tl 30 &
gear

Based on design data (§ and ay) and on the equations (11) and (13), the pa-
rameters of the PI speed controller (SC) become: K ﬁc =850 (normalized) and

T =22.

7.4.2 Power controller (1)
chrti)gv, ref
power tracking look-up table, is further used in the active power control on the
grid, performed by the rotor-side converter controller.

The aim of the rotor-side converter is to control independently the ac-
tive and reactive power. As mentioned before, the attention, in this report, is
mainly drawn to the active power control. The active power is controlled indi-
rectly by controlling the impressed rotor current. As illustrated in Figure 108,
the active power control, in DIgSILENT, contains two control loops in cascade:
a slower (outer) power control loop and a fast (inner) rotor current control loop.
The slower power control loop has thus as output the reference rotor current
signal, which is used further by the fast current control loop. The parameters of
the PI controllers in the rotor-side converter are the following:

» for the power controller (PC): K E ©=0.1and T,"° =0.1
» for the current controller (CC): K EC =1 and TiCC =0.01

Notice that these two control loops existing in the rotor-side converter
controller and taking care of the active power on the grid, are not implemented
in HAWC and Flex5.

The active power reference signal, determined from the maximum

7.4.3  Simulation results (I1)

In order to evaluate the performance of variable speed wind turbine con-
troller implemented in power system simulation DIgSILENT a set of step re-
sponse simulations with deterministic wind speed (no turbulence, no tower
shadow) are performed. Typical quantities versus of time are shown: wind
speed in [m/s], pitch angle in [deg], generator speed in [rpm] and the generator
power in [MW]. For comparison purpose, the scales of the figures have been
kept similar to those used in the FLEXS5 simulations. Unless it is specified, the
simulations are performed using the parameters of the PI controllers, mentioned
before.

In Figure 109, Figure 110 and Figure 111, the wind speed is stepped-up
with 1m/s every each 20 seconds.
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Figure 109: Step in wind from 5m/s to 12m/s.

In the power optimization strategy (at low wind speeds less than 12m/s), as
illustrated in Figure 109, the speed controller is passive, keeping the pitch angle
constant to the optimal value (i.e. zero for the considered wind turbine). Mean-
while, the power controller controls the active power to the active power refer-
ence signal provided by the maximum power tracking look-up table. The gen-
erator speed is thus continuously adapted to the wind speed, in such a way that
it is extracted maximum power out of wind. Notice that the response time in the
steps is bigger at lower wind speeds then at higher wind speeds.

At higher wind speeds than 12 m/s, illustrated in Figure 110, both the
speed controller and the active power controller are active.
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Figure 110: Step in wind from 12 m/s to 20 m/s.

The steps in the wind speed yield changes in both the pitch angle and the
generator speed. The step response of the pitch angle and generator speed does
not present big overshoots and oscillations (fast in steady state). Remark also
that the response of the generator speed is almost identical over the whole wind
range between 12m/s and 20m/s, a fact that indicates that the gain scheduling in
the speed controller is working properly. The power controller keeps the active
power to 2MW with a small deviation about 1%.

By changing the parameters of the frequency converter controller, the per-
formance of the system can be improved. Figure 111 illustrates the influence of
the parameter tuning in the frequency converter controller. A similar simulation
to that shown in Figure 110 is shown in Figure 111, but with a stronger integral

action of the controllers in the frequency converter, i.e. TipC =0.01 and

T.°“ =0.001. This action has as result an error in the control of the power less

than 1 per thousand, while the other signals are unchanged.
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Figure 111: Influence of control parameters of the frequency converter.

Figure 112 and Figure 113 illustrate the simulations where the wind speed
is stepped-down from 20 m/s to 4 m/s with 1 m/s step and 2m/s step, respec-
tively.
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Figure 112: 1m/s step-down in wind from 20 m/s to 5 m/s.

Figure 112 shows that as long as the wind speed is higher than 12m/s, the
power is kept constant to 2MW. The generator speed is slightly varying around
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its rated value, while the pitch angle is changed at each 1m/s step to another
appropriate steady state value. As desired, the power is stepped out of the rated
power (i.e. 2MW) when the wind speed becomes less than 12m/s. The pitch
angle is then kept constant to zero, while the generator speed varies according to
the P-w characteristic, shown in Figure 107.

However, as it is illustrated in Figure 113, keeping the same control pa-

rameters (i.e. TiSC = 2.2) also for the case when there is 2m/s step in wind,

reveals that the speed controller is too lazy/slow. Due to the cross-coupling be-
tween the controllers at high wind speeds, the power control is then not able to
keep the power to the rated power. Figure 113 also illustrates the simulation

when the integral action of the speed controller is increased (TiSC =0.5). A

reduced integral time of the speed controller is corresponding to a lower damp-
ing ration or a higher natural frequency for the second order system. It means
that in order to keep the power to the rated power, it is necessary to be able to
force the generator speed to react faster to changes in the wind.
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Figure 113: 2m/s step down in wind from 20 m/s to 5 m/s and influence of the speed

controller.

Notice that such changing of the integral time of the speed controller yields
to an increased rate of the pitch angle. This can off course imply both higher
requirements to the pitch system and higher acrodynamical loads. As always,
the choice of control parameters is and has to be a trade-off between different
aspects. It seems that in the case of higher wind steps, as it is the case of gusts,
the parameters designed through the transient response has to be slightly
changed in order to be able to handle gusts in a satisfying way.

Figure 114 reflects the same aspects as Figure 113, but for the case of a
turbulent wind with mean speed 20m/s and turbulence 10%. By making the
speed controller faster, the power control manages to keep the power to the
rated value, and to avoid thus the drops in the power.
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Figure 114: Turbulent wind. Influence of integral time of the speed controller.
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Figure 115: Turbulent wind. Influence of frequency converter.
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Figure 115 illustrates the influence of better tuning of the parameters in the
frequency converter controller. Notice that the frequency converter alone can
improve the control of the power, without affecting the behavior of the other
signal, as i.e. the pitch angle and the generator speed.

Figure 116 illustrates a simulation of variable speed wind turbine with tur-
bulent wind, where the mean is 8 m/s and the turbulence intensity of 10%.

The generator speed is tracking the slow variation in the wind speed. As
expected for this wind speed range, the pitch angle is passive, being kept con-
stant to its optimal value (i.e. zero for the considered wind turbine). The active
power delivered to the grid does reflect the variation in the wind speed. Notice
that the fast oscillations in the wind speed are completely filtered out from the
electrical power.

Figure 117 illustrates the simulation with turbulent wind, where the mean
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Figure 116: 8 m/s turbulent wind (turbulence 10%).

speed is 12 m/s and the turbulence intensity of 10%. The power is kept to the
rated power as long as the energy in the wind permits that.
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Figure 117: 12m/s turbulent wind (turbulence 10%).

8 Variable speed DFIG wind turbine
concept — grid fault operation

This chapter address the fault ride-through and voltage grid support capability
of a DFIG wind turbine under a grid fault operation.

Up to 5-6 years ago, most grid codes did not require wind turbines to sup-
port the power system during a grid disturbance — wind turbines were only re-
quired to be disconnected from the grid when an abnormal grid voltage was de-
tected. With the increased capacity of wind power in the power system over the
years, a sudden high loss of power during grid faults, due to wind turbines dis-
connection, could generate control problems of frequency and voltage in the
system, and as worst case a system collapse.

The increased penetration of wind energy into the power system over the
last decade has therefore led to serious concern about its influence on the dy-
namic behaviour of the power system. It has resulted in the power system opera-
tors revising the grid codes in several countries, such as in Denmark and Ger-
many (Energinet.dk, 2004), (E.ON., 2006). Basically, for wind power, these
grid codes require an operational behaviour more similar to that of conventional
generation capacity, and more responsibility in network operation. An overview
of existing grid connection codes is given in (Bolik S.M., 2003) and (Jauch C.
et al., 2004). The attention in these requirements is drawn to both the wind tur-
bine fault ride-through capability and the wind turbine grid support capability,
i.e. their capability to assist the power system by supplying ancillary services.
The ancillary services represent a number of services required by the power sys-
tem operators, such as voltage control, in order to secure safe and reliable grid
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operation. Fault ride-through capability addresses primarily the design of the
wind turbine controller in such a way that the wind turbine is able to remain
connected to the network during grid faults (e.g. short circuit faults).

The effect of wind farm integration in the power system depends on both
the power system design to which the wind farms are connected and the wind
farm control ability to fulfill the grid requirements. This ability depends of
course on the wind turbine/wind farm technology. This fact has challenged dif-
ferent wind turbine manufactures and initiated important research activity re-
garding the ability of different wind turbine concepts to comply with high-
power system operator requirements. There is presently much research activity
worldwide, involving model simulation studies to understand the impact of sys-
tem disturbances on wind turbines and consequently on the power system itself
(Akhmatov V., 2003), (Serensen, P. et al., 2003).

8.1 DFIG wind turbine modelling and control is-
sues — in case of grid fault

As a mainstream configuration for large wind turbines (Hansen A.D. et al,,
2007), DFIG wind turbines are also required to remain grid connected during
grid faults so that they can contribute to the stability of the power transmission
system. This raises problems in terms of generator/converter protection and
control. In the case of grid faults the controllability of DFIG variable speed
wind turbines embraces both the wind turbine control for preventing over-
speeding of the wind turbine and the control and protection of the power con-
verter during and after grid faults.
Figure 118 provides an overview on the control and protection of DFIG

wind turbine system configuration under grid faults:

e Wind turbine itself with the drive train, the aerodynamics and the

pitch angle control system
e DFIG protection and control system during grid faults

| LG e

: ~] ===+ ( DFIG) |

i c E i i
! Drive train ¥ |
1 | Aerodynamics with gearbox | 1! RSC |
1 === :
r I _‘ a
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Figure 118: DFIG wind turbine protection and control block diagram during grid faults.
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The level of detail required for the stability model of a DFIG, used in case
of grid fault, is still subject to discussions (Akhmatov V., 2003), (Poeller M., et
al., 2003). It is generally accepted that stator flux derivatives can be neglected.
As mentioned in Chapter 2, the DFIG model in PowerFactory DIgSILENT is a
standard built-in model whose detailing level can be chosen depending on the
study propose.

8.1.1 Drive train, aerodynamics and pitch angle control system

In stability analysis, when the system response to heavy disturbances is
analysed, the drive train system must be approximated by at least a two-mass
model (Akhmatov V., 2003). The idea of using a two-mass mechanical model is
to get a more accurate response from the wind turbine during grid faults and to
have a more accurate prediction of the impact on the power system.

The mechanical model used in the present context is therefore a two-mass
mechanical model, connected by a flexible shaft characterized by a stiffness k
and a damping c, as described in Section 2.3.2. The stiffness and damping com-
ponents are modelled on the low-speed shaft, while the high-speed shaft is as-
sumed stiff. Moreover, an ideal gear with the exchange ratio 1: Nge,r is included.
One mass represents the turbine inertia Jo, while the other mass is equivalent to
the generator inertia Jgen. The motion equations on the low and high speed shaft
of the turbine are:

J D :Taero - Tshaft

‘Jgen a)gen :Tmec - Tel

rot

where T, .. =Ty /N The aerodynamic torque from the rotor acts on one

end of the drive train, while the mechanical torque from the generator side acts
on the other end of the drive train. The result of this is torsion of the shaft. In

= Tshaft and Tmec = Tel .

During grid faults the electrical torque is significantly reduced and there-
fore the drive train system acts like a torsion spring that gets untwisted. Owing
to the torsion spring characteristic of the drive train, both the mechanical torque,
aerodynamical torque, and thus the generator speed, start to oscillate with the
so-called free-free frequency:

(oL [k

osc ’
2\ Jq

gear °

steady state, all torques are in equilibrium, i.e. T,

where Jgq is the equivalent inertia of the drive train model determined by:

2
‘Jrot ’ ngear ' ‘]gen
C I
rot + ngear ' gen

As these torsional oscillations may influence the converter operation dur-
ing the grid disturbance and also a short while after the disturbance, their mod-
elling by using at least a two-mass model for the drive train system is essential.
Furthermore, these torsional oscillations can even be excited and become un-
damped at a fast converter control (Akhmatov V., 2003).

A simplified aerodynamic model is sufficient to illustrate the effect of the
speed and pitch angle changes on the aerodynamic power during a grid fault.
The simplified aerodynamic model, described in Section 2.3.3, is typically
based on a two dimensional aerodynamic torque coefficient Cq table provided
by a standard aerodynamic program.
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In dynamic impact studies, the wind speed can be assumed constant during
the observed time frames, as the fault operation is small compared to the wind
speed fluctuations.

The pitch angle control is realised by a PI controller. In order to get a real-
istic response in the pitch angle control system, the servomechanism model ac-
counts for a servo time constant, Tero and a limitation of both the pitch angle
and its rate-of-change, as illustrated in Figure 119. A gain-scheduling control of
the pitch angle, as described in Section 7.3.2, is implemented in order to com-
pensate for the non-linear aerodynamic characteristics.

r I r
@ + Aw® | ‘ 9ref y L d_e l 0 o
PI _ Tservo > dt ) S g
) 14 . _I
a)ref
Ko [Gain schedulling

Figure 119: Pitch angle control.

Note that the pitch angle control is implemented in such a way that the
pitch angle controls the generator speed, i.e. the input in the controller is the
error signal between the measured generator speed and the reference generator
speed. In case of overspeeding, the speed is controlled to its rated value, while
the aerodynamic power is automatically reduced by increasing the pitch angle.
The dynamic stability of the generator is thus increased by the pitch angle con-
trol.

This control is able to prevent overspeeding both in normal operations and
during grid faults, owing to the fact that the pitch angle controls the generator
speed directly. This means that there is no any need to design another pitch con-
trol solution additional to the existing one, sketched in Figure 119, in order to
improve the dynamic stability during grid faults. This is, for example, the case
in (Holdsworth L. et al., 2004) and (Sun T. et al., 2005), where the reduction of
the aerodynamic power and the prevention of the overspeeding during grid
faults are realised by implementation of an additional pitch control solution.

The rate-of-change limitation is very important during grid faults, because
it decides how fast the aerodynamic power can be reduced in order to prevent
overspeeding during faults. In this work, the pitch rate limit is set to the typical
value of 10 deg/s.

8.1.2 DFIG protection system during grid faults

The use of the partial-scale converter to the generator rotor makes this concept
on one hand attractive from an economical point of view. On the other hand,
this converter arrangement requires an advanced protection system, as it is very
sensitive to disturbances on the grid. Without such protection, high transient
currents induced in the rotor can damage the power converter device.

As illustrated in Chapter 7, the control performance of the DFIG is very
good in normal grid conditions allowing active and reactive power changes in
the range of a few line periods. DFIG control can, within limits, hold the elec-
trical power constant in spite of fluctuating wind, storing thus temporarily the
rapid fluctuations in power as kinetic energy.

The concern with DFIG is usually the fact that large disturbances lead to
large fault currents in the stator due to the stator’s direct connection to the grid.
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Because of the magnetic coupling between the stator and the rotor and the laws
of flux conservation, the stator disturbance is further transmitted to the rotor.
High voltages are thus induced in the rotor windings that in turn cause excessive
currents in the rotor as well.

High stator currents may be advantageous for the co-ordination of the pro-
tection in the grid. They guarantee that the fault current level is high enough to
trip circuit breakers in the faulty part of the grid and thus disconnect the turbine.
Since the stator-rotor ratio of the DFIG is designed according to the desired
variable speed range, in case of grid faults it might not be possible to achieve
the desired rotor voltage in order to control the high rotor currents. The con-
verter has thus only partial control over the generator during grid faults. It
reaches its limits quickly and as a consequence loses the control of the genera-
tor. The results are both high rotor currents and voltages during the grid faults.
Furthermore, the surge following the fault includes a “rush” of power from the
rotor terminals towards the converter. As the grid voltage drops in the fault
moment, the grid-side converter (GSC) is not able to transfer the power from
the rotor-side converter (RSC) further to the grid and therefore the additional
energy goes into charging the DC bus capacitor, i.e. the DC bus voltage rises
rapidly.

A suitable protection system for the DFIG converter is therefore necessary
to break the high currents and the uncontrollable energy flow through the RSC
to the DC link and thus to minimize the effects of possible abnormal operating
conditions. The protection system monitors different signals such as the rotor
current and the DC link voltage; when at least one of the monitored signals ex-
ceeds its respective relay settings, the protection is activated.

A simple protection method is to short circuit the rotor through a device
called crowbar. The crowbar protection, specific to DFIG, is an external rotor
impedance, coupled via the slip rings to the generator rotor instead of the con-
verter, as illustrated in Figure 118. The function of the crowbar is to limit the
rotor current.

The crowbar protection is an integral part of the DFIG model in PowerFac-
tory DIgSILENT, while its control can be implemented as a user-written model
in the dynamic simulation language of the Power Factory.

When the crowbar is triggered, the rotor is short circuited over the crowbar
impedance, the RSC control is disabled and therefore DFIG behaves as a squir-
rel cage induction generator (SCIG) with an increased rotor resistance. The dis-
abling of RSC control yields to the fact that the independent controllability of
active and reactive power gets lost during fault detection. This implies that the
magnetization of the generator, which in normal operation is done over the rotor
circuit by the RSC, must in the case of a fault be done over the stator, from the
grid.

Since the GSC is not directly coupled to the generator windings, where the
high transient currents occur, there is no need to disable this converter, too. The
GSC can therefore be used as a STATCOM to produce reactive power (limited
however, by its rating) during faults. The crowbar protection can be removed
after a predefined time or according to additional criteria, such as the magnitude
of the grid voltage. When the crowbar is removed, the RSC is enabled again to
control independently the active and reactive power.
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Figure 120 illustrates the static curves for the torque and reactive power as
function of speed for different crowbar resistances, applied for one 2MW DFIG.
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Figure 120: Static curves for torque and reactive power as function of speed for
different crowbar resistances.

Note that an increased crowbar resistance improves the torque characteris-
tic and reduces the reactive power demand of the generator at a certain speed.
By the addition of the external resistance (crowbar resistance) in the rotor cir-
cuit during grid faults, the pull-out torque of the SCIG generator is moved into
the range of higher speeds. The dynamic stability of the SCIG generator is thus
improved by increasing the external resistance (Akhmatov V., 2003).

Several EMT (electromagnetic transient) dynamic simulations have been
also carried out in the following for different crowbar resistance values in case
of a 100ms three-phase fault at the high voltage terminal of the 3-windings
transformer of the DFIG wind turbine. The simulations are performed for a
160MW wind farm model, which is an aggregation of 80 equal 2MW DFIG
wind turbines, e.g. one turbine model with re-scaled power capacity (Poeller M.,
et al., 2003), (Akhmatov V., et al., 2006).

Figure 121 illustrates the simulation results: the rotor current, the electro-
magnetic torque and the reactive power of the generator. As these electrical sig-
nals are generated by EMT simulations, they are determined using the full-order
transient generator model. In the moment of the short circuit fault, the rotor cur-
rent starts increasing until the over current protection triggers the crowbar and
inhibits the RSC control. In the simulation, the time delay due to the switching
of shunt resistance is neglected.
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Figure 121: Dynamic performance of DFIG for different values of the crowbar resistance.

Figure 121 depicts both the crowbar’s function to limit the rotor current
and the crowbar’s influence on the reactive power demands of the generator.
Small resistance values cause higher current and torque transient peaks in the
fault moment. A higher crowbar resistance has an efficient damping effect on
both the rotor current and the electromagnetic torque. In accordance with Figure
120, an increased crowbar resistance has also a positive effect on the dynamic
stability of the power system, as it implies a reduced reactive power consump-
tion in the fault clearance moment.

However, as illustrated in Figure 121, a too high crowbar resistance can im-
ply a risk of excessive torque and reactive power transients when the crowbar is
removed.

A correct choice of the crowbar resistance must therefore take into account
the previous considerations. For the present study case, a crowbar resistance
value of 0.5 p.u. has been found to be an appropriate trade-off.

8.1.3 DFIG control system during grid faults (fault ride-through con-
trol)

DFIG control during grid faults is in the following built on as an extension of
the normal operation control structure of DFIG. Before moving on to the DFIG
control during grid faults, the DFIG control structure in normal operation, de-
scribed in Chapter 7, is therefore shortly reviewed and illustrated in Figure 122.
Note that, the DFIG control structure contains the electrical control of the
power converters, which is essential for the DFIG wind turbine behavior both in
normal operation and during fault conditions. The aim of the RSC is to control
independently the active and reactive power on the grid, while the GSC has to
keep the DC-link capacitor voltage at a set value regardless of the magnitude
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and the direction of the rotor power and to guarantee a converter operation with
unity power factor (zero reactive power). As illustrated in Figure 122, both
RSC and GSC are controlled by a two stage controller. The first stage consists
of very fast current controllers regulating the rotor currents to reference values
that are specified by a slower power controller (second stage).

Power converter
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Figure 122: DFIG control structure — normal operation.

In the following, the attention is drawn on the active and reactive power
set-point signals for the second stage controllers of the converters in Figure 122.
Their definition is strongly depending on which operational mode the wind tur-
bine is working, i.e. in normal or in grid fault operation. For example, in normal
operation, as described in Section 7.1:

o the active power set-point P for the RSC is defined by the maximum

power tracking point (MPT) look-up table, as function of the optimal genera-
tor speed — see Figure 123, i.e. for each wind speed there is only one genera-
tor speed resulting in maximum aerodynamic coefficient C,.

gnid £or the RSC can be set to a certain value or

o the reactive power set-point Q

to zero according to whether or not the DFIG is required to contribute with

reactive power.

GSC

i =0. This means

e the GSC is in normal operation reactive neutral, i.e. Q

that, in normal operation, the GSC exchanges with the grid only active power,
and therefore the transmission of reactive power from DFIG to the grid is
done only through the stator.

« the DC-voltage set-point signal U ;. is set to a constant value, independent on

the wind turbine operation mode.
In case of grid faults, the generator speed variation is not due to the wind
speed change but due to electrical torque reduction, as described in Section

8.1.1. This means that the active power set-point P 9 has to be defined differ-

ref
ently in case of grid faults, i.e. as the output of a damping controller. Such a
controller has as task to damp the torsional excitations that are excited in the
drive train owing to the grid fault. When a fault is detected, the definition of the

134 Ris@-R-1400/Second Edition (EN)



active power set-point P4 is switched between the normal operation defini-

tion (i.e. MPT) and the fault operation definition (damping controller).

Normal operation Fault operation

Maximum power tracking point Damping controller

— rid
MPT O Prgf

p o Wind | Optimal o I >
0] P ref speed speed -
— Pl — .
7
[0} w

Figure 123: Definition of active power set-point for normal and fault
operation, using MPT and damping controller respectively.

Different control schemes can be applied to damp these oscillations. In this
work the damping controller of (Akhmatov V., 2003) is adopted. As illustrated
in Figure 123, in case of grid faults, the PI damping controller produces the ac-

tive power reference signal P " for the RSC control based on the deviation

between the actual generator speed and its reference. The speed reference is de-
fined by the optimal speed curve at the incoming wind. The damping controller
is tuned to actively damp the torsional oscillations excited at a grid fault in the
drive train system. (Akhmatov V., 2002) shows that absence or insufficient tun-
ing of this PI controller may lead to self-excitation of the drive train system and
to a risk of tripping as protection against vibrations in the mechanical construc-
tion.

Note that, the pitch control is not able to damp the torsional oscillations,
because of several delay mechanisms in the pitch (Akhmatov V., 2003a). The
pitch control damps the slow frequency variations in the generator speed, while
a damping controller has to damp the fast oscillations in the generator speed.

Figure 124 illustrates the effect of the damping controller in case of a
100ms three phase fault at the high voltage terminal of the 3-windings trans-
former of a 2MW DFIG wind turbine. It is assumed that the wind turbine works
at its rated power at the fault instant. The generator speed and the mechanical
torque of the equivalent DFIG wind turbine are illustrated for the situations with
and without damping controller respectively.

Note that without damping controller the torsional oscillations excited by
the grid fault are only slightly damped still 10 s after the grid fault incident. It is
clearly visible that the oscillations are quickly damped over a few seconds when
the damping controller is used. Furthermore the amplitude of the mechanical
torque oscillations is much smaller when using the damping controller. More-
over, in contrast to the case when no damping controller is used, the mechanical
torque crosses only once through zero when the damping controller is used, and
therefore the mechanical stress of the drive train is substantially reduced in this
case. The damping controller is thus minimizing the grid fault effect on both the
mechanical and the electrical side of the turbine. The protection system together
with the damping controller enhances thus the DFIG fault ride-through capabil-

ity.

Risg-R-1400/Second Edition (EN)

135



1.150

1120

1.090

1.060

Generator speed [pu]

1.030

1.000

3.0E+4

2.0E+4

1.0E+4

Mechanical torque [Nm]

0.0E+0

-1.0E+4

=== Without damping controller — With damping controller

Figure 124: Damping controller effect.

During a grid fault, the tasks of RSC and GSC can be changed, depending
on whether the protection system (i.e. crowbar) is triggered or not. In the case
of less severe grid faults (i.e. not triggered crowbar) or reactive power unbal-
ance in the system, the RSC and the GSC have the same tasks as in the normal
operation. In case of severe fault (i.e. triggered crowbar), a specific grid support
strategy, according to the grid codes defined by the power system operators, has
to be designed and developed.

8.2 Voltage grid support of DFIG wind turbine

The technical specifications defined by the power system operator require
that the wind turbines remain connected to the grid during a grid fault and to
support the grid during the faults, i.e. with voltage grid support. The voltage
grid support capacity of a DFIG depends on the quantity of reactive power in-
jection but also on the line characteristic from the generator to the connection
point with the power system.

In general, different possible voltage control strategies exist for regulating
voltage at the terminals of the DFIG. The voltage can in principle be controlled
by either the rotor-side converter (Eping C. et al., 2005) or the grid-side con-
verter (Kayikci M. et al., 2005) or by both of them (Akhmatov V., 2003). The
solution addressed in this work, to enhance the DFIG grid support capability
during grid faults, is based on the voltage control strategy, similar to that pre-
sented in (Akhmatov V., 2003). The design of the control strategy is based on
the idea that the reactive power contribution is performed by both converters in
a co-ordinated manner. The RSC is used as the default reactive power source,
while the GSC is used as a supplementary reactive power source during the
blocking of the RSC.

In the case of less severe grid faults (i.e. not triggered crowbar) or reactive
power unbalance in the system, the RSC is not blocked and therefore can still
independently supply active and reactive power to the grid. On the other hand,
at a severe grid fault, if the generator is not tripped, the DFIG wind turbine has
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to continue its operation and to try to sustain grid connection. The RSC is
blocked at the moment when the crowbar is triggered by either an overcurrent in
the rotor circuit or an overvoltage in the DC link. In such a situation the DFIG
grid support capability is strongly reduced. Its capability to control independ-
ently the active and reactive power is lost when it is actually most needed,
namely during and shortly after the fault. The idea of the control strategy is that
the grid voltage (reactive power) control is taken over by the GSC when RSC is
blocked. The GSC does not block at a grid fault, but it can continue its opera-
tion as STATCOM as long as the RSC is blocked. When the crowbar is re-
moved, the RSC starts to operate and the GSC is set again to be reactive neutral.
The remove of the crowbar protection, and thus the re-start of the RSC can be
performed according different criteria, such as the magnitude of the grid voltage
or of the rotor currents. A too soon RSC restarting may cause tripping of the
converter again at the fault clearance.

The voltage grid support strategy for DFIG wind turbine, considered in this
work, is illustrated in Figure 125. It is implemented as an extension of the DFIG
control structure for normal operation, sketched in Figure 122.

RSC | co-ordination GsC
Voltage |« Reactive Power
Controller Boosting

1

1

i

i | Damping
i Controller
1

i

1

1

A\ 4

Third stage (voltage grid support)
Figure 125: Extended DFIG control structure for voltage grid
support during grid faults.

An additional third control stage, having as task to improve the DFIG volt-
age grid support capability during grid faults, is thus added to DFIG control
structure used in normal operation. This third (voltage) control stage, as illus-
trated in Figure 125, provides the reference signals for the second stage control-
lers in the case of fault operation. This control stage contains three controllers,
such as a damping controller (described already in Section 8.1.3), a RSC volt-
age controller and a GSC reactive power boosting. Similar to the first and sec-
ond control stages, the third control stage is also implemented as a user-written
model in the dynamic simulation language of the PowerFactory.

The RSC voltage controller provides the reactive power reference signal

Q 91 for the RSC, when the crowbar protection is not triggered. The RSC con-

ref

troller is realised by a PI controller, as illustrated in Figure 126. The RSC con-
grid

troller adjusts the reactive power reference signal Qg

for the second stage
controller of the RSC, based on the deviation of the actual grid voltage U ;. - at

the point of common coupling from its reference value U agcmrjef . The RSC volt-

age controller controls the grid voltage as long as the RSC is not blocked, i.e. if
there is a lack of reactive power in the grid and as result a decay in the grid volt-
age.
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Figure 126: RSC voltage controller.

To asses the performance of the RSC controller, a simulation is performed

with a reactive power sink connected at the high voltage terminal of the DFIG
wind turbine and disconnected after 1 second. The idea is to simulate a voltage
dip, which is not too large to trigger the crowbar and thus to block the RSC.
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Figure 127: RSC voltage controller performance.

Figure 127 illustrates the voltage, the active and the reactive power in the

point of common coupling of the DFIG wind turbine for the situations with and
without RSC voltage controller, respectively. The voltage drops about 4% in the
moment of reactive power sink connection. The RSC voltage controller notices
the deviation in voltage and commands more reactive power. The increased re-
active power supplied by the DFIG pushes the voltage back to its nominal value
(1pu) in less than 100ms. At the moment when the reactive power sink is dis-
connected, the voltage increases suddenly, but the RSC voltage controller con-
trols again quickly the voltage to its nominal value by absorbing reactive power.
Note that the active power has small drop/peak in the connection/disconnection
respectively, otherwise being unchanged. In the case of no RSC voltage control,
the voltage drop is not compensated by reactive power and the voltage recovers
to its nominal value only when the reactive power sink is disconnected.
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The GSC reactive power boosting (a supplementary reactive power con-

troller) generates a reactive power reference signal QrGefS € for the GSC control,

in case when RSC is blocked — see Figure 122, Figure 125. GSC is set to work
as a STATCOM. The implemented reactive power boosting provides a zero re-
active power reference when the RSC is active, and a maximum reactive power
of the GSC (1p.u.) as reference value in case when the RSC is blocked. This
means that the GSC contributes with its maximum reactive power capacity for
grid support under severe grid faults. Beside its STATCOM function during
grid faults, the GSC control has still to keep the DC link capacitor voltage at a
set predefined value. The control capacity of the GSC during grid fault, namely
when the voltage at its terminal is also reduced, is less than the control capacity
of the RSC during normal operation.

Figure 128 illustrates the effect of the GSC reactive power boosting in case
of 100ms three phase fault at the high voltage terminal of the DFIG wind tur-
bine. The crowbar protection is removed after a predefined time, i.e. 200 ms
after the crowbar was triggered. In this simulation a voltage drop of 50% is cho-
sen in order to illustrate better how the GSC can improve the voltage level dur-
ing the crowbar connection. The high voltage terminal of the turbine and the
GSC reactive power production are illustrated.
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Figure 128: GSC reactive power boosting effect.

During the grid fault, the GSC reactive power boosting is active, while the
RSC control is disabled. The GSC reactive power boosting improves the volt-
age level during the grid fault: both between fault and fault clearing and also
between fault clearing and crowbar decoupling. The crowbar connection causes
the reactive power boosting to set the reference value to 1pu. Between fault and
fault clearing moment, the reactive power reference is not achieved, the reason
being the fact that the current limits of the reactive power controller are reached.
However, in the moment of fault clearing, the terminal voltage starts to recover
and this increases the possibility of the GSC to produce more reactive power.
When the crowbar is decoupled, the GSC is set to be reactive neutral
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(QS* =0), GSC reactive power boosting is disabled and replaced by the RSC

ref

voltage control.

As illustrated in Figure 125, a co-ordination control between the RSC and
GSC voltage control is implemented. During the grid fault, some of the control-
lers have to be disabled, while others are enabled. Controller start-up must be
treated with some care to avoid discontinuities and to minimize the loads on the
wind turbine. Such discontinuities could eventually lead to prolonged transients
and, implicitly, to subsequent operations of the crowbar protection. The control-
ler start-up of the RSC is, for example, realized in this work by introducing a
minor feedback loop, which prevents the integrator action of the controller from
adopting an inappropriate state during blocking of the controller.

8.3 Case studies

Different case studies are carried out in the following in order to illustrate and
evaluate the dynamic interaction during grid faults between large DFIG wind
farm and power transmission system model.

The attention is drawn to studies regarding the fault ride-through capabil-
ity, the voltage grid support features of large DFIG wind farms and the influ-
ence of the DFIG voltage control on the performance of a nearby active stall
wind farm during the grid fault. Such studies require a realistic enhanced power
transmission system model, which is characterised by a voltage and a fre-
quency, which are not fixed to their respective rated values but may be subject
to fluctuations when the transmission system is subjected to disturbances.

8.3.1 Aggregation method

Aggregated modelling of large wind farms is commonly used to facilitate the
investigation of the impact of a large wind farm on the dynamics of the power
system to which it is connected. This type of modelling is often used in system
studies where the concern is not the individual wind turbines but the impact of
the entire farm on the power system. The advantage of an aggregated model is
that it eliminates the need to develop a detailed model of the wind farm with
tens or hundreds of wind turbines and their interconnections. It reduces both the
complexity of the system and the computation time substantially.

This work is using the aggregation approach presented in (Poeller M., et
al., 2003). The accuracy of this approach is demonstrated and validated with the
help of some simulations, where an aggregated wind farm model and a detailed
wind farm model consisting of many single turbines are compared, showing
good accordance in power system studies.

The idea of the aggregation is to represent an entire large wind farm in
voltage stability investigations by one equivalent lumped wind turbine with re-
scaled power capacity. According to (Akhmatov V., 2004), the mutual interac-
tion between converter control systems of the wind turbines equipped with the
DFIG can be neglected.

PowerFactory DIgSILENT offers a built-in directly aggregation technique
for the electrical system (i.e. generator, power converter, transformer, capacitor,
inductance) of the wind turbine (Poeller M., et al., 2003): for example, the gen-
erator and the transformers, can be modelled directly by a certain number of
parallel machines or transformers, respectively, while the other electrical com-
ponents (power converter, capacitance, inductance) and control can be upscaled
accordingly to the increased power flow. The mechanical part of the wind farm
aggregated model, namely the shaft model, the aerodynamics and the pitch sys-
tem, is modelled as for one individual wind turbine. The mechanical power used
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as input to the aggregated generator is then the mechanical output from one tur-
bine multiplied by the number of turbines in the wind farm.

8.3.2  Power system test model

A realistic model for the power transmission system is usually not easily dis-
posable, and if it is, it contains a large amount of detailed confidential data,
which makes it inappropriate for publication of the studies.

The Danish Transmission System Operator Energienet.dk has fortunately
noted this aspect and therefore developed a small test model for the power
transmission system (Akhmatov V. et al., 2006), especially for educational and
research purposes. This small test model is a generic simplified model of a
power transmission grid, but it is still a fairly realistic model to investigate the
response of a power transmission system with grid-connected wind turbines to
grid faults. It is implemented in the simulation tool PowerFactory DIgSILENT
and produces a realistic output when the response of a whole wind farm has to
be evaluated. The test model for the power transmission system in its original
form, as described in (Akhmatov V. et al., 2006), is used in this work as a basis
for extension. The outline of the extended test model is presented in Figure 129.
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Figure 129: Simplified grid structure of the transmission network model.

The grid model contains busbars with voltages from 0.7kV to 400kV, four
conventional power plants with their control, several consumption centres, a
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lumped equivalent for local wind turbines and a model for a 165 MW offshore
wind farm connected through a sea cable to the transmission grid of 135kV. The
conventional power plants are synchronous generators with primary voltage
control. The model can be easily extended with frequency controllers, but as the
focus in the present work is on the voltage stability issues, the frequency stabil-
ity in the system is assured only by large generator inertia. The on-land local
wind turbines are fixed-speed, stall controlled wind turbines equipped with no-
load compensated induction generators. The 165 MW offshore wind farm is
modelled as active stall-controlled wind turbines with induction generators,
similar to the Danish offshore wind farm at Nysted. The offshore wind farm is
modelled with a one-machine approach based on aggregation technique. The
wind turbine symbol in Figure 129 denotes the wind turbine model, containing
models for the drive train system with constant mechanical torque, generator,
transformer and the control respectively, as described in details in (Akhmatov
V. etal., 20006).

The local wind turbines illustrated in Figure 129 are old land-based wind
turbines without any ride-through control implemented and are therefore dis-
connected from the system by the protection system to avoid overspeeding, in
the case of a grid fault. As required in (Energinet.dk, 2004), large wind farms
connected to the transmission system have to be able to withstand grid faults
without being disconnected in cases where the clearance of the fault does not
isolate the wind farm. This is normally the case when the grid fault happens in
the transmission system. In contrast to the local wind turbines, the active stall
offshore wind farm illustrated in Figure 129 is equipped with a fault ride-
through capability control. In the case of a severe voltage drop the active power
production is reduced to avoid uncontrolled overspeeding. The mechanical
power of the rotor is directly ramped down to 20% of the rated mechanical
power to comply with the Danish grid code. The reduction of the active power
production implies that the reactive power absorption is reduced too. Such
power reduction control has a positive effect, contributing to a better stabilisa-
tion of the wind farm. It is a kind of passive reactive power control, as it does
not participate actively in the voltage control of the system.

The test model for the power transmission system in its original form, de-
scribed in (Akhmatov V. et al., 2006), is extended in this work by adding a new
offshore wind farm made up exclusively of DFIG wind turbines. As illustrated
in Figure 129, the new added wind farm consists of 80 identical 2MW DFIG
wind turbines. It is connected to the transmission system at a 135 kV busbar
through an offshore line similarly to the active stall offshore wind farm. The
new wind farm is modelled based on the mentioned aggregation technique,
namely by one equivalent lumped wind turbine with rescaled power capacity. It
is also equipped with the co-ordinated voltage control, as described in the chap-
ter.

8.3.3 Simulation Examples

In this section, a set of simulations are carried out in order to investigate the
dynamic interaction during grid faults between DFIG wind turbines and power
transmission system. It is assumed that, during the grid fault, the DFIG wind
farm operates at its rated capacity, as this is worst for the voltage stability.

In each simulation a severe three-phase short circuit grid fault is considered
to occur in the transmission grid at the end of line 4 close to the wind farms —
see Figure 129. The grid fault lasts for 100ms and gets cleared by permanent
isolation (tripping the relays) of the faulty line (line 4 in Figure 129). Note that,
by tripping line 4, the power system becomes weaker (higher impendance) and
some components (e.g. line 3) are fully loaded. At the moment of the grid fault
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it is assumed that the on-land wind turbines are disconnected from the system
by their protection system. The frequency stability in the grid at the moment of
on-land wind turbines disconnections is assured by large generator inertia.

Two sets of application studies are illustrated. The first set has as focus the
dynamic interaction between DFIG wind turbines and the power system during
the grid faults. The second set illustrates how the DFIG wind farm provides
voltage grid support and how the DFIG voltage control affects the performance
of the active stall wind farm located in the vicinity.

8.3.3.1 Dynamic interaction of DFIG wind turbines and power system

In this study, the attention is drawn to the dynamic interaction between the
DFIG wind turbines and the power system model, during and shortly after the
short circuit fault. It is therefore assumed that in this simulation DFIG wind tur-
bines are only equipped with fault ride-through capability, without any voltage
grid support capability. The simulation results are presented in Figure 130 and
Figure 131.

A grid fault affects both the mechanical and electrical components of the
wind turbine. The mechanical time constants are much larger than the electrical,
and therefore the mechanical and the electrical effects cannot be illustrate in the
same time frame. As the mechanical aspects of a DFIG wind turbine during a
grid fault has already been discussed and illustrated in Figure 124, the focus in
the following is on the electrical signals of the DFIG wind turbine, in a time
frame about 500 ms.

Behavior immediately after the fault

In the fault instant, the voltage at the DFIG generator terminal drops and it leads
to a corresponding decrease of the stator and rotor flux in the generator. This
result in a reduction in the electromagnetic torque and active power — see
Figure 130. As the stator flux decreases, the magnetization that has been stored
in the magnetic fields has to be released. The generator starts thus its demag-
netization over the stator, which is illustrated in Figure 130 by the reactive
power peak in the moment of the fault. As the electromagnetic torque of the
generator drops according to the voltage drop too, the torsion spring in the drive
train gets untwisted and therefore the mechanical torque drops too. However
the drop of the mechanical torque is slower than of the electromagnetic torque
and therefore the generator starts to accelerate. The dynamic relation between
the electrical torque, mechanical torque and the generator speed is reflected in
Figure 130. The overspeeding of the generator during the fault is counteracted
by the pitch control system.

In the fault moment, as the stator voltage decreases significantly, high cur-
rent transients appear in the stator and rotor windings — see Figure 131. Note
that the rotor current resembles the stator current. In order to compensate for the
increasing rotor current, the RSC increases the rotor voltage reference, which
implies a “rush” of power from the rotor terminals through the converter. On the
other side, as the grid voltage has dropped immediately after the fault, the GSC
is not able to transfer the whole power from the rotor through the converter fur-
ther to the grid. The GSC’s control of the DC-voltage reaches thus quickly its
limitation. As a result, the additional energy goes into charging the DC-bus ca-
pacitor and the DC-voltage rises rapidly — see Figure 131.
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Figure 130: Generator’s terminal (WFT) voltage, active power, reactive power,
electrical torque, mechanical torque and speed.

When at least one of the monitored signals, i.e. the rotor current or the DC-
voltage, exceeds its respective limits, the protection system is activated. This
short circuits the generator rotor by triggering the crowbar. The RSC is blocked
and therefore its control of the rotor currents is disabled. In the moment the
crowbar is triggered, the DC-bus capacitor starts discharging; the GSC begins to
control the DC-link voltage back to its reference. Note that, as long as the crow-
bar is triggered, the generator behaves as a conventional squirrel cage induction
generator (SCIG), namely the converter rotor voltage output is zero — as illus-
trated in Figure 131.
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Behavior after fault clearance

Immediately after the fault is cleared, the stator voltage start to recover, the
electromagnetic torque and active power start to increase — see Figure 130. As
the grid voltage and the flux increases, the demagnetised stator and rotor oppose
this change in flux leading thus to an increase in the rotor and stator currents —
see Figure 131. Note that when the fault is cleared, the voltage does not recover
completely immediately. Just after fault clearance, it reaches a voltage level
lower than its nominal value, while it reaches completely its nominal voltage
level after the removing of the crowbar. The reason for that is that just after
fault clearance the generator continues to behave as squirrel cage induction gen-
erator and therefore it starts to absorb reactive power for its magnetization — see
Figure 130. The RSC is disabled until the crowbar is removed, and therefore it
is not able to provide the reactive power necessary for the magnetization of the
generator. The generator absorbs thus reactive power from the grid and this ac-
tion delays the recovering process of the grid voltage.
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Figure 131 : Generator currents and voltages.

When the grid voltage recovers over a certain value, the crowbar is re-
moved. From this moment, the RSC starts actively to control the active and re-
active power, the voltage recovers completely due to the activation of the RSC
voltage controller, the generator currents and voltages start to converge to their
pre-fault values and.

The detailed simulations illustrated in Figure 130 and Figure 131 provides
a quick overview and a better understanding of the functionality of the DFIG
wind turbine control and protection during grid fault.

8.3.3.2 Voltage grid support of DFIG wind turbines

In this study, the attention is drawn to the voltage grid support capability of
DFIG wind turbines. The effect of the DFIG wind turbines equipped with the
presented co-ordinated voltage control both on the power system voltage stabil-
ity and the performance of a nearby active stall wind farm during the grid fault
is illustrated.
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In the moment of the grid fault, a voltage drop occurs. Immediately after
the fault, when the rotor current magnitude is above the current protection limi-
tation, the crowbar protection system of the DFIG is triggered, the rotor is short
circuited, the RSC is blocked and the GSC operates as STATCOM. The damp-
ing controller starts to damp the drive train oscillations caused by the fault.
When the fault is cleared and the DFIG wind farm terminal voltage recovers to
a certain value, the crowbar protection is disabled, the RSC starts to control the
grid voltage and the GSC is again set to be reactive neutral.
Figure 132 illustrates the voltage, active and reactive power of the wind
farm at the wind farm terminal (WFT) for two situations:
1. The DFIG is not equipped with voltage control capability - the tur-
bine maintains a power factor of 1.
2. The DFIG is equipped with voltage control capability.
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Figure 132: DFIG wind farm terminal (WFT) - with or without co-ordinated
voltage control.

As expected, the influence of voltage control is visible both during the
fault, when the GSC operates as STATCOM and supplies reactive power, and
after disconnection of the crowbar, when the RSC controls the voltage. When
no voltage control is enabled, the grid voltage oscillates and stabilizes to a
higher voltage level after the fault is cleared. This can be explained both by the
reactive power surplus existent in the system as a result of the on-land wind tur-
bines disconnections and by the fact that, as a result of the fault clearance (trip-
ping line 4), the transport of active power from the wind farms to the grid is
done through a higher resistance transmission line. Figure 132 shows that the
existing reactive power surplus in the system is absorbed by the DFIG when the
voltage control is enabled. Note that the DFIG voltage control reestablishes the
grid voltage to 1p.u. very quickly without any fluctuations. No significant effect
of the voltage control appears on the active power production. However, there it
is a slight improvement in active power when voltage control is used. The small
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“drops” in the power, visible in both cases just after the fault is cleared, corre-
spond to the damped torsional oscillations in the generator speed. The damping
controller damps the torsional oscillations appearing in the drive train and in the
generator speed, due to the grid fault within a few seconds. The initial level of
the active power is reached after a few more seconds.

The next simulation is basically the same as that illustrated in Figure 132,
but this time the active stall wind farm is not equipped with the fault ride-
through control, i.e. its power reduction control is disabled. The simulation re-
sults are shown in Figure 133.
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Figure 133: DFIG wind farm terminal (WFT) - with or without co-ordinated
voltage control when the power reduction control of the active stall wind farm is
disabled.

The fact that the active stall wind farm, located in the vicinity of the DFIG
wind farm, has no fault ride-through control enabled this time has, as expected,
a negative influence on the voltage stability in the grid. In the case of no voltage
control for the DFIG wind farm, the grid voltage oscillates longer time than in
the previous example before stabilizing again to a higher voltage level. This
behavior reflects that the active stall wind farm does not have any power reduc-
tion control during the fault. The oscillations in the drive train of the active stall
wind turbine due to the grid fault are transferred uncontrolled to the generator
speed and the grid voltage. However, the DFIG wind farm equipped with volt-
age control manages again to reestablish the voltage rapidly, by controlling the
reactive power supply.

In Figure 132 and Figure 133, attention was focused on the performance of
the DFIG wind farm during a grid fault when it is or is not equipped with volt-
age control. One question in mind is now how the DFIG wind farm voltage con-
trol influences the performance of a nearby active stall wind farm during a grid
fault, located as illustrated in Figure 129. The next two figures therefore contain
only information concerning the active stall wind farm during the grid fault,
namely the active and the reactive power at the wind farm terminal (Figure 134)
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and the generator speed and the mechanical power of the active stall wind tur-
bines (Figure 135).
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Figure 134: The active and the reactive power of the active stall wind farm in dif-
ferent 4 situations.

Both Figure 134 and Figure 135 illustrate the simulation results for the ac-

tive stall wind farm from the following four different control scenerios:

a. DFIG wind farm without voltage control and active stall wind farm without
power reduction control.

6. DFIG wind farm with voltage control and active stall wind farm without
power reduction control.

c. DFIG wind farm with voltage control and active stall wind farm with power
reduction control.

d. DFIG wind farm without voltage control and active stall wind farm with
power reduction control.

The following observations can be made:

% The voltage control of the DFIG wind farm (case b and C) has a damping
effect on the active stall wind farm, no matter whether this has or does not
have power reduction control.

« The active power, the generator speed and the mechanical power are almost
identical during the grid fault, no matter which case is simulated. The fact
that the mechanical power is unchanged in this period means that the drive
train system is equally stressed in all four cases.

% The worst case for the active stall wind farm is clearly case @, when the
DFIG wind farm has no voltage control and the active stall wind farm has no
power reduction control.

<> The best case for the active stall wind farm is clearly case b, when the

DFIG wind farm is equipped with voltage control and the power reduction con-
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trol of the active stall wind farm is not enabled. Note that the wind farm is not
subjected to torsional oscillations and there is no loss in the active power pro-
duction. The influence of the DFIG voltage control on the active stall wind farm
is thus even better when the latter does not have any special control imple-
mented to ride-through a grid fault.
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(a)- DFIG wind farm without voltage control and active stall wind turbine without power reduction control
o - DFIG wind farm with voltage control and active stall wind turbine without power reduction control
(¢) - DFIG wind farm with voltage control and active stall wind turbine with power reduction control

(d) - DFIG wind farm without voltage control and active stall wind turbine with power reduction control

Figure 135: Generator speed and mechanical power of the active stall wind farm in

different situations.

The overall conclusion from Figure 134 and Figure 135 is that the DFIG

wind farm equipped with voltage control can help a nearby active stall wind

farm

through a grid fault, without any need to implement additional ride-

through control strategy in the active stall wind farm.
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9 Variable speed multi-pole PMSG
wind turbine concept — normal op-
eration

In this chapter, a dynamic model for a variable speed wind turbine with multi-
pole permanent magnet synchronous generator (PMSG) and its control during
normal operation conditions is described. The multi-pole PMSG wind turbine
concept performance during grid faults is out of the scope of the present report.

9.1 Multi-pole (direct-driven) wind turbine genera-
tors

Traditionally wind turbine generators are operating best at high speeds and re-
quire step-up gearboxes. However, the gearbox of the wind turbine is expensive,
subjected to vibration, noise and fatigue, needs lubrication as well as mainte-
nance. In recent years the idea of gearless, i.e. direct-driven wind energy sys-
tems have gained interest, especially for offshore applications, where no gear
maintenance is an attractive option.

In a direct-driven wind turbine concept the rotor and the generator shafts
are mounted directly to the same shaft. The generator is running at very low
speeds, typically 10 to 25rpm for wind turbines in the MW range. Low shaft
speed operation is in generally a drawback for electric generators, owing to the
fact that the torque needed to produce the required power has to be increased.
Standard generators can therefore not be used and generators have to be devel-
oped specifically for this application. Because of the high rated torque, the di-
rect-driven generators are usually heavier and less efficient than conventional
generators. To increase the efficiency and reduce the weight of the active parts,
direct-driven generators are usually designed with a large rotor diameter and a
high number of poles to get suitable frequency at low speed. The size and the
losses of the generator are to a large extent determined by the required torque.

Asynchronous generators with large number of poles and thus small pole
pitch have a very low magnetizing reactance. This means that multi-pole asyn-
chronous generators require even larger magnetizing current (i.e. poorer power
factor) than conventional asynchronous generators. It is therefore recom-
mended to use multi-pole synchronous generators (Grauers A.,1996).

A multi-pole synchronous generator can either be electrically excited or
with permanent magnets. Almost all large generators are electrically excited.

However, for low-speed gearless wind turbine generators, the permanent
magnet generator is more competitive because it can have higher pole number
than a conventional synchronous generator. The use of the permanent magnet
generators is beginning to become more attractive, due to their higher efficiency
and the absence of the DC excitation system, compared to the conventional syn-
chronous generators. The permanent magnets eliminate thus the need of a field
winding, the copper losses in the rotor due to the field current and the use of slip
rings. Their disadvantages are the fact that their excitation can not be controlled
and that they are more expensive. However, since midding’90 the permanent
magnets generators have become more attractive due to the decreasing magnet
prices. For example, the radial flux permanent magnet synchronous generator is
now cheaper and more efficient than the electrically excited SG.

The multi-pole generators can be either:
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0 Fixed-speed and connected directly to the ac grid
O Variable speed and connected to the ac grid through a frequency
converter

The multi-pole fixed speed generators are frequently used in hydropower
applications (Binder A. et al., 2005). They are directly connected to the ac grid
and they have therefore their terminal voltage and electrical frequency fixed to
the grid.

In this chapter, the attention is drawn to the multi-pole variable speed gen-
erators as they look more attractive for wind turbine industry. In variable speed
wind turbine concepts, the generator is controlled by a power electronic equip-
ment. The electric frequency of the generator is decoupled from the electric fre-
quency of the power system because the generator is grid connected via a fre-
quency converter.

In the following, the modelling and control features of a variable speed
multi-pole PMSG wind turbine concept are described. A comprehensive dy-
namic simulation model of this concept is implemented in the power system
simulation software DIgSILENT PowerFactory and a control strategy for the
entire turbine system is developed.

9.2 System configuration of variable speed multi-
pole PMSG wind turbine

As mentioned in Chapter 6, variable speed operation of a wind turbine is possi-
ble when the electric frequency of its generator varies and it is thus decoupled
from the grid frequency through a power electronic.

Till now, the most commonly used electrical system for a variable speed
multi-pole synchronous generator wind turbine has consisted of a synchronous
generator connected to the grid over a diode rectifier, an intermediary DC cir-
cuit and a thyristor inverter. However, due to the fast development in the last
years of rapid switching valves with high power ratings, the use of self-
commutated converters (IGBT) is increasing in wind power applications. This is
especially common for permanent magnet synchronous generators (PMSGQG),
where both generator-side converter and grid-side converter are realised by
IGBT converters (i.e. back-to-back converter). A diode rectifier is usually cho-
sen for its low price and low losses, while an IGBT converter is used because it
produces high quality power to the grid, i.e. current harmonics from the inverter
are decreased and any desired power factor can be obtained and the energy can
flow in both directions. An advantage of IGBT converter is that contrarily a di-
ode rectifier solution, is that it can produce a constant dc-voltage regardless of
generator speed. It has the potential of utilizing the generator best. However, it
is more expensive and has higher rectifier losses.

A typical configuration of variable speed multi-pole PMSG wind turbine is
depicted in Figure 136. It consists of:

= Wind turbine mechanical level:

0 Aerodynamics
0 Gearless drive train
0 Pitch angle control

= Wind turbine electrical level:

0 Multi-pole permanent magnet synchronous generator (PMSG)
0 Frequency converter and its control

In this configuration, the synchronous generator is connected to the power
network through a frequency converter system that controls the speed of the
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generator and the power flow to the grid. The full-scale frequency converter
system consists of two back-to-back voltage source converters (generator-side
converter and the grid-side converter), controlled by IGBT switches and con-
nected via a DC link, which behaves as an energy storage device. The use of
such converter enables the PMSG to define its terminal voltage and its electric
frequency according to the desirable optimal rotational speed of the wind tur-
bine, independently of the fixed electric frequency and the voltage of the ac
grid.

Notice that the aerodynamic rotor of the wind turbine is directly coupled to
the generator without any gearbox, i.e. through a gearless drive train. The per-
manent magnets are mounted on the generator rotor shaft, while the stator con-
sists of several windings and feeds into a full- scale frequency converter. As the
converter system decouples the generator from the power network, the electrical
frequency of the generator may vary as the wind speed changes, while the net-
work frequency remains unchanged. Contrarily fixed speed wind turbines where
the power flow to the grid is dependent on the mechanical power that drives the
wind turbine, in variable speed wind the power flow is set by the power con-
verter. The rating of the converter system in this topology corresponds to the
rated power of the generator plus losses.

The whole system is equipped with the wind turbine itself controller, i.e.
pitch angle controller, and the frequency converter controller. Both controllers
are using information about the generator speed. The converter’s controller con-
trols the generator speed by controlling the grid power according to a speed ver-
sus power control characteristic of the wind turbine. The pitch controller con-
trols the rotor speed as well, but it is operational only at high wind speeds, when
the power is reduced by pitching the blades in order to avoid the overloading of
the converter and generators.

Variable DC link Fixed
frequency A frequency
Multipol N
Gearless Pl;v[lspg ¢ : :
drive train 1 1
1 1
T, T,
2k m ! DC 1 .
S 1D = . { ( ) ) Grid
|l=|gl AC |
1
Full-scale frequency converter :
md | mq
4
Frequency

Pitch angle @e
control

converter
control

Figure 136: Variable speed multi-pole PMSG wind turbine configuration.

Note that the total turbine power goes through the converter that converts
the varying generator frequency to the constant grid frequency. Since the PMSG
is connected to the grid through the back-to-back converter, only the active
power of the PMSG is transferred to the grid. The reactive power cannot be ex-
changed through the DC link in the converter system. However, the grid-side
converter, whose electric frequency and voltage are fixed to the grid, can be set
to control the reactive power/voltage on the grid. Like the variable speed wind
turbine with doubly-fed induction generator, this concept enables full active and
reactive power control.

The electric frequency at the PMSG terminals, f, is the product of the me-
chanical frequency of the wind turbine rotor, f,, and the number of generator
pole-pairs p:
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f,="f,p (82)
where the mechanical frequency of the generator rotor is related to the turbine
rotor speed @,

w, =60 f_ [rpm] (83)

The common target of the control is to adjust the electrical frequency of the
generator to the optimized mechanical frequency of the aerodynamic rotor and
to keep the voltage at the PMSG terminals on a desired level.

In the present investigation, it is assumed a number of pole-pairs of 38 and
that the rotational speed of the rotor m,, varies between 9 and 21 rpm, depending
on the incoming wind. This means that the mechanical frequency f;, is between
0.15 and 0.35Hz, while the electric frequency f. at the terminals of PMSG varies
in the range from 5.7Hz at small winds to 13.3Hz in strong winds. The losses
from the converters are neglected and the grid is supposed to be stiff.

In Table 7, the main characteristic data of a fictive typical 2MW variable
speed multi-pole wind turbine with PMSG are given.

Rated power 2 [MW]
Dynamic speed range 9-21 [rpm]
Rated speed 16.7 [rpm]
Generator type Multi-pole PMSG
Number of pole pairs 38
Electrical frequency 5.7-13.3 [HZ]
Rated grid voltage 3.3[V]
Converter type IGBT
Rated converter power 2.2 [MVar]
Rated DC link voltage 5.4 V]
DC link capacitor 2400 [ F]

Table 7: Data example of multi-pole PMSG wind turbine.

9.3 Gearless drive train, aerodynamics and pitch
angle control system

Wind turbines have relatively soft shafts (Akhmatov V., 2003), the eigen-
frequency of the drive train being rather low and within the bandwidth that is
normally taken into account in power system dynamics simulations (0.1-10Hz).
A two-mass model representation of the drive train is therefore essential in or-
der to illustrate properly the dynamic impact of wind turbines on the grid. A
lumped mass representation is usually sufficient for example in the case of load
flow analyses, where the impact of wind fluctuations on the electrical power
balance is in focus.

A two-mass mechanical model, as described in Section 2.3.2, is also used in
this chapter to model the gearless drive train of a direct-driven multi-pole
PMSG wind turbine.

One mass represents the turbine inertia Jy;, while the other mass is equiva-
lent to the generator inertia Jgen. These two masses are connected by a flexible
low speed shaft characterised by a stiffness k and a damping c, as described in
Section 2.3.2. The high speed shaft is assumed stiff. No gearbox is used in this
concept, 1.e. Ngear=1.

Risg-R-1400/Second Edition (EN)

153



The aerodynamic torque T, from the rotor acts on one end of the drive train

while the mechanical torque T from the generator side acts on the other end of

the drive train, as illustrated in Figure 136. The result of this is the torsion of the
shaft. As the drive train of a wind turbine behaves as a torsional spring charac-
teristic, the generator speed of the turbine is usually prone to oscillations when-
ever the system gets excited by changes in the wind speed, pitch angle or grid
faults. The frequency of these oscillations is the so-called free-free frequency:

(o[ 54
0sc 27[ Jeq

where Jeq is the equivalent inertia of the drive train model, determined by:

j = ‘]rot ' ‘Jgen (85)
e — 1 1
Jo +J

rot gen

Figure 137 illustrates how a two-mass model representation of a drive train
is indispensable in order to achieve correctly the wind turbine impact on the
power system during external disturbances (as for example load changes). For
exemplification, a sudden change in the wind speed from 12m/s to 11 m/s is
performed with both one-mass model and two-mass model representation of the
drive train, in a simulation of a 2MW variable speed multi-pole PMSG wind
turbine.

Figure 137 shows how, contrarily one-mass model, a two-mass model rep-
resentation of the drive train reflects the presence of the torsional oscillations.
The change in wind speed excites the drive train oscillations, and this is obvi-
ously reflected only when the two-mass model for the drive train is used. These
oscillations, illustrated in Figure 137 as appearing in the generator speed and the
grid power, are clearly amplified and insufficiently damped by the multi-pole
PMSG wind turbine configuration when no any specific external damping sys-
tem (mechanical or electrical) is used. The wind speed change causes a drop in
generator speed and active power. Note that, the active power drop is delayed
compared to the generator speed, this owing to the specific design around rated
speed of the MPP tracking characteristic, in order to avoid unnecessary power
fluctuations.
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Figure 137: Torsional oscillations reflected by using one-mass model or two-mass
model representation of the drive train.

The use of a two-mass model is very important especially in the case of a
multi-pole generator wind turbine concept. According to (Akhmatov V., 2003),
larger number of pole-pairs is, “softer” the drive train shaft becomes. The effec-
tive stiffness of the shaft is reduced by increasing the number of pole-pairs p
according to:

ko,

% S, P (86)

where K is the effective shaft stiffness, K is the shaft stiffness in Nm/rad, S, de-
notes the rated MVA-base of the generator and @y, is the rated mechanical
speed. This implies that a mechanical shaft twist results in larger dynamic
change of the electrical rotor angle for generators with a large number of poles.
In multi-pole generators the same electrical angle corresponds to a much
smaller mechanical angle than in generators with small pole numbers. The tor-
sional twist of the shaft for a multi-pole generator wind turbine affects the op-
eration of the generator itself more significantly.

The simplified aerodynamic model, described in Section 2.3.3, can also be
used for the variable speed multi-pole PMSG wind turbine concept. As men-
tioned, this simplified aerodynamic model is typically based on a two dimen-
sional aerodynamic torque coefficient C, table, provided by a standard aerody-
namic program.

The pitch angle control in Figure 136, is the same as that described for
variable speed DFIG wind turbine concept in Chapter 7. It is realised by a PI
controller with antiwind-up, using a servomechanism model with limitation of
both the pitch angle and its rate-of-change. The pitch angle controls the genera-
tor speed, i.e. the input in the controller is the error signal between the measured
generator speed and the reference generator speed. The pitch angle controller
limits the rotor speed when the nominal generator power has been reached, by
limiting the mechanical power extracted from the wind and thus restoring the
balance between electrical and mechanical power.
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9.4 Permanent magnet synchronous generator
(PMSG) model

The equations describing a synchronous generator can be found in (Kundur P.,
1994). It is beyond the scope of this text to present a detailed treatment of the
synchronous generator. A brief overview is however provided, in order to pre-
sent the most important features of the permanent magnet synchronous genera-
tor (PMSG) used in wind turbines.

The equivalent circuit for one phase of synchronous generator is shown in
Figure 138.

. E
E=jo v (E)l lUS 9

Figure 138: Equivalent circuit and phasor diagram of a PMSG.

Synchronous machine models for power system analysis are usually based
on the assumption that the magnetic flux distribution in the rotor is sinusoidal.
With this assumption the flux can entirely be described by a vector and in the
case of PMSG, the magnetic fields from the permanent magnets induces a volt-
age E in the stator winding, expressed as:

|E|:a)e Ve =27 f,vpy (87)

where @, is the electrical speed, ypy is the magnitude of the flux induced in the
stator by the permanent magnets of the rotor, and fe_is the electrical frequency.
A current | in the stator winding causes losses and voltage drop, both phenom-
ena are represented in the model by the resistance Rs. Apart from causing resis-
tive voltage drop, the stator current also produces a magnetic field of its own,
which is added to the field generated by the permanent magnets. Thus, the volt-
age U; at the stator terminal of PMSG corresponds to the voltage induced by the
total magnetic field. Depending on the phase delay of the stator current, the total
magnetic field in the generator either increases or decreases as the current in-
creases. This effect is represented by the synchronous reactance X in the model.
The resistance R is normally much smaller than X, and therefore it is normally
neglected except in efficiency calculations. It can be found in (Grauers A. et al.,
1999) and (Akhmatov V. et al., 2003) that multi-pole synchronous generators
are characterized with a relatively high stator reactance.

The load angle & between the internal voltage E and the stator voltage U;
drives the stator current l;. The relationship among E, U; and I; is shown in the
phasor diagram of Figure 138. Note that the induced voltage E is proportional
with the electrical speed of the generator. When E < U it is said that the ma-
chine is underexcitated, otherwise it is overexcitated. The electrical excited ma-
chines are typically controlled to be reactive neutral, i.e. the converter rating is
reduced to the active power value. The permanent magnet generators due to
their fixed excitation, work typically underexcited, i.e. the converter provides
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reactive power to the generator and therefore the converter must be oversized
(Jockel S., 2006). Based on this, the expressions of the active and reactive
power of the generator in terms of E, U, and the load angle 6 can be derived:

_ Y[l

gen sino

. (88)
o _WIEL L
gen

CcosoO —

S S

If the mechanical power input increases, i.e. the load angle (the phase shift
between U and E) increases, the electrical power output increases also, reach-

ing a maximum at & = 90°. The converter is able to generate or absorb active

and reactive power, if both the load angle and voltage magnitude are controlla-
ble.

The equations of a PMSG can be expressed directly from the equations of a
DC excited synchronous generator SG, with the simplification that PMSG does
not have damper winding (Kundur P., 1994). The steady state voltage equations
of the generator, expressed in the rotor-oriented dq-reference frame RRF (de-
fined as in Section 9.6.1), can be expressed as follows:

Uy = Rs Iy — @, V/sq T Wy

. . 89
usq = Rs Isq + a)e l//sd +l//sq ( )
With the stator flux components:

Ve =Ly Iy +Woy
(90)

Vg = Lq isq

Where Ugs and Ugs are the terminal stator voltages, igs and igs are the stator cur-
rents, Ly and L4 are the stator inductances in the dq reference frame. In stability
studies, where the stator transients can be neglected, the stator voltage equations
can be reduced to:

Uy = Rs g — @, l//sq

_R i 1)
usq - Rs Isq + a)e l//sd
The electrical torque of the generator is:
Te = E p Im[ﬁ: i_s]= E p [l//sd isq - l//sq isd ] 92
2 2 (92)

Expressing further the stator flux components, the electrical torque can be cal-
culated by:

3 o -
T, ) P [(Ld L)l I + Wem Isq] ©3)

If the generator is a round rotor machine, where L4=L, the equation for the elec-
trical torque results only from the permanent magnet flux and the g-component
of the stator current:

3 .
T =3 P¥enm ls (94)
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The active and reactive power of the synchronous generator can be then ex-
pressed as:

Pgen ZTe y, :%[usd isd -i-USq isq] (95)
Qgen :%[usq isd —Ugy isq]

In the case of variable speed wind turbines, the active and reactive powers
of the generator are controlled by the converter, which acts on the generator
stator voltage and current. As the generator is fully decoupled from the grid by
the converter, the reactive power expressed previously is exchanged with the
generator-side converter and not with the grid.

The PMSG has no damper windings. As a PMSG is connected to the grid
through a converter, which provides a variable stator frequency according to the
actual rotor speed, there is never any relative movement between stator and ro-
tor field, which could induce a voltage in the damper winding (Jauch C., 2006).
Furthermore, due to the permanent excitation, a PMSG has no field windings, in
which transient currents could be induced or damped, respectively. Hence, in
case of transients the field windings do not contribute to damping either. The
PMSG connected to a converter is thus a system without inherent damping.
Nevertheless, an external damping of the system must then be applied by means
of the converter control.

9.5 Full-scale frequency converter configuration

The full-scale frequency converter in a direct-driven wind turbine consists of a
generator-side converter, a de-link and the grid-side converter.

9.5.1 Generator-side converter

Two converter topologies are typically used for the generator-side converter, for
instance a diode rectifier with a boost converter and an IGBT voltage source
converter.

The diode rectifier represents a cheap and simple solution with low losses.
However, it cannot control the current phase and it is unable to feed the genera-
tor with the needed reactive power. This means that the stator current and the
stator voltage are always in phase, which leads to large voltage drops and to a
decreasing DC-link voltage when the stator current increases (Grauers A. et al.,
1999). The generator feeds power to the network as long as the DC-link has a
constant voltage higher than the peak voltage of the network. The generator is
not capable of generating a constant high voltage at low speed, as it is the case
of direct-drive wind turbines, and therefore in case of a diode rectifier configu-
ration a boost converter (known also as DC-DC step-up converter), must be
used to raise the voltage of the diode rectifier — see Figure 139.
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Figure 139: PMSG connected via diode rectifier with boost converter.

The diode rectifier is not the best solution for a PMSG wind turbine con-
figuration. In such topology a PMSG would be insufficiently utilized because
as a PMSG has a fixed excitation, it is only optimal for one operational point. It
follows, that a PMSG is insufficiently utilized, if a diode rectifier is used
(Jockel S., 2002). The best performance of direct-driven PMSG wind turbine
concept is achieved with fully controllable active inverters, i.e. the PWM con-
trolled IGBT voltage source converters existing in the structure of back-to-back
converter, as illustrated in Figure 140. Such IGBT converter is able to feed the
generator with the needed reactive power and to provide a very high efficiency
of the system. However, an IGBT converter is more expensive and it must be
protected against overcurrents and overvoltages.

kI KBk KIKIKE on

IGBT . IGBT
Converter DC-link Converter

Figure 140: PMSG connected via IGBT voltage source converter.

In the applications with focus on control behaviour of IGBT converters
(e.g. power system stability), a fundamental frequency model of the converter
can be used. This technique is widely used in variable speed wind turbine stabil-
ity research and is accepted as the standard approach in this topic. Assuming an
ideal DC voltage and an ideal PWM modulation, the level of the DC-link volt-
age Upc can be expressed based on the AC voltage level of the generator
(Poller, M., 2003), as follows:

242
Upe = |UAC|m—\/§ (96)

where m (0 <m < 1) denotes the pulse-width-modulation index. The DC-
link voltage must be higher than the peak voltage of the network and is regu-
lated by controlling the power flow to the AC grid.

An important property of the back-to-back converter is the possibility of
fast control of the power flow. By controlling the power flow to the grid, the
DC-link voltage can be held constant. The presence of a fast control loop for the
DC-link voltage makes it possible to reduce the size of the DC-link capacitor,
without affecting inverter performance.
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9.5.2 DC-link

The DC-link capacitor provides an intermediate energy storage, which de-
couples the generator-side converter and the grid-side converter.

The transfer of the active power from the generator into the grid can be re-
alised via the DC-link, only whether the DC-link voltage is kept constant. If a
lossless converter is assumed, the AC power is equal to the DC power.

Pac = Poc =Upc - Inc 97)

In steady state operation and with no losses in the DC-link, the instantane-
ous power on the DC side must equal the instantaneous power on the AC side.
In the moment that this power balance is broken, the instantaneous difference in
power is stored in the DC-link capacitor and this leads to fluctuations in the
DC-link voltage. An instantaneous current in the DC-link capacitor is then de-
rived to complete the power balance:

: du
IC == CDC dtDC (98)

The DC-link capacitor current is discontinuous, as it is switched on and off
with the switching frequency of the converter. This process induces voltage rip-
ples in the DC-link. This voltage ripple must be made small enough for the
voltage to be virtually constant during a switch period. This sets a lower limit
on the capacitor size.

Small voltage ripples requires larger capacitor, which on one side has a
slow response to voltage changes, but on the other side has a smaller current
and thus an increased lifetime. On the other hand, a small capacitor makes fast
changes in the DC voltage possible, but results in higher voltage ripples and
reduced lifetime. Selecting the size of the DC-link has thus to be a trade-off be-
tween voltage ripples, lifetime and the fast control of the DC-link. The trade-off
relation for the design of the DC-link capacitor in the back-to-back converter is
described in (Lindholm M. (2004), as follows:

C S,

oc = 99
Upe -AUg -2 o, ©9)

Cpc  DC-link capacitance Sn apparent converter power

Uopc average DC-link voltage w, electrical frequency

AUpc  allowed voltage ripple (peak-peak)

9.5.3 Grid-side converter

Grid-side converters are usually realised by self commutated PWM circuits, i.e.
IGBTs or GTOs. They convert the DC-link voltage to the AC grid voltage with
fixed frequency of the power system. It may thus be operated to give sinusoidal
grid currents. A grid-side converter can thus generate or consume reactive
power by injecting or lagging current to the grid. Since the back-to-back con-
verter decouples the reactive power of grid-side converter and generator-side
converter, the reactive power supply to the grid can be determined by the grid-
side converter only, independent of the reactive power set-point of the genera-
tor. The reactive power supply of the grid-side converter is however limited by
the converter rating and the active power flow from the turbine. Under normal
operating conditions the grid-side converter is operated with unity power factor.
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In case of grid faults the converter can serve as a reactive power source in order
to contribute to voltage stability.

9.6 Full-scale frequency converter control

Similar to the control of DFIG, the PMSG behaviour is strongly dependent by
the control of the frequency converter both in normal operation and during fault
conditions.

As mentioned in Section 7.2, frequency converters are usually controlled
utilizing vector control techniques (Heier S., 1998). Briefly, vector control al-
lows decoupled control of both active and reactive power. The idea is to use a
rotating reference frame based on an AC flux or voltage and then to project cur-
rents on this rotating frame. Such projections are usually referred to as the d and
g components of their respective currents. With a suitable choice of reference
frames the AC currents appear as DC quantities in the steady state. For flux-
based rotating frames, changes in the q component will lead to active power
changes, while changes in the d component will lead to reactive power changes.
In voltage-based rotating frames (and thus 90° ahead of flux-based frames) the
effect is the opposite.

9.6.1 System reference frames

The system reference frames relevant in the control of PMSG together with a
phasor diagram of PMSG are sketched in Figure 141, in order to illustrate the
alignment of the machine vectors to the reference frames:

Stator Voltage Reference
Frame SVRF

¢ dS\/RF

Rotor Reference
Frame RRF

\ Stator Flux
\ Reference Frame SFRF

OrRrF
UsFrF

Figure 141: System reference frames used in the control of a PMSG connected
via IGBT voltage source converter.
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e Rotor oriented reference frame (RRF) is aligned with its d-axis to the per-

manent magnet flux vector %, The rotor reference frame rotates with
the rotational speed @, of the rotor flux, which is equal to mechanical ro-

tor speed @,, times the pole pairs p:

o,=0, p=27xf,
(100)

Note that the vector of the electromotive force E is perpendicular to the
rotor flux vector.
e Stator voltage oriented reference frame (SVRF) is aligned with its d-axis

to the stator voltage vector U. This means that the voltage U has only a
d-component in the SVRF. This simplifies e.g. the equations for active

and reactive power of the generator to:

3 .
Pgen :Eusd Isg (101)
3 (in SVRF)
Qgen =—7 Uy Isq
2

In SVREF, the active power of the generator is thus determined by the d-
component of the stator current, while the reactive power of the generator
is determined by the g-component of the stator current. The SVRF rotates
with the angular frequency of the stator voltage, which is the same rota-
tional speed as for the RRF.

o Stator flux oriented reference frame (SFRF) is perpendicular to the stator

voltage reference frame and rotates as well with the frequency of the sta-
tor voltage. The stator flux of the generator is perpendicular to the stator
voltage vector U, and represents the total flux linkage of the machine,
namely the permanent magnet flux ¥/, superposed to the flux generated
by the stator current.

e System reference frame (SRF) is a reference frame in DIgSILENT

aligned with one reference machine (a synchronous generator) in the
power system and rotates with a frequency of 50 Hz. However, if the
only generator in the power system is a PMSG behind a full-scale con-
verter, i.e. it has a variable stator frequency, the definition of a system
reference frame is more problematic. In this case it must be distinguished

between global (50 Hz) and local reference frame (variable generator fre-
quency).

9.6.2 Overall control strategy of PMSG with full-scale converter

As mentioned in the previous chapter, the frequency converter is a standard
built-in model in the DIgSILENT library. However ts control is not a standard
model in the DIgSILENT library and therefore it has to be implemented as a
user-written model in the dynamic simulation language of DIgSILENT.
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In the present research, the converter control is modelled on a generic level,
as illustrated in Figure 142, without focusing on any particular design of a
manufacturer. Similar to the DFIG, the presence of the frequency converter
makes possible to control independently the active and reactive power of the
wind turbine. As illustrated in Figure 142, the converter control is exercised by
means of two controllers:

¢ Generator-side converter controller (controller 1)

¢ Grid-side converter controller (controller 2)

Multipole Generator-side Grid-side
PMSG
converter converter
AC DC
==
DC AC
ACUYC : Controller 1 Controller 2 i MPT
damping (cascade) (cascade) tracking

AC voltage oriented reference frame
d axis: active current
g axis: reactive current

Figure 142: Power converter control in the variable speed multi-pole PMSG
wind turbine.

The control of the converter can be realised by using different strategies. In
this work, the control concept of the converter is using an AC voltage oriented
reference frame, i.e. d-axis is used to control the active current, while g-axis is
used for reactive current:

e Controller 1 is using the stator voltage reference frame

e Controller 2 is using the grid voltage reference frame

In the present control strategy, the oscillations existing in the drive train of a
variable speed multi-pole PMSG wind turbine are actively damped by the con-
trol of the converter. Such strategy is able to ensure a stable operation of the
whole wind turbine. As illustrated in Figure 142, an active damping block sys-
tem is generating a reference signal in the generator-side converter controller
(controller 1).

9.6.3 Damping system

It was illustrated in Figure 137 that due to the torsional characteristic of the
drive train, the generator speed of a variable speed wind turbine is prone to os-
cillations whenever the system gets excited by changes i.e. in the wind speed or
in the terminal voltage.

Such speed oscillations subside very quickly in the case of a fixed speed
wind turbine. The reason is that the generator of a fixed speed wind turbine (i.e.
squirrel cage induction generator SCIG) is characterised by a steep torque ver-
sus slip characteristic, as it is directly connected to the stiff grid.

All variable speed wind turbines are able to vary their rotor speed because
their generator is either partially or fully decoupled from the fixed grid fre-
quency. As described in Chapter 7, in the DFIG partially variable speed wind
turbine concept, the stator windings are directly connected to the grid, while the
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rotor windings are connected to the grid via a frequency converter. In this con-
figuration the torque versus slip characteristic of the generator, controlled by the
frequency converter accordingly, can still be used to damp the drive train oscil-
lations as in the case of fixed speed wind turbines. However this is possible only
for normal operation conditions. As it is shown in Chapter 8, in case of grid
faults, the DFIG control system needs also an additional damping controller to
stabilise the torsional oscillations and thus to enhance the fault ride-through ca-
pability of the DFIG wind turbine.

As sketched in Figure 136, a variable speed direct-driven SG wind turbine
is completely disconnected from the grid via a full-scale converter. The fre-
quency of the generator in such a configuration is thus decoupled from the stiff
grid frequency. According to (Jauch C., 2006), an electrical excited synchro-
nous generator behind a full-scale converter has no inherent damping, being
practically an unstable system. The full-scale converter, to which the generator
stator is connected, decides the rotor frequency according to how much power
should be extracted from the wind. There is thus no relative movement between
the rotor field and the stator field and it can therefore not be induced a current in
the damper winding. The damper winding has thus no influence. There does not
exist any torque to counteract the speed oscillations. This is also the case of a
PMSG with full-scale converter wind turbine, which does not even have a
damper winding. Moreover, the unstable speed oscillation is even worst for a
multi-pole PMSG wind turbine, because a multi-pole generator wind turbine
configuration has an extremely soft drive train shaft, as underlined in Section
9.2.

Figure 143 illustrates how the speed of a multi-pole PMSG with full-scale
converter wind turbine concept oscillates with gradually increasing oscillation
amplitude, causing the system to break down eventually even in case of a sim-
le normal operation.

115

1.10

Generator speed [pu]
&

8

0.95

0.90
0.000 6.

18.00 24.00 sl 30.00

[sec]

Figure 143: Unstable speed of the multi-pole PMSG wind turbine with full-
scale converter, in normal operation at 12m/s and without any damping sys-
tem.

Such a wind turbine configuration has thus no inherent damping and there-
fore an external additional damping system is necessary. Otherwise any small
speed oscillation is quickly amplified causing instability.
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The unstable speed oscillation can be counteracted either by controlling the
mechanical power input in the generator or the electrical power produced by the
generator into the grid. Different mechanical control schemes can be applied to
damp these oscillations, e.g. damping by means of blade pitching (Jockel S. et
al.,, 2001) or damping by means of a compliant mounting of the generator
(Westlake A. J. G. et al., 1996).

A straight forward way for damping the speed oscillations by controlling
the electrical power sent to the grid is described in Chapter 8. The drive train
oscillations of a DFIG wind turbine configuration during grid faults have been
for example damped by controlling the power that the converter sends into the
grid. However, this damping method has the disadvantage that it has a negative
impact on the power that the wind turbine injects into the grid, namely the speed
oscillations become visible as oscillations in the power on the grid.

The another solution which is adopted in this work to damp the speed os-
cillations, is known from large synchronous generators in power systems, where
a power system stabilizer (PSS) provides damping for speed and rotor angle
oscillations by controlling generator excitation. The synchronous generator
voltage is controlled by changing the excitation of the generator. PSS counter-
acts the speed oscillations by producing thus an electrical torque in phase with
the generator speed. A similar method, presented in (Jauch C., 2006), is applied
for wind turbines with DC excited synchronous generator. The speed oscilla-
tions are damped by controlling the DC-link voltage by changing the excitation
of the generator. The idea is to use temporarily the capacitor in the DC circuit as
energy storage (buffer) between the generator and the grid. Small variation of
the DC voltage is allowed in order to absorb torque oscillations. By periodically
short term charging and discharging the capacitor, energy is stored in the ca-
pacitor and the load current varies. This in turn influences the torque in such a
way that counteracts the speed oscillations and provides effective damping.

In this work, the damping method presented in (Jauch C., 2006), is adopted
for the case of multi-pole PMSG wind turbine. This method is slightly modi-
fied, since a PMSG has a fixed excitation. In this case, the speed oscillations
can not be damped by controlling the electrical excitation, but through the
power converter.

As the power flowing through the full-scale converter into the grid is inde-
pendent of the DC voltage, the damping of drive train oscillations by using the
converter can be achieved without impacting on the power that is sent into the
grid.

Similar to the case of a PSS, the damping of the drive train oscillations in a
multi-pole PMSG wind turbine can also be realised when it is provided a com-
ponent of the electrical torque of the generator in phase with the speed oscilla-
tion. The idea of the damping method using the DC capacitor as a short-term
energy storage is thus to translate the speed oscillations into the definition of a

DC voltage reference U Beé oscillating with the same frequency and phase angle

as the speed.

The frequency and the phase angle of the drive train oscillations, reflected
in the generator speed, are very important to be known in order to design the
damping system.

The frequency of the oscillations, which have to be damped, is, as men-
tioned before, the so-called free-free frequency:

1 k

osc :E' E (102)

where Joq is the equivalent inertia of the drive train model, determined in case
of gearless system by:
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g = 103
’ ‘Jrot +‘Jgen ( )

Once the frequency to be damped is known, the phase angle to be compen-
sated, has to be identified. In order to do that, the DC voltage reference signal

U2 is defined as follows:

f tpo in
UN =USP™ + Au,, (104)
where AU, is a sinusoidal disturbance signal that has the frequency f ., and

it is superimposed on the DC voltage setpoint. The DC voltage reference signal

) ,;eé is further used as input in the generator-side converter controller. It is a

. . . . setpoint . . .
voltage signal which oscillates around its mean value U J7°™ with a sinusoidal

offset AU, . This definition is indicated in Figure 144, by path (1). Once the

phase angle is identified, it can be used to realise the phase compensation itself
— sketched in Figure 144 by path (2). Note, that the identification of the right
phase angle, by using a sinusoidal disturbance as input signal instead of the
generator speed is realised in a stable operation condition, namely using a high
generator inertia.

@ Au + U ref
_____ = ——— O—E’C, Controller 1
(Up loop)

Sinusoidal
disturbance

setpoint
U DC

@ - sinusoidal disturbance directly without phase compensator
@ - sinusoidal disturbance through a phase compensator

Figure 144: Determination of the right phase angle.

Figure 145 illustrates how the electrical torque of the generator caused by
the sinusoidal disturbance signal leads by 90 degrees, when no phase compensa-
tion is used (i.e. path (1)). Note that when a phase compensator is used (i.e. path
(2)) the electrical torque is placed in phase with the sinusoidal disturbance (in-
put signal) — see Figure 145.
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Figure 145: Phase compensation.
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AU ref
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filter compensator + (Upc loop)
+

setpoint
U DC

Figure 146: Damping oscillations system.

The idea of the damping system is to translate the speed oscillations into an
oscillating DC voltage with the right phase angle and frequency. The result is t
that the speed oscillations are damped. Once the frequency and the phase angle
of the oscillation to be damped are found, a damping system can be realised.

The damping system is shown in Figure 146. It consists of two blocks: a
bandpass filter and a phase compensator. The input in the damping system is the
generator speed. The output of the damping system is superimposed on the DC
voltage setpoint to provide the DC voltage reference signal for the generator-
side converter controller (controller 1), as follows:

u I:r)e(f: =U Is)eépoim + Audamp (105)

In a general setup, a bandpass filter pass a band of desired or specified fre-
quencies, while attenuating those outside the band. In the present work, the
bandpass filter of the damping system is designed to pass only oscillations of
the free-free frequency (i.e. 10 rad/sec for the considered wind turbine) and to
block all the other frequencies. The bandpass filter does not change the phase of
the input signal. By designing a very narrow bandwidth, the bandpass filter al-
lows the phase compensator to act exclusively on the oscillations only with the
free-free frequency and not also on other existing frequencies in the system.
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A low pass filter is used as a phase compensator in order to introduce a -90
degrees phase at the free-free frequency. The design of the low pass filter is
based on the transfer function between DC voltage and electrical torque.

Figure 147 shows the Bode diagram of the designed bandpass and low-pass
filters of the damping system. The position of the free-free frequency which
have to be damped is also indicated.

Bandpass filter - Bode diagram Low-pass filter - Bode diagram
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Figure 147: Bode diagram of bandpass filter and low pass filter.

Figure 148 illustrates the effect of the damping system on the multi-pole
PMSG wind turbine with full-scale converter, when the system gets excited by
for example a sudden change of 1 m/s in the wind speed. The wind speed, the
generator speed and the active power production are illustrated for the situations
with and without damping system respectively. Note that without damping sys-
tem, the wind speed change provokes large oscillations with increasing oscilla-
tion amplitude in the generator speed and as result the system becomes unstable.
It is clearly visible that these oscillations are quickly damped when the damping
system is used. Such an additional damping system ensures thus a stable opera-
tion of the multi-pole PMSG with full-scale converter configuration, which oth-
erwise would be unstable even under normal grid conditions.
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Figure 148: The effect of the damping system.

168 Risg-R-1400/Second Edition (EN)



9.6.4 Converter control strategy

Different control strategies of the full-scale power converter, with their own
advantages and disadvantages, can be applied. The strategies are typically based
on the control of one of the following signals:
= _generator stator voltage Us to its rated value — it provides a robust con-
trol of the generator fluctuations, it keeps the ratio Us/Upc in a reasonable
and controlled range, it avoids the risk of overvoltage and saturation of the
converter in case of overspeeds. The disadvantage of this control strategy is
that it implies a variable reactive power demand from the generator. This
must be delivered by the power converter which has to have an increased
rated power.

= generator reactive power Qg t0 zero - it implies a varying stator voltage,
less losses and current rating. It may however results in stator voltages that
challenges the saturation of the converter.

The converter control strategy implemented in the present work is based on
to control the generator stator voltage to its rated value. This has the advantage
that the generator and the power converter always operate at the rated voltage,
for which they are designed and optimised. Figure 149 shows, as an example,
the phasor diagram of this control strategy in case of two different operational
points. At low wind speeds, if the generator speed increases, the active power

increases according to the MPT characteristic with P ~ a)e3 , while the torque
increases with T, ~ a)e2 . Because T, ~ sino the load angle ¢ increases stronger

than the magnitude of E, which increases linearly with the speed (E=j @, ¥m).
It follows, that the reactive power demand increases as well and the generator
starts to operate underexcited. For higher wind speeds the MPT control in-
creases the power linearly with the generator speed (P ~ @, ). Thus the torque
and the load angle stay constant. As the magnitude of E increases further the
reactive power demand of the generator starts then to decrease. The reactive

power demand of the generator can be thus limited by controlling the generator
stator voltage depending on the generator speed.
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Figure 149: Generator stator voltage Us control strategy — two operation
points (at low wind speeds).

The control strategy used in this work is based on the idea that the genera-
tor-side converter controls the generator stator voltage Us and the DC-link volt-
age constant, while the grid-side converter controls independently the active and
reactive power flow to the grid.

Similar to the control of DFIG (see Chapter 7), the control of both convert-
ers existing in the direct-driven PMSG wind turbine concept is also based on
two control loops in cascade: a very fast inner current controller regulating the
currents to the reference values that are specified by the outer slower power
controller. The current controller provides reference signals in d- and g-axis,
which are sent further to the PWM-controlled power converter.

Generator-side converter control (controller 1)

The generator-side converter controls the DC-link voltage Upc and the
generator stator voltage Us in the stator voltage oriented reference frame
(SVRF). Hence, the DC voltage is controlled with the d-component of the stator
current, while the stator AC voltage is controlled by the q-component of the
stator current. The stator voltage is controlled to its rated value in order to avoid
overvoltage or saturation effects in the converter. The DC-link voltage is also
kept constant, but small variations of the DC-link voltage are allowed when the
electrical damping of the system is necessary. The DC-link voltage is controlled

to its reference value U ,rjeé , provided by the damping system, described in Sec-

tion 9.6.3.
The generic control structure of the generator-side converter is shown in
Figure 150.
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Figure 150: Generator-side converter control (controller 1).

As the generator-side converter balances the DC link voltage, it ensures the
power transport from the PMSG terminals to the power grid. Notice that the
control of active power and of constant DC-link voltage is closely related.

Grid-side converter control (controller 2 and MPT)

The grid-side converter controls active and reactive power in a grid voltage ori-
ented reference frame. Hence, the active power Pyg is controlled by d- compo-
nent of the converter current whereas the reactive power Qgrig is controlled by
the g-component of the converter current. The generic control of the grid-side
converter is illustrated in Figure 151.
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Figure 151: Grid-side converter control (controller 2).

ref

Notice that the power reference P, is defined by the speed-power MPT

characteristic. The objective of MPT characteristic, illustrated in Figure 152, is
to drive the wind generator automatically in the operation point of highest effi-
ciency at any time.

As known, the variable speed wind power generators can be operated at a
constant power factor or can support with reactive power. The reactive power

fo.o . . .
reference Q;fid is in generally set to zero. However, in the cases when the grid

voltage is disturbed from its rated value and voltage grid support is required
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from the wind turbine, the reactive power reference Q;Ifd can be provided by a

voltage controller, as indicated in Figure 151.

2200
1800 MP[T /f Voltage controller
E 1400 } ref [— grid
4 f U grid  + Qref
o7 1000 f - PI —
I =
600
I U grid
i
200 i
7 9 11 13 15 17
[rpm]

Figure 152: Maximum power tracking (MPT) characteristic and voltage con-
troller used for direct-driven PMSG wind turbine.

The voltage controller, sketched in Figure 152, is realised by a PI controller
with antiwind-up and controls the grid voltage to its rated value. The input of
the controller is the error signal between the measured grid voltage and the rated
grid voltage.

The parameters of the converter controllers are determined based on the
wind turbine response to steps in deterministic wind speeds.

A potential advantage of this converter control strategy is that it does not
need any special treatment to handle grid faults. During a grid fault, the genera-
tor - side converter is less affected by the fault since it is not directly coupled to
the grid. It can therefore, during grid faults, continue unaffected to control the
generator stator voltage and the DC voltage to their rated values, while the ac-
tive and reactive power supply to the grid are directly controlled at the wind
turbine terminals by the grid-side converter. However one may pay attention on
the DC-link voltage reference value provided by the damping controller. Only
small variations from its rate value are acceptable for the DC-link voltage. Dur-
ing a grid fault the wind turbine starts to accelerate due to the unbalance be-
tween the electromagnetic torque and mechanical torque. In this situation, the
damping controller reacts immediately trying to damp the speed oscillations by
controlling the DC voltage reference. This action can generate an oscillating DC
voltage reference itself, up and down outside a reasonable range for the con-
verters control. This phenomenon can lead to instability, especially for very low
Upc reference values. This can be avoided by simply limiting the DC voltage
reference signal or by using a chopper. It is beyond the scope of this report to
focus on the fault-ride-through capability of PMSG wind turbine concept. How-
ever, a simple simulation, where the DC voltage reference provided by the
damping controller is limited, is illustrated in Section 9.7 in order to underline
the strength of the described converter control strategy also in case of grid
faults.

9.7 Simulations results

In this section, different studies are carried out in order to illustrate and evaluate
the performance of the control system for the variable speed multi-pole PMSG
wind turbine concept. The controller performance is assessed and discussed by
means of normal operation simulations of a 2MW PMSG wind turbine con-
nected to the grid through a 2.5MW power converter.
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The network layout of the variable speed multi-pole 2MW PMSG wind tur-
bine is illustrated in Figure 153.

gl - N {11o
Transformer 1 | Transformer 2 [PWM DC capacitor

Series Reactor

B F=={ A =L+ I !
External Grid
PCC .
Grid side converter Generator side converter
PMSG_HV terminal j MV terminal j LV terminal j Grid DC terminal j Rectifier terminaj PMSG terminal j

Figure 153: Electrical layout of the PMSG wind turbine with full-scale con-
verter.

The wind turbine is connected to the external grid through a full-scale con-
verter consisting of a generator-side converter, a dc-link capacitor and a grid
side converter. The control of active and reactive power is based on the meas-
ured power at the PCC placed on the MV terminal.

9.7.1  System performance under deterministic wind speeds

In order to evaluate the performance of variable speed direct-driven PMSG
wind turbine controller, described in this chapter, a set of step response simula-
tions with deterministic wind speed (no turbulence, no tower shadow) are per-
formed. Typical quantities of the turbine system, as wind speed in [m/s], pitch
angle in [deg], generator speed in [rpm] and the active generator power in
[MW], are shown in Figure 154 for steps in wind of 1m/s every 20 seconds.
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Figure 154: Wind speed, pitch angle, generator speed and active power
for steps in wind of 1m/s from 12m/s down to 5m/s.

In the power optimization strategy (i.e.at low wind speeds less than 12m/s),
the speed controller is passive, keeping the pitch angle constant to the optimal
value (i.e. zero for the considered wind turbine). Meanwhile, the power control-
ler controls the active power to the active power reference signal provided by
the maximum power tracking look-up table. The generator speed is continu-
ously adapted to the wind speed, in such a way that it is extracted maximum
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power out of wind. Notice that the response time in the steps is bigger at lower
wind speeds then at higher wind speeds.

Figure 155 shows the performance of the generator side converter control
during the simulated case. The illustrated signals are: the Dc-link voltage, the
stator voltage, the generator reactive power and the reactive power to the grid.
The DC-link voltage is kept constant to its reference value of 5.9 kV. However,
the damping of the system causes small variations of the DC-link voltage
around its reference value. Notice that the stator voltage is also controlled to its
rated value, too.
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Figure 155: DC-link voltage, stator voltage, generator reactive power and
the grid reactive power for steps in wind of 1m/s from 12m/s down to
Sm/s.

Notice that the reactive power production of generator and grid side con-
verter is independently controlled.The reactive power demand of the generator
varies, while the grid side converter reactive power production is zero. As ex-
pected, by using the control strategy described in this chapter, the generator re-
active power varies while the stator voltage is kept constant.

As long as the wind speed is bigger than 8m/s, the generator works in an
underexcitated operation. In this speed range, according to the linear ramp in the
MTP characteristic, the active power of the generator Py, decreases linearly
with the speed. Meanwhile, the internal voltage E=jw ¥\ decreases also line-
arly with the speed. In this situation, the stator current g-component starts to
increase in order to keep the stator voltage constant. Hence, the reactive power
increases. After 100 s the wind speed steps down to 7 m/s. From this moment,
the active power is controlled according to the MPP tracking with P ~ &’. The
torque and the load angle start to decrease stronger (Te~ ) than the amplitude
of E, which finally leads to a decrease of reactive power. In contrast to this, the
grid-side converter reactive power production does not vary. The grid side con-
verter only satisfies the small reactive power demand of the transformer.

A similar simulation, performed for steps in the wind speed from 12m/s up
to 20m/s, is illustrated in Figure 156 and Figure 157. Notice that both the speed
controller and the active power controller are active for wind speeds higher that
12m/s.
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Figure 156: Wind speed, pitch angle, generator speed and active power for steps
in wind of 1m/s from 12m/s up to 20m/s.

The steps in the wind speed yield changes in both the pitch angle and the
generator speed. The step response of the pitch angle and generator speed does
not present big overshoots and oscillations (fast in steady state). Remark also
that the response of the generator speed is almost identical over the whole wind
range between 12m/s and 20m/s, a fact that indicates that the gain scheduling in
the speed controller is working properly. The power controller keeps the active
power to 2MW with a small deviation about 1%. Since the pitch mechanism
reacts slowly compared to the power controller, dynamic variation in the gen-
erator speed and so in the rotational speed of the turbine rotor are allowed in
order to absorb fast wind gusts and to store rotational energy in the turbine’s
inertia.

The stator voltage is kept constant, while the DC-link voltage varies ac-
cording to the damping signal, which is modulated on the constant reference

value od Upc. Notice that the generator reactive power is almost constant in this
case.
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Figure 157: DC-link voltage, stator voltage, generator reactive power and the
grid reactive power for steps in wind of 1m/s from 12m/s up to 20m/s.

9.7.2 System performance under stochastic wind speeds

The performance of the PMSG wind turbine control system, designed and de-
scribed in this chapter, is now illustrated for the case of stochastic wind speeds.
Two set of simulations are considered: one for mean wind speed 8m/s and an-
other for mean wind speed 12m/s.

Figure 158 illustrates the case when the mean speed is 8 m/s and the turbu-
lence intensity of 10%.

The generator speed is tracking the slow variation in the wind speed. As
expected for this wind speed range, the pitch angle is passive, being kept con-
stant to its optimal value (i.e. zero for the considered wind turbine). The active
power delivered to the grid does reflect the variation in the wind speed. Notice
that the fast oscillations in the wind speed are completely filtered out from the
electrical power.
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Figure 158: Wind speed, pitch angle, generator speed and active power
under stochastic wind speed with a mean wind speed of 8m/s.

Figure 159 illustrates the simulation with turbulent wind, where the mean
speed is 12 m/s and the turbulence intensity of 10%. The turbine operates partly
at rated conditions and partly at partial load. As soon as rated wind speed is ex-
ceeded, the pitch angle increases and limits the speed. The power is kept to the
rated power as long as the energy in the wind permits that.

Pitch angle [deg]

Figure 159: Wind speed, pitch angle, generator speed and active power
under stochastic wind speed with a mean wind speed of 12m/s.
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9.7.3 Voltage controller effect

The following simulation shows the performance of the voltage controller dur-
ing normal operation conditions. The grid voltage and the reactive power sup-
plied to the grid by the grid-side converter are illustrated for the situations with
and without voltage controller respectively. It is assumed that the 2MW PMSG
wind turbine operates at its rated capacity (i.e. at wind speeds higher than
12m/s), as this is worst for the voltage stability.

Figure 160 illustrates how the voltage controller, presented in Figure 152,

ref

adjusts the reactive power demand Q. for the grid-side converter controller

in the case when a reactive power sink is connected and then disconnected at the
MYV terminal of the PMSG wind turbine in Figure 153. It is assumed that first
IMVar reactance and than 1.5MVar, respectively, is connected to the MV ter-
minal and disconnected after 1 second, successively as illustrated in Figure 160.

Notice that the connection of each reactance implies a modification in the
grid voltage Ugig. When no voltage control is enabled (case 1), no reactive
power support is delivered to the grid by the grid-side converter. The grid volt-
age is therefore not re-established as long as no matter which reactance is con-
nected to the PMSG wind turbine’s grid.

1 Mviar sink 1 Mvar sink 15 M\)‘ar sink 15 M\)‘ar sink } H
connection disconnection connection disconpection |
|
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Figure 160: PMSG voltage controller performance ((a) — without voltage
control (b) with voltage control) -when a reactive power sink of 1Mvar and
1.5Mvar respectively, is connected and disconnected

On the other hand, when the voltage controller is used (case 2), the grid-
side converter supports the grid by supplying reactive power — as illustrated in
Figure 160. In this case, the grid voltage is quickly re-established to 1pu when
the first IMVar reactance is connected. The connection of the 1.5MVar reac-
tance leads, as expected, to a deeper drop in the grid voltage and therefore the
PMSG wind turbine has to produce more reactive power to re-establish the grid
voltage. The 2MW PMSG wind turbine connected to the grid through the
2.5MVar converter has a reactive power reserve about 1.5MVar in the case of a
12m/s wind speed. The grid-side converter produces therefore its maximum
limit of 1.5MVar to the grid when the second reactance is connected. Notice
that it is however not sufficient to re-establish the grid voltage due to the reac-
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tive power absorbed by the transformer placed between the grid-side converter
and the PCC — see Figure 153.

10 CONCLUSIONS

This report presents a collection of models and control strategies developed and
implemented in the power system simulation tool PowerFactory DIgSILENT
for different wind turbine concepts. It is a second edition of Risg-R-1400(EN)
and it gathers and describes a whole wind turbine model database built-op and
developed during several research projects. The report contains thus an over-
view over some electrical models (induction generator, synchronous generator,
power converters, transformers), already integrated components in the power
system tool, but also over the newly developed and implemented wind turbine
models (mechanical model, acrodynamical model, wind model, control model).

The wind turbine dynamic model includes the main effects that contribute
to the fluctuation of the power from a wind turbine. It comprises the mechanical
model, the aerodynamic model (improved with a model for dynamic stall ef-
fects) and the electrical model: induction generator, power converter (converter,
soft-starter, capacitor bank) and transformer.

The built-in electrical models in DIgSILENT are initialised automatically
by the load flow calculation, while the user developed models, must be initial-
ised by the user. If the initialisation is not done properly, it results in large fic-
tive transients, which must decay before the actual dynamics can be simulated.
This costs simulation time and in some cases the fictive transients even can
cause numerical instabilities. An initialisation method is therefore developed
and implemented. This method allows immediately an accurate simulation of
the dynamic performance, without fictive transients in the beginning of the
simulation.

The main attention in the report is drawn to the modelling at the system
level of the following wind turbine concepts:

1. Fixed speed active stall wind turbine concept

2. Variable speed doubly-fed induction generator wind turbine concept

3.  Variable speed multi-pole permanent magnet synchronous generator

wind turbine concept

These wind turbine concept models can be used or even extended for the
study of different aspects, e.g. assessment of power quality, control strategies,
connection of the wind turbines at different types of grid.

The goal of the model database process has been to build generic models,
without focusing on a particular design of a manufacturer. They are not re-
stricted by confidentiality, but as a consequence, the performance of the simula-
tion models may differ some from the performance of a specific wind turbine.

Since wind turbine controllers can be designed in several ways, and since
the design details are normally confidential, new control methods have been
proposed and implemented, their performance assessed and discussed by means
of simulations. The design as well as the evaluation of the controllers was car-
ried out for normal continuous operations (for both power optimisation and
power limitation operations), but grid fault conditions operation has been also
treated. As in the near future, wind turbines are required to replace more or less
other generating units in the power system, grid support power and voltage con-
troller have been also designed and presented.
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Fixed speed active stall wind turbine concept

A dynamic model of an active stall wind turbine connected to the grid, has been
implemented in the power system simulation tool Power Factory-DIgSILENT.
Different control strategies depending on the connection type (AC or DC) of the
active stall wind turbine have been presented.

AC connection case:

The simulation model, presented in this report, of the active stall wind tur-
bine with AC grid connection, regards wind turbines similar to the ones in
Nysted. Two control strategies for the active stall wind turbine with AC connec-
tion have been designed and presented in the report.

The first designed controller is a traditional active stall wind turbine con-
troller where the goal is to achieve electrical power with a minimum of pitch
actions. Such a controller is very slow, as it tries to reduce the pitch activity as
much as possible to limit the stress of the pitch system. The simulations con-
ducted show that the controller manages to run the turbine efficiently in many
conceivable wind speed situations. The system has no tendency to become un-
stable in which situation ever, since the controller does not attempt to respond
to fast transients instantaneously. However such a controller design is not opti-
mal for grid support, since in this case the wind turbine is asked to act as a fast
active element in the power system. To speed up the power control, a second
control design for the active stall wind turbine has been purposed and presented.

The second controller is a grid support power controller. The aim of this
controller, is to enable fast control of the wind turbine power, which is neces-
sary especially in case when specific and fast power demands are imposed to
wind turbines by the system operator. It has to be as fast as possible to power
reference changes, but still with physical limits on pitch activity. This character-
istic of the controller enables better grid integration for active stall wind tur-
bines with AC connection, as it manages a relatively fast response to changes in
the active power demand. Simulations show that a sudden change in the active
power set point for an active stall wind turbine can be reached fully within a
few seconds when this fast controller is used.

Notice that this second controller for active stall wind turbine is also attrac-
tive in case of grid faults operation, when a quick reduction of the aerodynamic
power production is necessary as soon as a grid fault is detected. In case of grid
fault operation, the wind turbine power has to be reduced as soon as a grid fault
occurs, in order to prevent it from going overspeed, and by doing so, assists in
voltage recovery. When a grid fault is detected, the controller gets for example
a zero power reference. Riding through grid faults implies that the active stall
wind turbine has to change its pitch angle as quickly as possible (maximum
pitch rate).

DC connection case:
The grid support control capabilities of an active stall wind turbine can be even
more improved in case when it is connected to the grid via an HVDC/VSC. A
DC grid connection via HVDC/VSC transmission of an active stall wind farm
has been therefore designed and presented in this report. Such a system has spe-
cial regulating properties e.g. decoupled control of active and reactive power,
continuous AC voltage regulation, variable frequency control, black-start capa-
bility, etc. Moreover the market interest for this concept may increase if it is
proved that using a DC transmission system the wind farm/park can develop
power plant characteristics as the turbine itself is cost-efficient and very reli-
able.

A new control strategy for an active stall wind farm station has been pro-
posed and implemented in DIgSILENT. Using this control strategy an active
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stall wind farm can operate both with fixed voltage/frequency or variable volt-
age/frequency situations. In the second situation the set point frequency is cal-
culated based on the maximum average wind speed inside the wind farm. Since
the reactive power necessary for the operation of squirrel-cage induction gen-
erator is provided by this power converter the wind turbines use a fixed capaci-
tor bank instead of a variable one in both cases. The variable voltage/frequency
control strategy implies also a simplification in the active stall controller and
reduces the pitching of the blades for low wind speeds. The simulation results
show a good response of the implemented system in both situations.

Variable speed doubly-fed induction generator wind turbine concept

A dynamic model of a variable speed, variable pitch wind turbine with DFIG,
has been also implemented in the power system simulation tool Power Factory-
DIgSILENT.

The overall control system of a variable speed DFIG wind turbine is built
up with a hierarchical structure. There are two hierarchical control levels,
strongly connected to each other, i.e. DFIG control level (control of active and
reactive power) and wind turbine control level. A vector control approach is
adopted for the control of the power converter, while the control of the wind
turbine is a result of two cross-coupled controllers: a speed and a power limita-
tion controller. The control of the power converter is essential for the behaviour
of the DFIG wind turbine both in normal and during grid fault conditions.

This report proposes and presents the design of different control strategies
for a DFIG wind turbine for both normal operation and for operation during grid
fault conditions.

Normal operation

The overall control of the variable speed, variable pitch wind turbine with DFIG
during normal operation has as goal to track the wind turbine optimum opera-
tion point, to limit the power in the case of high wind speeds and to control the
reactive power interchanged between the wind turbine generator and the grid.

In normal operation, the power converter control has the following goals:

= the rotor-side converter has to control independently the active and re-

active power on the grid.

= the grid-side converter has to maintain the dc-link capacitor voltage in a

set value regardless of the magnitude and the direction of the rotor
power and to guarantee a converter operation with unity power factor
(zero reactive power).

The control of the wind turbine generates the pitch angle of the wind tur-
bine and the reference of the active power for the power converter control. In
this report two of the most frequent control strategies for variable speed wind
turbines have been implemented and described:

= Control strategy 1 - where the power converter is used to control the

generator speed, while the pitch system limits the power.

= Control strategy II - where the power converter controls the power,

while the pitch system prevents the overspeeding of the generator, i.e.
the pitch angle limits the generator speed to its rated value in case of
high wind speeds. It provides a fast power control.

Both control strategies are implemented and presented. Their good per-
formance is assessed and discussed by means of simulations. Notice that the
second control strategy is expected to be closer to the real controllers imple-
mented in the industry.
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Operation during grid fault

A dynamic model of variable speed DFIG wind turbines with the fault ride-
through control and protection has been also implemented in DIgSILENT.

The fault ride-through and voltage controller of the DFIG wind turbine pre-
sented in this report is built-on as an extension of the control structure of the
DFIG during normal operation.

In contrast to its very good performance in normal operation, the DFIG
wind turbine concept is quite sensitive to grid faults and requires special power
converter protection. The protection system of the converter (i.e. crowbar resis-
tance) is triggered when high transient currents and voltages occur in the gen-
erator and converter, otherwise the power converter device would be damaged
during grid faults. When the crowbar is triggered, DFIG behaves as a conven-
tional squirrel cage induction generator (SCIG) and therefore its controllability
is temporarily lost. The crowbar resistance, which value is strictly dependent on
the generator data sheet, has influence on the rotor current and on the reactive
power demands of the generator during grid faults.

The goal of the implemented fault ride-trough controller for a DFIG wind
turbine is to provide the wind turbine the control ability, required in the techni-
cal specifications by the power system operator, namely to operate uninter-
rupted at disturbances in the power system, such as short-circuit faults, and to
contribute to the voltage control. Such control of DFIG during a grid voltage
dip enables:

* Voltage recovery assistance by the wind turbine during the fault

» Reduced demand of other dynamic reactive compensation units

= Reduced standby power generation, because of uninterrupted wind tur-

bine operation at disturbances

= Return to normal operation conditions after the fault.

The implemented voltage control is based on a strategy where the control of
both rotor side converter (RSC) and grid side converter (GSC) is designed in a
coordinated manner. RSC controls the voltage on the grid as long as it is not
blocked due to heavy disturbances, case when GSC is that which is used to con-
trol the voltage. However its generation is limited by GSC rating.

Besides these controllers, a damping controller has been also implemented
and tuned in order to damp possible torsion oscillations excited at a fault in the
drive-train system. From the transient stability point of view, the drive train of
the wind turbine has to be represented by a two-mass model in order to be able
to simulate the torsional oscillations excited in the drive train system during
grid faults. A damping controller has to be implemented and tuned to damp ac-
tively these oscillations, which otherwise might lead to self-excitation and high
mechanical stress of the drive train system.

Studies regarding DFIG fault ride-through and voltage grid support capability
in a realistic power transmission system model.

Several studies regarding DFIG fault-ride through and voltage grid support ca-
pability in a realistic power transmission system model have been carried out.
The Danish Transmission System Operator Energinet.dk. has developed and
delivered such a realistic power system model for educational and research pur-
poses. This has been a great opportunity for the project to investigate in a realis-
tic power system frame the performance of the designed and implemented DFIG
fault-ride through and voltage grid support controller. The simulation results
have been shown that the DFIG equipped with the developed voltage grid sup-
port control manages to re-establish rapidly the voltage after a severe grid fault.
Moreover, it was also concluded that a DFIG wind farm equipped with voltage
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control can help a nearby active stall wind farm to ride through a grid fault,
without implementation of any additional ride-through control strategy in the
active stall wind farm.

Variable speed multi-pole permanent magnet synchronous generator wind
turbine concept
A model for a variable speed wind turbine with multi-pole permanent magnet
synchronous generator has been developed and implemented in DIgSILENT.
The model contains representations of a permanent magnet generator, a
back-to-back voltage source converter and its control, the aerodynamic rotor, a
two mass model representation of the shaft system and the pitch angle control.
A control method has been designed for normal operation conditions. The
objectives of the control system are:
* to track the maximum power operation point in case of small wind speeds;
* to limit the power in case of large wind speeds;
* to stabilize and damp actively the drive train oscillations existing in the
multipole PMSG wind turbine system

The strongest feature of this control method is that it enables the system to
stay stable in any operating condition. It has been observed that the wind tur-
bine configuration with multipole PMSG behind a full scale converter is quite
an unstable system. There are several reasons for that: 1) PMSG has no damper
windings 2) the drive train shaft becomes soft in case of large number of multi-
poles 3) SG behind a full scale converter (electrical decoupling between turbine
and grid). The damping oscillations in the generator speed has been realized by
periodically charging and discharging the dc-link, having thus no negative im-
pact on the power quality in the grid.

The performance of designed and implemented control strategy for the mul-
tipole PMSG with full-scale converter has been assessed and illustrated by
means of simulations for different operating conditions (up and down steps in
low and large wind speeds, deterministic as well as stochastic). A future re-
search step is to investigate and enhance the fault-ride through and voltage grid
support controller’s capabilities of the multipole PMSG full scale converter sys-
tem.

The three implemented wind turbine concept models are an important step
towards the long-term objective of developing tools for study and improvement
of the dynamic interaction between wind turbines/wind farms and power sys-
tems to which they are connected. These models can be easily extended to
model different kinds of wind turbines or wind farms.
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