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Abstract

The Doubly-Fed Induction Generator (DFIG) is widelsed for large grid-connected,
variable-speed wind turbines. As the amount ofaifes wind power increases, it is
increasingly important that turbine generators rient@nnected and support the grid
transmission network during transient system digtnces: so-called fault ride-through
(FRT), as specified by various grid codes. To stidyFRT capability of the DFIG, an
accurate model of the system is needed. This masibbe to take into account the
switching behaviour of the rotor circuit diodes al@BTs if it is to simulate the

converter and the DC-link capacitor current andage waveforms during supply fault
conditions when vector control is lost, inverteiBIGs are switched off and the inverter

appears as a simple 3-phase rectifier.

In this thesis, a Simulink model for a vector cofted DFIG is developed to investigate

drive fault through characteristics, allowing ftwetswitching effects of all IGBTs and

anti-parallel diodes. The model is used to prethechine and converter current and
voltage waveforms during network fault conditionspresented by a 3-phase supply
voltage dip, and thus assess the FRT performantieedDFIG in accordance with the

transmission system grid codes.

Four case studies during normal conditions andetHealt scenarios during fault
conditions are investigated and validated by tB&W. DFIG Test Rig. The simulation
and experimental results are in very close agreemBme simulation shows that
transient rotor currents can obviously damage tdmnverter IGBT devices and DC-link

capacitor if no protective action (using Crowbad &C chopper) is taken.

Moreover, the developed model can be used to ilpastthe transient behaviour of the
DFIG drive system during supply fault conditionsemhthe drive IGBTs are switched
off and the rotor converter appears to be a sindpbele bridge rectifier. Also, the
developed model including both FRT devices (Crowdrad DC-brake chopper) will be
employed to investigate the DFIGs FRT performanak design the minimum value of

crowbar resistance.
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Chapter 1 Introduction

1.1 Wind Energy Penetration

To reduce the impact of conventional electricitygetion on the environment, many
countries have increasingly sought to use altereanvironmentally friendly sources,
i.e. renewable sources. This can reduce carbonsemssin the process of electricity
generation by utilising infinite natural sourcesnéOrenewable source that is of world-
wide interest is wind power [1], as evident frong.FL.1 showing installed world wind

energy [2, 3].

GLOBAL CUMULATIVE INSTALLED WIND CAPACITY 2000-2015

450,000 MW 432,883

400,000 369,705
350,000 B
300,000 —
250,000 —
197,946

200,000 .
150,000 i
100,000 nesy
' 31100 39431 4620 59001
50,000 17,400 — 23,9003 ) . .
;oum mm Em I ]

2009

2000 2001 2002 2003 2004 2005 2006 2007 2008 2010 2011 2012 2013 2014 2015
Source: GWEC

Fig. 1.1 Total world-wide installed wind generaticapacity (2000-2015)[2]

According to the global wind report [2], the wollds seen a new record in new wind
installations. The wind capacity increased by 63@& from the end of 2014, and
reached 433 GW within the 2015 for the total wiaghacity of the world. Amongst the
top 10 markets, China, USA and Germany were thet mhgzamic countries and saw
the strongest growth rates. As shown in Fig h@sé¢ three countries shared the global
wind market with 33.6%, 17.2% and 10.4%, respeltive



TOP 10 NEW INSTALLED CAPACITY JAN-DEC 2015
Turkey Rest of the world PR China

United
Kingdom

; Country MW % Share
rance PR China 145,362 336
Poland USA 74,471 17.2
Canada Germany 44,947 10.4
India 25,088 5.8
India Spain 23,025 5.3
United Kingdom 13,603 3.1
Canada 11,205 2.6
Brazil France 10,358 2.4
Italy 8,958 21
Brazil 8,715 2.0
Rest of the world 67,151 15.5
Total TOP 10 365,731 84.5
World Total 432,883 100

Germany USA
Source: GWEC Source: GWEC

Fig. 1.2 Top 10 countries by total wind installasd?2]

Increasing demand for wind power has resulted inymmagions or countries developing
the technical requirements for the connection @fdavind farms with regard to the grid

codes issued by Transmission System Operators (T[8Ds

These requirements are typically designed to enthae large wind farms remain
connected to the transmission system during dighad&s (such as voltage dips),
so-called fault ride through (FRT). Grid code regments have been an important
element in the development of wind turbine (WT hiealogy [5].

1.2 Wind turbine technologies

Wind turbines are generally classified into two mi@chnologies:
1.2.1 Type A: Fixed speed wind turbines

Squirrel cage induction generators directly conegdb the grid are usually used for
this type, as shown in Fig. 1.3. The rotationalesbef the generator is normally fixed
with a slip of around 1%. These induction machioessume reactive power from the
grid, hence capacitive compensation at the wintirer grid connection is necessary.
Their aerodynamic control is based on stall, acsitedl or pitch control. A variation of
this scheme allows control of the speed of a worotdr induction generator with

external resistors up to 10% above synchronousigSée
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Fig. 1.3 Fixed-speed wind turbine (Type A)

1.2.2 Type B: Variable speed wind turbines

In this type of wind turbine, the rotor speed canviaried in line with prevailing wind
conditions. There are two main types in this tetbgya The first (Type Bl) is a
synchronous/induction generator the stator of wisctonnected to the grid via a fully
rated power converter, as shown in Fig. 1.4. Theorse (Type B2) is a Doubly-Fed
Induction Generator (DFIG), as shown in Fig. 1.8ré{ the stator is directly connected
to the grid while the rotor is connected to thelgiia a four-quadrant converter [6-8] or
back-to-back converter [9, 10]. The aerodynamictrmbrof variable speed turbines is

practically based on blade pitch control.

AC/
DC

DC/
AC

Fig. 1.4 Variable-speed wind turbine with fully-edtconverters (Type B1)

Power electronic
Converter

GRID

GRID

AC/
DC

DC/
AC

Power electronic
Converter

Fig. 1.5 Variable-speed wind turbine with partiadlgted converters (Type B2)




Variable speed wind turbines offer a number of atages [7, 11] when compared with
fixed-speed turbines, such as operation over a rwidage of wind velocities,
independent control of active and reactive poweduced flicker and lower acoustic
noise levels. In the case of variable speed winkirtes, the DFIG converter handles a
fraction of the turbine power (about 30% in pragficompared with a fully-rated
converter [11, 12]. As a result, the DFIG is mouosteeffective and widely used for
large grid-connected, variable-speed wind turbines.

1.3 Market Share for Wind Turbine technologies

As mentioned in the above description, Fig. 1.6ashthe share of each manufacturer in
the onshore variable-speed wind turbine topologs=d globally for the 2013 market
[13].

Type B2 (57.5%) Acciona (1%) TYPE B1 (Synchronous G_en) (13.5%)
(DFIG) Other (3%) CSIC Haizhuang (1%) no gearbox required
Alstom (2%) BEWT (<1 %)
CCWE (3%)

Vestas (21%) Windey (3%)

Sinovel (68%)

Sewind (68%)

Senvion

(11%) Gamesa (6%)

General Mingyang (7%)

Electric (9%)

Envision (7%)

United Power (8%) Nordex (8%) Enercon (99 %)
TYPE B1 (PM Synchronous Gen) TYPE B1 (PM Synchronous Gen)
nogearbox required (16.3 %) gearbox required (6.9 %)

< G 204 TYPE B1 (Induction Gen)
Other (3%) DEC (1%) Eno Energy (2 %) /Samesa (2%) gearbox required

CCWE (2 %) Geoho (5 %)
Siemens General
(9 %) ~ Electric
o7 \*
XEMC (7 %)
(13 %)

Siemens
Goldwind Vestas (100 %)
(73 %) (87 %)

(4.1%)

Fig. 1.6 Manufacturers’ global market share forheaariable-speed wind turbine during
2013 [13]

The global market share of each variable-speed wirliine type is shown in brackets,
while the indicated percentages of each manufacare mentioned in each type. The
variable-speed wind turbines based on DFIG (TYPB &&er 57.5% of the total
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installed capacity while others (TYPE B1) are deddnto four subsets: First based on
electrically excited synchronous generator withgearbox required, Second based on
permanent-magnet synchronous generator with nobgearequired, Third based on
permanent-magnet synchronous generator with geadspired, and the last one based
on induction generator with gearbox required. Tlaeg involved in 13.5%, 16.3%,
6.9% and 4.1% for their market share, respectively.

1.4 Fault Ride Through (FRT) requirements

As stated in section 1.1, FRT requirements are Idped to ensure that large wind
farms remain connected to the transmission systamngl disturbances. Without these
requirements, disconnecting large wind farms Idadsower system network problems
such as voltage collapse which may lead to whostesy collapse. Various FRT grid
codes [14, 15] from many countries are shown in Eig. The German code from E.ON
Netz GmbH, the GB code from National Grid ElectsicTransmission, the Irish code
published by ESB National Grid, the Nordic Grid eddom Nordel TSO, the Denmark
code of Danish TSO, the grid code for Belgium issbg the Belgian TSO, the grid

codes of two Canadian TSOs issued by Hydro-QuebdcAdberta Electric System

Operator (AESO), the USA rule for the interconnactof wind generators published by
the Federal Energy Regulatory Commission (FERC), @des from other countries

such as Spain, Italy, Sweden and New Zealand.

V (%)

time (5)

USA-Ireland-AESO Germany Denmark (<100 KV)

-_— UK Nordel Belgmum (large voltage dips)
Belzmm (small voltage dips) Sweden (<100 MW) Sweden (=100 MW)
New Zealand Hydro-Quebec s Thaly

Spam

Fig. 1.7 Fault ride through requirements of vasigud codes [15]
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The Y-axis shows retained voltage (%) which theates to the time duration (s) of
FRT in the X-axis. The FRT requirements dependhenindividual characteristics of

each grid system. On or above the FRT line, a ianeh must ride through.

Three FRT grid codes will be considered in moreaitlenamely the Irish, GB and
German Grid Codes. The Irish and GB grid represedium and large isolated power

systems, respectively; the German grid represehighaand extra high voltage grid.

e FRT Irish Grid Code

Since wind farms need to remain connected to thik tre Irish Code requires that the
wind farm shall provide active power in proportidza the retained voltage and
maximum reactive current during the voltage dipofabthe heavy black line in Fig.
1.8) and recovers at least 90% of available agiox@er within 1 second of the recovery

of transmission system voltage to the normal opegatinge (nominal £10%).

Grid voltage (% of nominal)

':HJ"-

s0f

15f —

0‘ 1 -"-.. ; 1 i 1 i L
0 "]\5” 625 1000 2000 3000

Time (ms)

Fig. 1.8 Irish FRT capability for wind farms[16]
e FRT Great Britain Grid Code
The Grid Code (issued by National Grid Electri¢itygnsmission (NGET in CC.6.3.15)

specifies that each generating unit shall remainsiently stable and connected to the

system for two main disturbances.

Balanced voltage dips that last for longer than 140 ms are illustrated in Fig. 1.9 (a)

including the two examples shown in Fig. 1.9 (back point on or above the heavy



black line represents a voltage level and an aatamtitime duration for which
generating units on the GB network must remain eoted. During the voltage dips,
the active power output of a generator has to bened at least in proportion to the
retained balanced network voltage. During voltages dcaused by grid faults, wind

farms must generate their maximum reactive cumeettte grid system.

_ Gridvoliage % '
(%2 of norrmnal) —
-------------------------------------------------------- T = Lsin i
P wm
5 i
e o% 1
:E\-JLI ime Tima
f_\ 100%
= 50%
ks
&
Uin
500% T
1ds 1 2 3 vt
Sup ergriddip duration = D 710ms Time
a. FRT capabilitvprofile b. Example voltage dips

Fig. 1.9 The voltage-duration profile (for longban 140 ms) and example voltage dips
(from Appendix 4 of GB Grid Code)

For short circuit faults that last up to 140 ms, the grid code states that each
generating unit shall be designed for the clearasfcthe fault on the transmission
system within 0.5 seconds of the restoration ofvbleage at the grid entry point or the
voltage at the user system entry point to 90% ahinal or greater. Also the active
power output shall be restored to at least 90%@fiével available immediately before
the faults (mentioned in CC.6.3.15 (a)(ii)[17]). g the period of grid faults, wind

farms must generate their maximum reactive cumettie grid system.
e FRT German grid code

E.ON Netz GmbH, referred to as ENE, is one of thgomtransmission system
operators in Germany. The ENE grid code descriles minimum technical and
organizational requirements for setting up and aoey grid connections on the high
voltage or extra high voltage grid in order to ifillhe regulations of the Union for the
Coordination of Transmission of Electricity (UCTH) Europe and the German
transmission system operators. FRT is one of th& [gNd requirements with which

wind farms have to comply.



According to the ENE grid code [18] (Fig. 1.10)reé-phase short circuits or fault-
related symmetrical voltage dips must not leadhstability or to the disconnection of

the generating plant from the grid above the Linniie 1.

highest value of the three line-to-line grid voltage

U/U,,
limit Ilne 1 lowest value of the
|‘m't line 2 voltage band
100% \ ]/ -l

70% ] _:_:_:_rangemwhjchadLsc.or;n.eétl.Qﬁ. o

AR S -is anly.permissible [~ 11 1- - :

E by the.automaic s_ys_te_nj. N

45% - 7/ ::'::::::::3:3::::?3?3??33?

” S -Selectwe discennection of generafors - -’

/ KTE I _dg‘e.p:er_ﬁd[ng Qn_ﬂﬁ_eq’q:hdmc:n‘.:.:.:.:.

15% ::::‘::::::::::::':':‘:':‘:‘:':‘:'

0150 700 1.500 3.000 time in ms

T

time when a fault occurs

Fig. 1.10 Limit curves for the voltage patterriteg grid connection in the event of a
fault in the German grid [18]

For the shaded area above Limit Line 2, all windnfa should experience the fault
without disconnection from the grid. For the shthdeea below Limit Line 2 (area

KTE), a brief disconnection of the generating plenallowed by agreement with the
TSO if during the fault the individual generatorcbmes unstable, or the generator
protection responds. In this KTE area, resynch@aion of the generating plant must
take place within 2 seconds. The active power @u femust be increased to the original

value with a gradient of at least 10% of the rajederator power per second.

For all those wind farms that do not disconnecinfrime grid during a fault, the active
power output must be continued immediately afteitfalearance and increased to the
original value with a gradient of at least 20 %tlué rated power per second. The wind
farms must support the grid voltage with additiorective current during a voltage dip
as shown in Fig. 1.11. In the event of a voltage afimore than 10% of the effective
value of the generator voltage, voltage control tmalse place within 20 ms after fault
recognition by providing reactive current on thevleoltage side of the generator

transformer amounting to at least 2% of the ratedent for each percent of the voltage



dip. After the voltage returns within the dead hatieé reactive current support still

continues to provide the grid voltage for at &3 ms.

reactive current static:

required additional reactive k=(41,/1 ¥(AU/U_)22,0p.u.
current Alg/l,
A rise time < 20 ms
It;mltat‘lton of the; V?Hage maintenance of the
v voltage contro ;
dead band (Underexcited voltage support in
accordance with the
operation) 7 chraracterisitc after return
n _/’ to the voltage band over
dead band limit : a further 500 ms
Upee = 11U, |
Ui =0.8U, | L, 21
[ | | | /7 B T | | -
-50%  support of the voltage by~ _#% . 10% 20% voltage drop / rise
voltage control AU,
(overexcited
. explanation:
Operatlon) U, rated voltage
U, voltage before the fauld
U present voltage (during fault)
|, rated current
lgg reactive current before the fault
lg reactive current

-100% AU=U-U; cAlg=lg-1g

Fig. 1.11 The German grid code requirement foitamdhl reactive current during a
voltage dip [18]

1.5 Motivation

Since 2003 a number of authors [86, 88, 89,] haudighed the essential elements of
the combined scheme for FR&pability of a DFIG wind turbindn [19], the DFIG
model with representation of only the rotor coneefRSC) will lead to a higher rotor
current than the model with RSC including the G$@ BC-link. Also, as a result of
the higher rotor currerrotective devices and converters will need to be enabled or
disabled at the value where that current ceases to be appropriate. Therefore, detailed
models of RSC, GSC and DC-link (back-to -back converters) are very important in
the DFIG system. A review of published DFIG wind turbine models18,50,52,72,73]

will be described in more detail in Section 2.6.

In addition the combined scheme should be appiiegtie model for the FR@apability
of a DFIG wind turbine. [20, 21] mentioned that bbarowbar and DC-brake chopper
are necessary for DFIG FRT capability to proteet ribtor converter from over-current
and overvoltage. [22, 23] also recommended thatctirabined scheme and control
strategy helps to improve the FRT capability of mdvturbine driven DFIG but in

connecting to DC-link, a battery energy storagdesysis used instead of a DC brake



resistor. In 2013, [24] supported the usage of avbar and DC brake chopper for
DFIG Fault ride through and also proposed the degpare in a crowbar circuit. While

in [25] the authors also used crowbar and DC-linkpper to improve the ride through
ability of the DFIG system. As mentioned above, toaclusion is that the crowbar
operating alone gives rise to a number of concketause of an unacceptable increase
in the DC-link voltage. Also the most importantripiwhen using only the crowbar
circuit is the difficulty in finding the proper reswal operation [26] In order to
overcome this, the combined scheme (using both crowbar and DC-brake chopper)

continues to be a requirement.

Summary

As the penetration of wind power in power systentdases, wind farms are required
to remain grid-connected during disturbances ireotd keep systems stable. Many grid
codes have been revised to ensure wind farms ctathéc the transmission system
during faults — so-callethult ride through Fault scenarios corresponding to three grid
codes (Irish, GB and German) are chosen to invasti§RT capability of the DFIG
wind turbine. The Irish and GB codes are used poesent island systems, especially
GB which has a high potential for off-shore windnfig, while the German code is used
to represent a regional system which is conneaiea European transmission system

which is important for the wind farm market.

Irish and GB FRT requirements focus on active pongstoration which needs at least
90% of available active power within 1 second @& thcovery of transmission system
voltage to the normal operating voltage, while @&rman code requires only that the
active power restoration must be continued andeas®d by at least 20% of the rated
power per second after fault clearance. During faidts, both Irish and GB FRT grid

codes require wind farms to supply maximum reactiveent to the grid. The German
code specifies the required reactive current supponore detail, i.e. at least 2% of the

rated current for each percent of the voltage dip.

To study FRT capability, an accurate model of thel® system is needed. DFIG
modelling is a contemporary research area beinguedr by many scholars and
institutions [27]. They have studied control scherme more detail, rather than power
electronic devices. The assumed ideal converterem@tie switching devices are

modelled as ideal switches, with no attempt to $&eu the turn-on, turn-off
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characteristics of devices) has been used in mamjications [28-31]. The main
problem of this is its inability to deal with th@wation where switching off the IGBT
device leaves the rotor circuit connected to a elibddge rectifier.Therefore, it is
necessary take into account the switching behaviour of rotor converter diodes and
IGBTsif we are to complete the picture in a way that has not, as yet, been covered in

contemporary literature.

Finally, the combined scheme should be appliedhs DFIG system for the FRT
capability of DFIG wind turbines, as many authoes/én expressed concerns about
protecting the converter and DC-link during fautinditions. Hence, the proposed
DFIG system model with converter extension (the switching behaviour of rotor
converter diodes and I GBTYS) is essential to investigating the DFIG FRT, especially a
combined scheme which is the subject of on-going research, and also protection

techniques which are interesting and deserve further examination.

1.6 Research Aims

The main aims of the research lead to developidgeaperimentally validating a model
of a wind turbine doubly fed induction generatorridg grid faults, allowing for
switching off IGBT devices and leaving the rotorcait connected to a diode bridge

rectifier. This study is mainly focused on:

e Studying the behaviour of the DFIG during faults

e Modelling of DFIG operating under grid fault condits

e Validation of the model with experimental testada

e Using the model to investigate the FRT performawicihe DFIG in accordance
with the Irish transmission system grid code (bseail is more onerous at
minimum retained voltage when compared with ottweles, such as the GB and
German grid codes)

e Using the model to study the FRT capability of DEIG with a combined

scheme (having both a crowbar and DC-brake chypper

1.7 The contribution of this work

A Simulink model for a stator-voltage vector coiied DFIG with experimental
verification is developed to investigate fault @rithrough characteristics, allowing for
the switching effects of IGBT and anti-parallel diiodevices. The developed model can

be used to predict machine and converter curredt \@mitage waveforms during
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network fault conditions, represented by a 3-plsaggply voltage dip, and to investigate
the FRT performance of the DFIG wind turbine. Bking into account the switching
behaviour of the rotor converter diodes and IGBies hodel can be used to predict a
fault scenario when switching off the IGBT devickesving the rotor circuit connected
to a diode bridge rectifier. Also, the model canuseful in designing the minimum
crowbar resistance value for a DFIG system witlomlgined protection scheme which
is concerned with the FRT capability of the DFIG.

1.8 Structure of Thesis

Chapter 2 of the thesis reviews DFIG concepts axidtieg models published in
contemporary literature. Chapter 3 describes theeldped model of a DFIG used to
investigate its operating characteristics undemabrand fault conditions. Chapter 4
presents an experimental verification of the matiging normal operating conditions
and fault conditions. Chapter 5 provides an ingaston of DFIG Fault-Ride-Through
capability. Chapter 6 concludes the research warked out in this thesis and presents

recommendations for future work.

Appendices A, B, C and D describe in detail the peit system used in this
investigation, basic vector control, the DFIG TBsy data and the detailed Simulink

diagrams of the DFIG System Model, respectively.

1.9 Publication
Publications related to this Ph.D. thesis:

“New Method of Setting the Maximum Crowbar Resistance for Doubly-Fed

Induction Generatorsunder Grid Faults”

Yutana Chongjarearn, {1 International Conference on Electrical
Engineering/Electronics, Computer, Telecommunicetiand Information Technology,
2014.

“Doubly-Fed Induction Generator Wind Turbine Model for Fault Ride-Through

Investigation”

Yutana Chongjarearn, M9 International Conference on Electrical
Engineering/Electronics, Computer, Telecommunicegtiand Information Technology,
2012.
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Chapter 2 Wind Turbine DFIGs
and their Models

As introduced in Chapter 1, the DFIG wind turbisdricreasingly used for large grid-
connected, variable speed wind turbines. This @rgpbvides a general description of

the DFIG wind turbine and a review of published avtarbine models.

2.1 Wind turbine model

Generally, there are two main parts to a wind nelbmodel: an aerodynamic model and

a drive train model.
2.1.1 Aerodynamic Model

The characteristics of a wind turbine rotor cardbscribed by the relationships between
the total available wind power and the mechaniocabgr extracted by the wind turbine.
The power transferred to a wind turbif® ) is described by

1
Ry = EpﬂRZVVa (2-1)

where 0 is mass density of air (kgAn Ris the rotor radius of the wind turbine Xm

andV, is the wind speed (m/s).

Not all the kinetic energy of the wind can be captuby a wind turbine. Only a fraction
of the wind power is transferred to rotational powethe turbine. This proportion is

given by the power efficiency coefficienC() of the wind turbine. The mechanical
power (B, ) of a wind turbine measured at the hub of theinalis a fraction oPy as

expressed in the following equation:

— 1 3
P, _EcppﬂRZVW (2-2)

Cp is a function oft andp (C, = C, (4, p) given by the manufacturers) whefteas the
rotor blades pitch angle (deg) ahds the ratio between the blade tip speéd &nd the
incoming wind speed\W{,) (m/s) given by
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2= ViV = orRI NV (2-3)
Hence,V,, can be expressed as a functioni,eb, andR
V,= (RI1)o,
whereaw; is turbine speed (rad/sec).

For optimal tracking, the maximum generated powRy4 can be expressed as

1 2 (2-4)
Pmax = EC popteR™(R/ ﬁopt)?’w?

wherewy is the turbine speed referred to the generatorcfidee gearbox (rad/sec)opt
is the optimum tip speed ratio afigy: is the optimum power coefficient.

For wind speeds higher than rated, while Bhgxis greater than the generator rated
power Praed), pitch control is applied by changing the pitelgke of the blades to limit
the power to the rated value. For wind speeds Iaan rated, optimal tracking to
generate maximum power is given [32], [10] by:

1 (2-5)
Pmax = Kopta)?’_ Kopt ZEC popt,07lR5//1opt3

where Kqpt is @ constant determined by the density of theth& radius of the wind
turbine, the optimum power coefficient with congtgitch angle and the optimal tip
speed ratio which is varied by the turbine spedatieagenerator side. This turbine speed
is demanded by a speed controller in order to pevhe reference mechanical torque

for the generator.

This power can be used as the electrical poweraeée for controlling the electrical
output of the generator [33] or for the stator sadéve power reference [34]. In general,
the mechanical torquénecn applied instead of the mechanical power can hailzded
as [35], [10]:

P
Tmech: Cr;ax :Kopthr ( 2-6)

r

For studying the behaviour of the system duringtstriansients such as FRT and fault
conditions [36-40], the variation in wind speed dmnignored; as a result, wind speed

14



can be considered constant. Hence controlling émeated power or torque is based on
turbine speed (rpm) according to (2-6) and thenopin torque-speed curve.

2.1.2 Drive train Model

Two main representations of the mechanical drientiof variable wind turbines,
namely single-mass and two-mass models, are ustz iliterature [41-45], according
to the application. The actual drive train conswt® low-speed shaft, gearbox, high-

speed shaft and generator rotor, as shown in Figa.

Wind
Turbine
II.|| Low- High- .
speed speed Grid
shaft shaft
< ] b‘:l Gear .
u hox
(a)
-
Grenerator

Wind turbime rotor +

(b) Low-gpeed shaft + Gearbox Rotor

Wind turbine rotor + Low-speed shatft + Gearbox +
High-speed shaft + Generator rotor

(c)
Fig. 2.1 a) The actual drive train b) The two-maxiel ¢) The single-mass model

A single-mass shaft model is usually sufficient tbe normal operation of variable

speed wind turbines, because shaft oscillatiorgeatrators do not affect the electrical
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grid because of the fast active power control [#6}. stability analysis related to heavy
fault conditions, the two-mass model is stronglgoramended by many authors to
represent the drive train system in order to obaarurate results [19, 27, 42, 47]. More

complex models can be found in some examples [48].

2.2 Doubly-fed induction generator (DFIG) characteristics

A DFIG is composed of a three-phase stator windmgnected to the grid, and a three-
phase rotor winding which is fed through PWM comees via slip rings. There are two
voltage source converters in a DFIG power circaitotor side converter (RSC) and
grid side converter (GSC) which are connected hadkack via a dc link and

controlled using vector control methods, as shawhRig. 2.2. The purpose of the GSC
is to keep the dc link voltage constant while tf&CRindependently controls the active
and reactive power to the grid utilising a vectontcol technique. An over-current

“crowbar” circuit is needed to protect the machamel converters during disturbances in
the network: for instance, operating when the ramrent is greater than twice the

rated value [49].

WINDMILL m l!
J [ .T‘n’il:lnh G0
DFIG

L
1 RSC T GSC

ir aTs
D | CONTROLLER |

CRMHENE

Fig. 2.2 Schematic diagram of the DFIG wind turbsystem

Because the DFIG system allows a variable speegkraithin £30% of synchronous
speed, the converter rating can be designed tolénamgproximately 30% of the
generator rated power. As a result, the conveatérg does not depend on the generator
power directly but instead on the slip power relaie the selected speed range around
synchronous speed.
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Therefore, if the allowed speed range increasesctist of the converter will increase
[50, 51]. It has been recommended by [51] that actpral speed range could be

between 0.7 and 1.1 pu because of mechanicalatests.

Since the speed range is limited, the induced nadtiage V;) is a fraction of the stator

voltage Vs):

r=s.Vs/a (2-7)
wheres is the slip and is the turns ratio.

The DFIG can operate at both sub-synchronous (amd) super-synchronous (s<0)
speeds. Power flows into the rotor in sub-synchusnoperating mode but out of the
rotor in over-synchronous operating mode, and dthestator in both cases. Therefore

a back-to-back or bi-directional power convertemegded for the DFIG wind turbine.

2.3 Control system for a variable speed DFIG wind turbine

The DFIG wind turbine has two main control paramsetd® and Q) for active and
reactive power control. P is the active power gateel by the DFIG in order to provide
power optimisation below the rated wind speedherrated power above the rated wind
speed (see Fig. 2.3). Q is the reactive power gégetby the DFIG in order to operate

at the required power factor.

12 o Power optimisation Power limitation
1 !
— I |
& 0.8 - ' !
o ) ! '
= |
: | |
& 0.6+ | !
o |
B ! 1
S 041 I |
! I
| |
0.2 - , |
| I
0 ! , T I . T
0 5 10 Vrated 15 20 25

Wind Speed (m/'s)

Fig. 2.3 A typical curve of output power and wirgksd
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Normally, a wind turbine system consists of theodgnamical, mechanical and
electrical parts all operating with different timenstants, with the electrical dynamics
being typically much faster than the mechanicalnges. Given the presence of the
power electronics converter in the DFIG wind tughithe difference in time constants

becomes bigger in the case of a variable speed twibdhe [50].

Two main control systems are essential for contrgla DFIG wind turbine, as shown
in Fig. 2.4. These two control systems are sigaiftty connected to each other, i.e.
generator and wind turbine controls, of which treneyator control operates much

faster.

Grid

Gear
box

1
1
(ngca :
|

1
: T Q1
i i i Vo
i - | 'V g [
ﬁ 0 E Lymea § m, i © m.|[ P.Q smeag §

Y ~—*  Generator
Wind turbine - N controller Db
Porer .
controller P Qaer

e EE LR Grid operators

Fig. 2.4 Schematic diagram of the control systera BFIG wind turbine

2.3.1 Generator controllers

The generator control is composed of two indepethg@®coupled control schemes:
one for the rotor side converter (RSC) and therottvethe grid side converter (GSC)
(see Fig. 2.4). Pulse width modulation (PWM) tegluei is used to control the RSC and
GSC; the PWM modulation factor can be given by [52]

M = K*Vao/ Ve (2-8)

where K = (32) A3, Vac is the demanded line-to-line ac voltage &fdis the defined

dc voltage.
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In each voltage source converter, classical Plrotlets are used to obtain the

modulation factor for power electronics switchingarder to produce the demanded
line-to-line ac voltage according to (2-8). The d@htrollers in the RSC are used to
control the stator active and reactive power, whibatrollers in the GSC are used to
control the dc link voltage of the capacitor cortedcbetween the RSC and GSC and

the reactive power between the GSC and the grid.
2.3.2 Wind turbine controllers

The wind turbine control normally has slower dynesncompared with the generator
control. The wind turbine control is comprised wfot different controllers: a speed
controller, and a power limitation or pitch anglentroller. These controllers can
provide the reference pitch angle for the pitchuatdr and also a power converter

reference for the DFIG control.
In summary, there are two main controls for the®Rlind turbine:

1. DFIG control with three reference inputs:

- The reference active powd?sfey) provided by the wind turbine characteristic
for RSC control as shown [g. 2.4.

- The reference reactive powdd4) defined by the grid operators for RSC
and GSC control. For instance, during fault coodsi the DFIG is required
to generate reactive power to support the gricesyst

- The reference dc-link voltag®{.ref) defined by the size of the converter, the
stator-rotor voltage ratio and the modulation facibthe power converter
for GSC control.

2. Wind turbine control with two reference inp(gse Fig. 2.4):

- The reference active powdP4.y) for the generator control generated by the
speed controller within the wind turbine qolier as seen in Fig. 2.4, when
the wind speed is less than the rated spégei)( (see Fig. 2.3). The speed
controller operates to keep the generatoedspé the minimum
limit, as well as maintaining the generajoeed for tracking maximum wind
power [50].

- The pitch angle ) of the wind turbine blades is controlled by thicip
controller within the wind turbine controller, ases in Fig. 2.4, when the

wind speed is higher than the rated speed. Thk pdntroller is in operation
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to limit the wind power capture at the rated tuebppower Praeq) [53] and
[54].

Hence, while the reference active powBd) is less than the rated turbine power
(Prated) (@t power optimisation zone in Fig. 2.3), the avinrbine control keeps the pitch
angle in an optimal value and provides the refezaautive powerKs¢) to the generator
controller. However, when wind speeds are highantthe rated wind speed (at the
power limitation zone in Fig. 2.3), the pitch cailker operates in order to keep the
reference active poweP¢. within the limits of the rated powePq). The generator

controller is also used to control the generateespwithin a specific range.

2.4 Doubly-fed induction generator (DFIG) control

The operating principle of the DFIG can be analybgdspace vector theory and the
popular direct (d) and quadrature (q) axis modehlvall as both 3-to-2 and 2-to-3 axes
transformations. In order to deal with the machilyeamic behaviour both stator and
rotor variables are referred to the excitation amthe developed model, i.e. the stator
and rotor components such as current, voltage wt finkage are referred to a

synchronous reference frame. Variables in eachramée frame can be transferred to

another reference frame or vice versa, as explamégpendix B.

In the DFIG, the three-phase stator windings areallys distributed so that the
magnetomotive force may be assumed to be sinuspdiatributed in space around the
air gap [55]. Therefore, in representing the dyrmamodel of DFIG and its control,
space vector concepts are useful and used in maplcations [8, 56-59]. The basic

principle of space vector theory can be found ipé&gudix B.

In general, the space vector representation otlyfimamic model of the DFIG is given
by equations (2-9)-(2-12) for the stator and rasade voltage, flux linkage and

electrical torque.

B = (2-9)

Vg = RS [ S-i-dj:[s-i- ja)eﬂs

- (2-10)

- dAr .
vr =R |r+Ttr+J(a)e—a)r)/1r
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IS = Lm|_r + Lsi_s

Zr = Lm|_s + Lr i_r

Stator and rotor voltages in the d-q frame of ifiee are given by

Vo=Ri, +—95 4 3
s ds dt e’gs

d/’tqs
Vs = Rs'qs+ ot +a)e/1ds
Similarly,
di
R d (. _ )
V,, Rr'dr + ot (a)e o, ﬂqr
da
R q B
Vo = erqr + r +(a)e @ )/Idr

Stator and rotor flux linkages in the d-gq frameeaference are given by

Ay =L,

s mldr + Lsids
Ags = Linlgr L d s

Similarly,

/,{‘dr = I—mlds + I—rldr
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(2-12)

(2-13)

(2-14)

(2-15)

(2-16)

(2-17)

(2-18)
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A = Liios +L,ig (2-20)

WhereLS =Lm+L|s anderl_m+L|r.

Finally, the electromagnetic torque generated aahine is given by

- (2-21)

By substituting the rotor and stator flux linkageghe d-q frame, the torque is written

as

Te = ﬂds|qs — ﬂqs|ds (2'22)

or

Te = ﬂ'qr idr - ﬂ'dr iqr (2-23)

The dynamic model of the DFIG can be representetthé&yequivalent circuits as shown
in Fig. 2.5. While the machine is operating in dieatate, the equivalent circuit model
will perform similarly to the equivalent circuit fig. 2.6.

Various vector control methods have been desciithékde DFIG literature. Stator-flux

vector control is the most commonly used for cdihitrg the active and reactive power
generated by the DFIG [8, 10, 34, 60-62] whileg3, 64] use a stator voltage-oriented
control method. The stator voltage-oriented orostabltage vector control can be
accomplished because the stator winding of the DEI&ually connected to the mains
network which has a constant frequency, so itstaeae is more dominant than the
resistance in the winding, especially for a largadaturbine. As a result, the voltage

drop across the stator resistance can be ignode®H.
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R; Welgs Lis Ly (we-tor)igr R,

R Welds Lis Ly (we-cvr)ar R,

Fig. 2.5 The equivalent circuit of the DFIG in ccgmponents

R Lis R./s Ly

Fig. 2.6 Equivalent circuit diagram of an inductimachine

2.4.1 Rotor side converter (RSC) control

The concept of stator flux-vector control is getigrased for decoupled control of
stator active and reactive power. As a result, b&iitor and rotor quantities are
transformed to the synchronous reference framelo€iwthe d-axis is aligned to the

stator flux position as shown in Fig. 2.7.
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Stator axis

(d”

Fig. 2.7 Stator, rotor and synchronous refereramedr

The stator active and reactive powers in per-tmég-phase system are as follows.

PS = ReNS N S) :Vds.ids +Vqs.iqs (2_24)

*

and QS = |m(VS i S) :Vqs.ids—vds.iqs (2_25)

Referring to the stator-flux vector frame, the deitages are given by

Vi =0V, =V, (2-26)

while stator and rotor flux linkages in the d-grfre are given by
/Ids = I—midr + I—mids + I—Isids = I—midr + I—sjds (2-27)
A =0 (2-28)

Thus,
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L

S

| Lo (2-29)
Ps = Vqéqs = Vqs -

Ags Ly

m' dr

L L

S S

. (2-30)
and Qs =Vdas = Vqs[ j

Therefore, the stator active and reactive powersratependently regulated by the rotor

currents in the stator flux vector reference fraang2-29) and (2-30).
2.4.2 Grid side converter (GSC) control

Stator—voltage vector control is employed for tleeaupled control of real and reactive
power, i.e. both real and reactive power are ii@nged with the grid using a control of
stator current in the d-q axis in the stator vatagference frame [9], [37], [66]. The
current in the d-axis is used to control DC linktage via real power, while the g-axis
current is used to regulate the power factor vatiee power. All voltage and current
quantities are transformed to the stator voltagereace frame of which the d-axis is

aligned to the stator voltage vector.

2.5 Wind turbine control

The dynamic response of the wind turbine contratasmally slower when compared
with that of the generator control. Variable windhine control designs are based on
two typical curves: (1) Mechanical power and wipeged and (2) Electrical power and

generator speed.
2.5.1 Mechanical power and wind speed curve

As given in (2-1), the available energy in the wibebends on the cube of the wind
speed as previously shown in Fig. 2.3. The powevecof a wind turbine follows the
relationship between cut-in wind speed (the speestart the wind turbine operating is
approximately 4-5 m/s) and the rated capacity whschetween approximately 12-16
m/s [67], depending on the design of each windihaAt wind speeds above rated, the
output power production is limited by controllinget blades with so-called ‘pitch
control’ or ‘stall control’ before the wind turbine stopped at the cut-out wind speed,
typically 25 m/s.
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2.5.2 Electrical power and generator speed curve

DFIG operating characteristics depend on the ckeniatics of each wind turbine, as
previously explained, and also on the size andieficy of the generator and converter.
The limited generator speed takes into account timatelectrical power in (2.5) is

generated within the operational range betweenmum (min) and maximum dmay

generator speed. The electrical power curve is shnwig. 2.8.

P (pu)
12l ' Operating Speed
) P Reunge
e :
itop———————F-———- ZLt——————- —
0.8 ]
0.6
|
.4 |
| Optimal Speed
0.2 .
_ PHH?I | ) (00 rated )
|
ﬂ 1 1 1 1
e o 2
Generator speed (pi)

Fig. 2.8 A typical curve of electrical generatom@s and generator speed

Two control schemes are used for the variable-spaed turbine: the speed controller
and the pitch controller, or power limitation cantf50]. These control schemes can be
found in [50].

2.5.2.1 Speed controller

In power optimisation mode, the speed controllecive (as explained in Section 2.3.2
for wind turbine control) and also keeps the geteereontrol at the minimum limit (X)
for generator powerPqin) and speedamin) as shown in Fig. 2.8. At low wind speeds,
where the power does not exceed the rated valaggeherator speed is varied to track
maximum power at optimaC, operation(curve X-Y). In higher winds, the speed is
limited to its maximum value and the blades’ statiperties are used to limit the power

below the design values (curve Y-Z) [48].
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2.5.2.2 Pitch or power limitation controller

For wind speeds higher than rated, the pitch orgodumnitation controller is activated
and limits the wind power capture in order to trdok rated generator power in the

range from Z to the maximum generator spe@gh§ as shown in Fig. 2.8.

For variable wind turbines, pitch control or acts@ntrol is the most common method
of controlling the aerodynamic power generated hyrhine rotor. Below rated wind

speed the turbine should produce maximum powegusspeed control.

Above the rated wind speed the pitch angle is otlett to limit the aerodynamic power
at the rated turbine power [53] and [54].

2.6 Areview of published wind turbine models

Research on the modelling of wind turbines has hewtertaken during three decades
of increasing use of wind power. For example, tixeaghic modelling of synchronous
generators was published by [68-71] between 19801881. A detailed d-q model was
presented by [72] for a doubly-fed induction get@mraonnected to a rotor side bridge
rectifier and dc-link converter in 1985. Since 198b6st authors have represented the
machine using Park’s equations or the T-form oédinequivalent circuit [55, 73] and
subsequently the well-known Space vector concept been used to represent the
machine model [8, 56-59, 74].

In this section, a brief overview of the developmehwind turbine models will be
presented. Because this thesis mainly focusesrge laind turbines connected to the
grid, the modelling of large wind turbines (muttiegawatt size) is studied, especially
the modelling of DFIG variable wind turbines puhksl over the last decade. Third and
fifth order models have been used by many autltorsddel the operation of a doubly-
fed induction generator. A%order model, presented by [75] and [38] represtes
doubly-fed induction machine by a system of thrééebntial equations, i.e. real,
imaginary parts of the rotor flux and generatorespeStator transients were neglected
and the rotor voltage was assumed to have onlyuh@amental frequency while the
third order model was used to study a DFIG undeadst state operating conditions in
order to increase the computational speed [76]a#t been showed that the third order
model does not give sufficiently accurate resutsdisturbance conditions [19]. While

a comparison between th& and %' order machine models has been examined by [77],
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the fifth order model which includes the stator awtbr transients provided better
results [78-81].

In [80, 81], the fifth-order model predicted bettesponses, especially the initial current
occurring under transient and fault conditions. dnpractical DFIG system, the
converter voltage and current ratings as well &diae of the dc link capacitor are
important to ensure good performance during gridudbances. Therefore th® Brder
machine model, including detailed modelling of domverter, is necessary to give more

accurate results.

The conventional drive for double-output inductiganerator (DOG) wind turbines
consist of a rectifier and inverter based on diadd thyristor bridges (based on the
static Kramer drive) but this technology has becaisolete for variable wind turbines
[1, 82, 83]. Nowadays back-to-back converters basedix-IGBTs parallel with anti-
diodes are used, because they make possible tie@endent control of active and
reactive power [7]. Both conventional and back-&@# converters are shown in Fig.
2.9.

3-phase AC
Supply

Slip ring

Induction \
Machine
Diode Thyristor
Rectifier Inverter

a) Conventional Drive
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3-phase AC
Supply

Rotor IGBT Supply IGBT
Converter Converter

b) Back-to-back Converter Drive

Fig. 2.9 The converter drive for DOG wind turbines

Many authors [10, 30, 61, 63, 81, 84-86] have cotregéed on the effects of various
control schemes on machine behaviour by assumiognaerter as an ideal switch.
Because they do not include power electronic devi&BTs and Diodes) for
modelling the converter, the model cannot be usesihulate DFIG behaviour when
the IGBT is switched off leaving only a diode réeti circuit. For example, [30]
proposed a model of DFIG using algebraic equat@md current control loops for
transient stability studies, but the converter nhedes not taken into account. [63] used
only the active power balance before and after dbweverters to find voltages and
currents in a DFIG, and focused on control systenmsore detail. [10] and [61] studied
DFIG behaviour only in normal operation on diffeareontrol schemes. [85] proposed
an extension to the 3th order model of DFIG witleraping modes of a rotor side
converter for simulation studies, but has not expentally verified the system model.
Moreover, in [19], the DFIG model with represerdatiof the rotor converter (RSC)
only will lead to a higher rotor current than thedel with RSC including the GSC and
DC-link. As a result of the higher rotor currertetoperation of protective devices and
converters will be enabled in an inappropriate @il The details of RSC, GSC and
DC-link (back-to-back converters) are thus very amant in the DFIG model.

Similarly, mechanical models of DFIG wind turbinesve been reported [19, 37, 87-
89]. A two-mass model of the mechanical drive trsimeeded, especially for FRT
studies.
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The two-mass model is characterised by a first f@sthe turbine rotor and a second
mass for the generator rotor [19]. The two massescannected to each other with a
shaft that has a specific stiffness and dampingteon value, as described in [19, 37,
87, 88]. During a grid fault, the electrical torqoé the generator is significantly

decreased; the drive train of the wind turbine bekaas an untwisted torsion spring.
Because of the torsion spring characteristic of ttivbine drive train, the generator
speed starts to oscillate [90] with a so-calledeiree frequency [37] or natural

frequency [19]. This frequency is in the range & © 2 Hz.

2.7 Summary

Generally, modelling of DFIG wind turbines consisitk two main parts, i.e. wind

turbine and generator models. A wind turbine madetomprised of an aerodynamic
model and a drive train model, while a generatodehds represented by the equation
of the space vector of stator and rotor voltages; linkage and electrical torque. The
basic concepts of the DFIG wind turbine were dégctj including generator and wind
turbine controllers. A review of wind turbine moslelas introduced identifying some

omissions in the published research.

In order to investigate the FRT capability of DRNihd turbines, a proposed model of
the DFIG wind turbine suitable for studying FRT foemance will be developed in
Chapter 3 and verified in Chapters 4 and 5.

30



Chapter 3 Modedlling of the DFIG
system

A three-phase wound rotor induction machine isntiaén part of the DFIG wind turbine

system in which mechanical power is converted extekcal power. As mentioned in
chapter 2, for the dynamic model of a doubly-feduiction generator, the use of a fifth
order machine model as well as detailed modellihthe converter is very important
when modelling the DFIG system under transienttfaahditions. In this chapter, a
stator-voltage-vector control DFIG model will beveé®ped using Matlab/Simulink.

The model is composed of a drive train and wintdihe with the DFIG connected to a
three-phase supply. Further RSC and GSC convedersywbar, a dc link and brake
chopper, line side filter and grid connections Wil investigated in more detail using

SimPowerSystems. A DFIG diagram is shown in Fif. 3.

Gear | .
box _® g |Grld

DC-link & Line
RSC Brake chopper GSC j Filter
) 1Y |=
= T B
i i
controller

Fig. 3.1 A diagram of the DFIG model

3.1 Wind turbine and drive train model

As reviewed in chapter 2, the wind turbine speetdlma assumed to be constant in the
fault simulations. Typically, wind speed is averdgver ten minute periods [91] while

FRT capacities are generally required for less thaseconds [39]. Therefore, the
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modelled wind speed and the active stator poweradenare held constant. Fig. 3.2

shows the per unit power output of a range of viurtlines for a given wind speed.

Typical Wind Turbine Power Curve Data
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0.9 1
0.8

/
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Fig. 3.2 Typical wind turbine power curves (takeonf [39])

For the purposes of investigating the FRT capabdita DFIG wind turbine, a single
operating point is chosen to represent a typicainab operating condition: at a typical
wind speed of 10 m/s, the DFIG generates 0.67 ptepoutput.

The drive train consists of the turbine, gearbokafts and other mechanical

components, represented by a two-mass model anshdwg. 3.3.

.. . Generator
Wind Turbine Rotor

Rotor

Fig. 3.3 A two-mass model of wind turbine DFIG

The mechanical dynamics of the wind turbine canelpeesented by:

do, o,

dt = 2Ht (Tt _Tshaft)

(3-1)

whereT; is the mechanical torque produced by the windine;d spattis the torque from

the shaft connecting the induction generator whih wind turbine andH; is the inertia
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constant of the turbine, while; ,wpare the wind turbine and base angular velocity. All

quantities are given in pu.
The mechanical dynamics of the induction generedarbe represented as

(3-2)

dt F Tshaft - Tg )

g

da)g _ a)b (

whereTy is the electromagnetic torque produced by thedtidn generatorHy is the

inertia constant of the induction generator agas the generator speed.

The incoming torque from the shaffT{.s) to the DFIG is composed of two terms:

Ttorsion@Nd Tgamping

Tshatt= Ttorsion + Tdamping (3'3)

(3-1)-(3-3) represent a two-mass model of a drikant system in whichTigrsion
represents the elasticity of the shaft aighping represents the damping torque of the
shaft in both wind turbine and generator [11, 38].

Torsion is described as a function of the angulapldcement (rad) between the two

ends of the shaft.

Ttorsion: Kshaﬁ}/ = Kshaft(a( _eg) (3'4)
where Kghart IS the shaft stiffness coefficient (pu. torquejradnd y is the angular
displacement (rad) between the turbine and thergtare

Damping is related to the speed of wind turbine gererator.

T = D(w, —w,) (3-5)

damping —

where D isthe shaft damping constant (pu. torque/(rad/sex))rapresents the damping

torque in both wind turbine and induction generator

For the drive train model there are two methodsaftrolling the mechanical torque

into the generator, i.e. current-mode or speed-ncodéol [10].
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In this thesis the speed controller is appliedlitam the turbine torque reference value
(Terep at the generator speed reference valye.f, representing the mechanical power
into the generator, from the maximum power charesties of a wind turbine as
illustrated in Fig. 3.4.

P.:,ref Orref ~
— j Pl — Tewer

Wy

Maximum power
characteristic

Fig. 3.4 Speed control for a wind turbine

To respond to the torque demand, a generator vatyce more electrical torque until a
balance is achieved between turbine torque andrgemetorque. As a result, the
generator speed will increase until the requirededpis attained. For a wind speed
above rated, the speed controller will still pravithe torque demand but maximum
power is limited to the DFIG rated power. As menéd above, the wind speed is
assumed constant in fault conditions, so detaiéeractions between pitch and torque
controllers are not studied in this thesis. Howevtiee model will be experimentally

verified using a 10-kW dc motor and its drive toyde a torque demand to the DFIG.
The blade-pitch control action of the turbine, endated mechanical two-mass shaft
model and blade-pitch control model can be reptesemy the following torque

equations [92]:

déo? do, =0
2H, d_'[t2+ Btd_tt+ D(o, — @y) + Ky (6, —65) =T,

do: _ do, o
2H, dt? + By F"' D(wg — @) + K0y —6,) =T,

All mechanical parts’ data can be found in an appeA.

In transient modelling, the speed controller carabgisted to emulate the dynamics of
pitch control. Accordingly realistic speed increasel oscillations can be represented
during and after grid disturbances, as illustranelig. 3.5.
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Pitch control Turbine Flexible Generator
emulator rotor coupling rotor

Fig. 3.5 Block model of mechanical drive train gotth control mechanism

3.2 Power converters

Both the rotor side and grid side converters areletied with six IGBTs and anti-
parallel diodes connected back to back. The diaies IGBTs are simulated by a
resistor, inductor and DC voltage source connestexkries with a switch. The diode
switching operation is controlled by the anode-odthvoltage and current while IGBTs
switching operation is controlled by tlyate signal, the collector-emitter voltage and
current. Switching these IGBTs is operated with V&M techniques shown in the
vector control scheme (see Fig. 3.6 and Fig. 3a7bhis control scheme the task of the
RSC is decoupled control of the stator active aattive power of the DFIG, while the
GSC has to keep the DC-link voltage constant aference demand regardless of the
magnitude and direction of rotor power. Both cotees are normally set to control the
DFIG operating at unity power factor, using statoftage-oriented vector control as
explained in more detail in section 3.5. The RS@ @$C are controlled independently

with a switching frequency of 5 kHz.
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Fig. 3.7 Rotor-side converter (RSC) schematic @iagr

In converter modelling, with consideration givendonverter behaviour during fault,
rotor currents are fed to the separated back-tk baeverters (RSC and GSC with DC-

Link) modelled using SimPowerSystems as showrign3:8.
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Fig. 3.8 Schemetic diagram of a DFIG with a crowtx@mnected to the rotor circuit

3.3 Stator-to-rotor turns ratio

The high current flowing into the converter canuntosses in the power converter. In
order to reduce the rotor current, having the st@tgotor turns ratio can help to
minimise the current. As a result the cost of theverter can be reduced. For example
if the stator-to-rotor turns ratio, ns/nr, is Q3g rotor current is approximately 0.3 times
smaller than the stator current. When the maclaraperating at a max slip (s) of 30%,
the rotor voltage is approximatel; = s.Vi/(ns/n) = 0.3V4/0.3 =V, In the DFIG
model, the stator-to-rotor turns ratio is 0.32 adow to the designed DFIG test rig.

3.4 DFIG vector control scheme

The dynamic modelling is used to perform both come®al equivalent circuit and
transient behaviour of the DFIG. The model is basedhe space vector representation
of electrical quantities in per unit representedstgte equations (3-8), (3-9), (3-10),
(3-11) and (3-12) [56].

Stator flux linkage: Ao =L +Ld, (3-8)
Rotor flux linkage: A =LJ +L1I (3-9)
Stator side voltage: — 1 di - (3-10)
Vs=Ri +——S+0 M2
Ss o, e s
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Rotor side voltage: - di.

_ 3-11)
S R St (
Vr—Rr|r+a)—bT+(a)e—(l)r>vl/1r

where M represents @0°space rotator, namely M = [0 -1; 1 O]dyp, weand o, are

base, synchronous and rotor angular spe®JsR are stator and rotor resistances, and

Is, Ir are stator and rotor currents, respectively. Thehime torque is given by:

(3-12)

A schematic diagram of the model is shown in Fig. 3Also, the above equations from
(3-8)-(3-12) can be represented as the equivalentitin Fig. 3.9.
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Fig. 3.8 Block model of an induction generator
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Fig. 3.9 The equivalent circuit of an induction geator
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All quantities in equations are decomposed intodke reference frame using stator-

voltage vector control method. The stator voltagthe d-q frame is expressed as

3-13)
Vgs=Rgigs+————we 4
ds = Rslds op  dt We Aqgs
di (3-14)
Vgs=Ri +—+—9., 4
q S0S " o, dt e’ds
Similarly, the rotor voltage in the d-q frame ipeassed as
dA (3-15)
Vv, =R+t dr ()
dr rdr o, dt e r’qr
di (3-16)
5 1 o
Var= erqr+— . +(a)e—a)r)/1dr

“h

The per unit electromagnetic torqug)(produced by the induction generator can be

expressed as

Te = //lds|qs - //lqslds (3'17)

The per unit flux linkage equations can be wriitethe d-q frame as

Stator flux linkage:

Ads = Lmidr + Lsids (3-18)
qu = Lmlqr + Lsiqs (3-19)

Rotor flux linkage:
Adr =Lmids + Lridr (3-20)

/,lqr = Lmiqs+ Lriqr (3-21)

wherel,is mutual inductance and, L, are stator and rotor self inductances.
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3.5 DFIG power and current control

Stator Power-flow of DFIG is represented by
_ . - .
Ss=Ps+jQs=Vsis (3-22)

wherei is conjugate of g

The active and reactive powers generated by DFI@emunit system can be written in

terms of stator currents as
Ps =Vddds+Vgdgs (3-23)
Qs =Vgdds—Vddgs (3-24)

Since stator-voltage vector control is used fohbattor side and grid side converters,
the excitation or stator voltage-vector anffe) is obtained by using a Phase-Locked

Loop (PLL) estimator as in Fig. 3.10. The PLL estior can be used to find the angle

and frequency of a voltage signal iGg.andwe. All voltage and current quantities are

transformed to the stator voltage reference framehich the d-axis is aligned to the

stator voltage vector, as shown in Fig. 3.11.
Va

’ —> 0,
44 PLL 3o

Fig. 3.10 The PLL estimator

Stator axis
I/‘v‘v‘v‘\l 5

Fig. 3.11 Stator, rotor and excitation referenegrfe
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3.5.1 Rotor side converter (RSC) control

Control on the rotor side converter is used to laguthe active and reactive power
generated by the DFIG. Stator-voltage vector @bngr applied to decouple the active
and reactive power. For the active and reactive gpevin (3.25) and (3.26), stator

currents will be given in terms of rotor quantitaerived from (3.20) and (3.21) as

. . (3-25)
Ay L A L,
P =V ds  —midr +V gs  —maqr
s ds( I—S I—S ) qs( LS LS )
. . (3-26)
Ay L, A L.
=V ds  —midr _V gs  —magr
QS qs( LS LS ) ds( LS LS )

Because the stator-voltage vector is aligned withd-axis of the reference frame, the
d-axis component of stator voltage is equal torttagnitude of stator-voltage vector;
Vis = Vs and Vgs = 0. Moreover, due to the large DFIG connected tooastant
frequency grid network the voltage drop acrossdiiaor resistance can be neglected.
Hence, the flux-linkage vector leads the statotage by 98 as a result the g-axis
component of flux-linkage is equal to the magnitaefidlux-linkage vectorjiys =0 and

Ags = As.

SubstitutingV,,, 4, = 0 in the above power equation, the activ®)(and reactive Q)

power equations can be shown as

Ps :Vds - Lmldr
L, (3-27)

Ao Ly
Qs = _Vds o
L. L (3-28)

As seen in the active power generated by the DRIG427), the magnitude of the d-

axis stator currentif,) is directly proportional to the d-axis rotor cemt (i, ) used to
control the active power generated by the DFIG.il@nhy, in (3-28), a positive input of

the g-axis rotor currentif ) will produce a lower value of the g-axis statemrent

resulting in controlling the reactive power drawonh the power supply. Therefore, the

reference rotor current§der, irgrer) fOr active and reactive power control are givgn b
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irdref = Pl (Ps — Pgref ) (3-29)

lgref = P1(Qsref - Qs) (3-30)

where Pl is the proportional and integral gain #3d: Qsr are the demand

values of active and reactive powers of the DFI@p$iad to the grid .

From the rotor voltage in (3-11), it can be rewent@as

. 1 4 - L 1Llmd,
Vi = (R +—oly E“‘(a’e_a’r)ULrM)'r+((a)e—a)r)L—mM +— M2y

S
wh S wh LS dt (3_31)

The d-axis and g-axis components of rotor voltagg8-31) are obtained as

. . L 1 di
vdr = Rridr —(we —or JoLrigr —(we - o )L—mflquf—O‘—r Sdr. (3-32)
S wh dt
- 1 digr Lmd4gs (3-33)
Vgr = Religr + -y JoLyigr +—| oL +
qr rigr (a’e a’r) ridr a)b( F gt s dt
L2
whereo ( flux linkage factory1- T .
rks

In (3-32) and (3-33), there are rotational-emf &rashsformer-emf terms. Because the
operating slip range of a DFIG is limited, as menéid in chapter 2, the effect of the
former term is very small. Moreover, the statoxfls constant so the latter term can be

ignored.

Therefore, in rotor currents control, the d-axid graxis components of reference rotor

voltages for active and reactive powers controllbamvritten as

Vedref = PI( rdref ~idr) (3-34)

= PI(| (3-35)

quref rgref iqr)
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wherePl is the proportional and integral gain angly, irqrer are the d-g-axis components
of reference rotor currents. Finally, these d-cgsarference voltages will be converted
to a 3-phase frame to generate modulation indiceshe RSC PWM converter. Fig.

3.12 shows the RSC control block diagram.

K1 |

To rotor side of the DFIG
Wind speed-+| Turbine

P 5 Power control Current control
—Rotor speed—+| Gharacler [—ref T@
B

| — | g 2-3 3-phase 1 RSC
LS Phase | | PWM
mea :I ‘rdmef‘_® Vedgrer | * and e-s enerati I;!>

| y | gl = Frame on

. e
Q 57 Irdq
ref ’@ Vdc
Q mea
Vdc

To GSC

istic

:

\

Fig. 3.12 RSC control block diagram

The RSC connected to the rotor circuit allows fastfcontrol of the machine by
modifying the line voltage on the rotor side. Thigltage can be adjusted by the
modulation index PWM. To generate 3-phase PWM s$sgi@ drive the six-IGBTs
converter, the voltage demand needs to be scaleihyg the factor;) and DC-link

voltage Vq). So the modulation indexx) for RSC can be written as:

My = K1*Vydq,re”’ Ve (3-36)

where Ki= ((2V2) *V;ac A3).

The ratio between DOV Jand AC ¥,ac) Voltage of the rotor side of the DFIG as seen
in Fig. 3.7 is controlled by the modulation factpven in (3-36).

3.5.2 Grid side converter (GSC) control

A stator-voltage vector control is also used foe thecoupled control of active and
reactive powers of GSC, i.e. both active and reaqgtiowers are interchanged with the
grid using control of the d-q axis components ofGG&irrents. The d-axis current is
used to control the DC-link voltage via active powehile the g-axis current is used to
regulate the power factor via reactive power. TI®CGs connected to the grid through

a filter inductance (L) and resistance (R) as showkig. 3.13.
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Fig. 3.13 A diagram of GSC-to-Grid connection

The relation between three-phase voltages of the supply and Grid-side converter
voltages are given by

\Y [ i V
: h d| .’ - (3-37)
V, =R, |[+L—|1, [+|V
VC iC iC VCl
wherei,, ip andi; are three-phase grid-side converter currénis,Vy: and
V.1 are three-phase grid-side converter voltages.
Three-phase voltages can be decomposed in thewfofio dg-axis
reference frame as
: dig .
Ve = Rigg + I-T_a’el-lcq +Vear (3-38)
: digq :
Veq = Rigg + L?+ WLy +Veq (3-39)

WhereV, is a voltage in phase ¥, is a voltage in phase ¢ at GSC.

Since the d-axis of the reference frame is orieadedg the grid voltage vector, the g-

axis grid voltage is zero. The active poweg) @nd reactive powelX) are given by
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Pc =Vedicd (3.40)

Qc =Vedicq (3-41)

From (3-40) and (3-41), the active and reactive groi proportional to the d-axis and

g-axis converter currenic§, icg), respectively.
As part of the DC-link, the energy stored in the-IXk capacitor is given b€ VyZ/2.

The time derivative of the energy is equal to tha ®f active GSC poweP() and RSC
power @;). Neglecting harmonics due to transmission betwggahand rotor, the DC-

link equations are obtained as

2
1-9Vde
2 dt

= PC — Pr (3-42)

Wherepc = Vcdicd y Pr = Vrdird + Vquqr and icrsc = PI'/VdC andicgscz PclVdc’
(see Fig. 3.13), hence

dVge . :
C—d lcgsc—lcrsc (3-43)

From (3-42) and (3-43), it can be concluded that@C-link voltage can be controlled
using the d-axis GSC current while the reactive gois controlled using the g-axis
GSC current as given in (3-41). Therefore, the id-aand g-axis components of
reference GSC currents for DC-link voltage and tigagowers control can be written
as

cdref =PI (Vdcref Vdc) (3'44)

icqref =PI (chef -Q) (3-45)

wherePl is the proportional and integral gain aigls, icqrer are the d-axis and g-axis
reference GSC currents for DC-link voltage and tigagower, respectively.

After rearranging (3-38) and (3-39), the GSC vadtagan be expressed as
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. di .
Vcdl = _RICd - Ldi‘td + C()eL|Cq +Vcd (3_46)

chl = —R|Cq - LT— a)eL|Cd +0 (3'47)

Hence, the d-axis and g-axis reference voltayg@e( Veqre for GSC current control

can be expressed as

Vcdref =PI (lcd - icdref) + feedforwad _term (3-48)

chref =PI (ICq - icqref) + feedforwad _term (3_49)

wherePl is the proportional and integral gain.

The feed forward terms provide more accurate tesmsvoltage compensation, and
result in reducing transient current both in gehenaeration and fault condition.
Finally, these d-q axis reference voltages wilcbaverted to 3-phase frame to generate
modulation indices for the GSC PWM converter. Bd.4 shows the block diagram of
GSC control.

To RSC

Vdc
K1
Current contrﬂ

+ Power control
Vdcm—(% me 23 |mc 3-phase | GSC

- | . | + ‘ * Phase % PWM :Vl\
Vrc |:u|qrel'_(% VT“'“’ j and e-s X Generat
i o Frame on
+ fod
_Q o vd
ref’_‘é?* | hiasd Feed-forward terms | | |

To Grid Side

34

Fig. 3.14 Block diagram of GSC control

In order to offer preferable dynamic response td goltage dips, the feed-forward
terms can be approximated as the stator voltage93P To generate 3-phase PWM
signals to drive the six-IGBT converter, the votadgemand needs to be scaled by using
the index K;) and DC-link voltage\(4c).

So the modulation indexrt) for GSC is given by
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Me = K1*V cdgrer’ Ve (3-50)

where Ki= ((2V2) *V,acA3).

The ratio between DC and AC voltage of the gridesmbnverter (see Fig. 3.13) is

manipulated by the modulation factor in (3-50).

3.6 Rotor over-current protection

The stator windings of the DFIG are directly cortedcto the grid, while the rotor
windings of the machine are connected to the gmidugh power electronic converters.
During faults, high stator currents transfer frdme stator to the rotor side of the DFIG
because of the magnetising effect between statbr@tor. The resulting high currents
can cause damage to the converter. In order tegrtite converter from over-current, a
so-called ‘crowbar’ is connected to short-circhi rotor windings. When operating the
crowbar, the PWM RSC controller is de-activated anltbe reactivated after crowbar
disengagement. The crowbar circuit consists ofr@etiphase diode bridge that rectifies
the rotor currents and a single IGBT-diode parafiederies with a crowbar resistBgg)
as shown in Fig. 3.15.

To 3-phase To 3-phase

AC Supply DC link and AC Supply
RSC Chopper GSC

et G | [ A5G

Back-to-back Converter Drive

T

K Crow Bar

Crowbar
Resistor
(Rch)

Fig. 3.15 A Crowbar and Converter Drive Circuit
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The crowbar is required to protect the convertemfihigh currents by shorting the rotor
circuit to a crowbar resistor. In the meantime,aalditional crowbar resistance to the
rotor circuit helps the machine to reduce magnetisanore quickly, especially during

fault conditions.

For DFIG fault-ride-through investigation, a swigchrectifier bridge is represented by
a three-phase y-connected resisRp) as shown in Fig. 3.16.

K—
Crow Bar
H_ ¢ 'll
cb
Crowbar ————KH I:> VebCrowbar
Resistor 1 Resistor
(Rev) ; (Rev)
Veb # ch

Fig. 3.16 A crowbar equivalent circuit

The crowbar equivalent circuit is connected betwéden rotor and RSC through a
controllable breaker. The breaker is normally opei closed during the rotor over-
current, typically over 2 pu. After the rotor ciitis short circuited by the crowbar
resistor the rotor resistance will be increasedRas R, where Ry = 0.55 Ry, as

derived from the crowbar equivalent circuit by @sithe consumed power relationship

of the crowbar resistor.

In an ideal rectifier circuit, an average DC volaych) across the original crowbar is
given by

Vcb=135vac (3-51)

The power relationship between original and egeingtircuits can be expressed as.

2 (3-52)
peb=Y" _ 135va02 -1
Rck Rck

While
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, 2 (3-53)
Pcb = 3V ,Cb :3(\/ac/x/§)2.i,
R ch Rck
Hence,
Rcb=—+ ~Rcb= 055Rch (3-54)
(135)

3.7 DC- brake chopper and DC-link

A DC-link brake chopper is used to prevent an oxgtage condition occurring on the
DC-link, which is caused by transient rotor cureethitrough diodes to the brake resistor
when all of the IGBTs in RSC are turned off, thustecting the converter. During grid
faults DC-link voltage increases rapidly, and thakle chopper is automatically turned
on/off whenever the DC-link voltage rises over/unide threshold value. For the DFIG
FRT investigation, the DC brake chopper is represkby a resistor in series with an

IGBT switch as seen in Fig. 3.17.

DC link and
Chopper

Ve T

measured Control
v o ‘| Signal
101

Vdcin pu  Rate Transition :. .-

Threshald(pu) [ Relational Data Conversion
_|_E Operator
m
Threshold

! Rate Transition
value in pu

»

1
0
?

Set the lower and upper
threshold value in pu

Fig. 3.17 A diagram of the brake-chopper control
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While the DC-link voltage increases above the tho&s$ value, the IGBT switch is
triggered by the control signal resulting in thaks resistor operating. A diagram of the

brake-chopper control signal is illustrated in BdL7.

The brake chopper is automatically set to operhteve the upper threshold value of
810V (1.08pu) and to disconnect below the loweeshold level of 795V (1.06pu) with
regard to the nominal DC-link voltage of 750V.

3.8 Line filter

The Line filter is connected between the GSC anel @ghid in order to prevent
undesirable high frequency interference from PWNtages generated by the inverter.
The filter model consists of series R and L as showFig. 3.18, and also the designed

values are in Appendix A.

RL

AT

Fig. 3.18 Line filter

3.9 The grid supply and Fault

The grid supply is assumed to be an ideal sti#gkphase supply. In the DFIG model,
the grid supply voltage is directly connected te #tator of the DFIG. For three-phase
fault conditions, a magnitude and period of voltagjps can be set using the
supply/fault profile block as shown in Fig. 3.18he voltage vector is formed using the
polar-to-cartesian block. After that the d-q comganof voltage is transferred to a 3-
phase voltage.

Supply/Fault profile

Voltage Vector

Digital Clock Lookup Table
L I | > I l
1] ;l Vabe

angle y 2-3=>Transformation

KTs| angle ;
@ > »2%pi olar to cartesian >
z-1 Angv
Discrete-Time rad s s gee wt gy
Integrator s s v in
. W theta gse v Scope

Fre :
a s - & »> Transformation

PLL

Fig. 3.19 The supply/fault model
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3.10 Summary

In normal and fault conditions, the DFIG is opeda# unity power factor: i.e. reactive
power is zero. Active and reactive powers of thd@®EBre independently controlled by
Pl controllers through RSC and GSC using a stabtttege vector control method.
Moreover, the generated active power of the DFI@Ganly controlled by the d-axis
rotor current control while the d-axis GSC currentised to DC-link voltage control as
illustrated in Fig. 3.20.

|

Rotor Speed Wind Speed

Turbine
Characteristic

Qret
N f +P ref

Pmea

104303 JaMOd

|043U0D JaMOd
P
- d

irdqj

]0J3U0D JudLINY

|0J3U09 JudLINY

SWId) pJemioj-pasy
- ﬂ_,_ -
awely
s 0}
aweuy-a
pue
aseyd
€0} |
aseyd-z

oso |
osy |

Fig. 3.20 Block diagram for RSC and GSC vector cgdrgcheme

In general operation, electrical power is suppfredn the stator to the grid regardless of
the speed slip. On the rotor of the DFIG, electmmawer is supplied from the rotor to
the grid at super-synchronous speed operation dsdrided by the rotor at sub-
synchronous speed operation. For RSC, to contngueo and active power, both
optimum torque and power and speed curves are tgsexperate controllers. The
generator speed is adjusted by controlling torqee@ing to the torque-speed curve
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while the active power is controlled by followingtkvthe electrical power-speed curve.
To obtain the active power, the active power refeeefrom the power curve is used to
control the d-axis rotor current in the stator-agk vector reference frame as mentioned
in (3-29). The reactive power reference is sethm®y power factor demand, and also
controlled by the g-axis rotor current in statoftage vector reference frame as
mentioned in (3-30). For GSC, to control DC-linktage and reactive power the DC-
link voltage is controlled by the d-axis grid sidenverter current as mentioned in (3-
44) while the reactive power is controlled by thexis grid side converter current as
mentioned in (3-45).

In stator-voltage vector control, both stator aatbr quantities are transformed to d-q
components in the reference frame which rotateth@tsame angular frequency of
stator-voltage space vector. So the d-axis of ¢éference frame is aligned to the stator-
voltage vector. The d-q axis rotor current refeeerand d-q grid converter current
reference from the two controllers is independentgd to provide the pulse width
modulation factors for RSC and GSC (see Fig. 3.20).the DFIG system model, all
components are connected as illustrated in Fig.Batk-to-back converters with DC-
link and chopper (see Fig. 3.15) and Line filtezg($-ig. 3.18) are modelled using the
Power System Block-set (PSB) found in Matlab/SimkiliFor the mechanical and drive
train (see Fig. 3.3), generator (see Fig. 3.8)pkufault (see Fig. 3.19) and control
system, they are built using standard Simulink Bsod he crowbar is represented by an
equivalent circuit (see Fig. 3.16). Moreover, maehigrid and converters are connected
to each other using controlled voltage and cursentrces. The complete model for the
simulations is shown in Fig. 3.21, and the deta&dulink diagrams of DFIG System
Model can be found in Appendix D.

Finally, some simulated results of 15% retainedtagd lasting 500ms using the
developed DFIG model are compared with experimemisilts as shown in Fig. 3.22
and will be discussed in section 4.2. More detaflshe model verification will be
described in Chapters 4 and 5.
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Fig. 3.21 A diagram of the completed model of tHd® system
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Fig. 3.22 Simulation (left side) and experimenglitiside) wave forms for three phase
faults at 15% of retained voltage lasting 500ms
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Chapter 4 Verification of the
model during healthy and
faulted operating conditions

The behaviour of a wind turbine differs depending the operating point. DFIGs
commonly use two different control regimes, as nogx@d in Chapter 2: first for
optimal power production at low wind speeds, anel ather for rated and maximum
rotor speed conditions in high wind speed regiofig, [94]. In order to ensure the
robustness of the model, the validation shouleastl cover tests for the two operating
modes in the operational speed range. Four casesoasidered in low and high speed
conditions during normal operation, and three mcases in high speed conditions
during fault conditions. Furthermore two cases obwbar and DC-link chopper
methods are verified. Finally a comparison betwaenulation and experimental results

is made.

4.1 Initialisation of the DFIG model verification

The wind acting on a rotor wind turbine is very gdex and includes both deterministic
effects and stochastic variations due to turbuleheace the need for an average wind
speed [95] which is a constant value. For a vetifon of the model during normal
operating and fault conditions, wind speeds areimsd to have constant value. As
mentioned in Section 3.1, an average wind speggisally about 10 m/s at which the

DFIG generates 0.67 pu power output.

The DFIG model was validated using a laboratoryt t& comprising four main
elements: a grid fault emulator, a 10kW DC machasea wind turbine simulator, a
7.5kW, 415V, 50Hz, four-pole DFIG machine and atoarhardware assembly [96]. A
dSpace dS1103 controller is used to communicatedest the DFIG controller, wind
turbine simulator, converters, DC motor and DFIGeTcontroller is activated in real
time through a GUI designed using Control Desk vgafe. The controller was
developed using Matlab/Simulink and the code Waitperation on the dSpace control
board [96]. Details of the test rig can be obtaifredh [39].
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A photograph of the laboratory DFIG test rig, aesolatic diagram of the laboratory
DFIG system and Grid fault emulator and switchiegjience diagram are shown in
Fig. 4.1, Fig. 4.2 and Fig. 4.3, respectively.
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Canirel Board
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Fig. 4.1 DFIG test rig
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Fig. 4.2 Schematic diagram of the DFIG test rig

Grid fault emulator
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Fig. 4.3 Grid fault emulator and switching sequediegram

The grid fault emulator was produced to apply bedah rectangular grid fault voltage
profiles of the specified grid code. Three indepandoltage levels (pre-fault, fault and
post-fault) were prepared in parallel on threehwee-phase variacs. The three variac
outputs were connected by a set of back-to-backrl@&nsfer switches controlled from
the dSpace control board. A fault test was perforimeswitching the voltage applied to
the generator from one variac source to the negequence: from ‘pre-fault’ to ‘fault’

and then to ‘post-fault’ as required.

4.2 Verification of the model during normal operation

In verifying the DFIG model, it is assumed that #tator voltage (Y is always 1 pu.
(or 340 Vpeak). A comparison between simulation exppkerimental stator voltages can
be shown in Fig. 4.4.
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Fig. 4.4 Stator voltage waveforms

Four cases are examined. The stator active powgrPIG speedd,) and the stator

voltage () are defined as shown in Table 4.1 while the staactive power (Q is set

to zero.

Table 4.1 Four cases of the normal operations

Case  Stator Active Speed M ode of operation
Power (pu) (pu)
1 0.22 0.95 Sub-synchronous
2 0.12 1.03 Super-synchronous
3 0.22 1.02 Super-synchronous
4 0.37 1.02 Super-synchronous

First the DFIG supplies stator active power (PsD.@2 pu at a sub-synchronous speed
of 0.95 pu. Second, generating slightly less poste).12 pu with a super-synchronous
speed of 1.03 pu is verified while in the third,,epower is shown in mode of a super-
synchronous speed of 1.02 pu. Finally 37% of posugplies to the grid at the same
speed of 1.02 pu. For each case to be verifiedrdahelting simulated and measured

stator currents, rotor currents, active and reagiowers are compared as follows.

Case |: Ps 0.22 pu at a speed of 0.95 pu
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While operating at a speed of 0.95 p.u. (5% belgwelronous) and generating 1.65kW
(0.22 pu) at unity power factor, the resulting siated and measured stator currents,
rotor currents, and active and reactive powersshoavn in Fig. 4.5. The experimental
stator current waveforms show that more harmonmsuoin comparison with the
simulation while the latter shows a small differeno peak value of about 0.1A.
Moreover, the simulated stator currents show thatet are more ripples than the
measured currents. For rotor currents, both sinanand experimental results show a
similar rotor frequency of approximately 2.5 Hz walhis slip times the stator frequency
but a small difference in magnitude of 0.2A. Figate simulated active and reactive
powers contain more ripple than the experimentakdaecause of controller tuning.
However, the average value of active and reactomeep magnitude of both waveforms

is very similar.
Case Il: Ps 0.12 pu at a speed of 1.03 pu

While operating at a speed of 1.03 pu (3% abovehsgmous) and generating 0.9kW
(0.12 pu) at unity power factor, the resulting siated and measured stator currents,
rotor currents, and active and reactive powershosvn in Fig. 4.6. For stator currents,
there is good agreement between simulation andriexget with a peak value of 1.77 A
(0.12pu) and a frequency of 50 Hz. The stator curmeaveforms contain high
frequency harmonics caused by the transmissiorotfr harmonics into the stator.
Further, the experimental waveforms show that ni@enonics occur in comparison
with the simulation because some damage to literdilor electronic equipment could
occur after numerous tests. For rotor currentsh beperimental and simulation
waveforms have a similar frequency of 1.5 Hz buinaall difference of about 0.4
appears in the peak value. For active and reagiwers, both simulation and

experimental waveforms are in close agreement.
Case Il : Ps 0.22 pu at a speed of 1.02 pu

While operating at a speed of 1.02 p.u. (2% abguergonous) and generating 1.65kW
(0.22 pu) power at unity power factor, the resgltsimulated and measured stator
currents, rotor currents, and active and reactoxggps are shown in Fig. 4.7. For stator
currents, the experimental waveforms show that npoo@ounced harmonics occur in
comparison with the simulation because some dantagéne filters or electronic

equipment could occur after numerous tests. Howyeliere are fewer harmonics than
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in the previous cases, because the DFIG is coetrdalh generate more power to the
grids.

Other simulation waveforms in comparison with expent are obviously similar, i.e.
the rotor currents show a similar frequency of land a magnitude of 2 A. For active

and reactive power, both experimental and simutatiaveforms are similar.
Case IV: Ps 0.37 pu at a speed of 1.02 pu

While operating at a speed of 1.02 p.u. (2% abguelgonous) and generating 2.78kW
(0.37 pu) at unity power factor, the resulting siated and measured stator currents,
rotor currents, and active and reactive powershosvn in Fig. 4.8. The stator currents
show a similar frequency of 50 Hz but a slight elince in magnitude of 5A. Rotor
currents are very close agreement with a frequehdyHz and a peak value of 2.4A in
both simulation and experiment. Finally, active povef 2.78kW (0.37pu) at unity
power factor produced by the DFIG are in very gagteement between simulation and

experimental waveforms.
4.2.1 Summary

The comparisons of simulation and experiment wawe$oof four study cases in both
sub- and super-synchronous modes show general gg@ement. The experimental
waveforms of stator currents show that more harosoccur in comparison with the
simulation because some damage to line filterslect®nic equipment could occur
after numerous tests. Stator current waveforms dbeegvharmonics when the DFIG is
generating more active power. These harmonics arsed by PWM switching on the
rotor side. The simulation and measurement of ratomrents also are in good
agreement, with frequency correctly related to nraeklip. Active and reactive powers

are similar in simulation and experimental results.
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Fig. 4.8 Wave forms for the normal healthy steaidyesoperation; Ps = 0.37 pu, speed
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4.3 Verification of the DFIG model during fault conditions

In verifying the model under three-phase faultg #tator voltages are defined as a

nominal value of 1 pu. The various stages of a faudt event are defined in Fig. 4.9.
The period occurring before fault initiation is leal ‘pre-fault’ or *healthy volts’ period.
This is followed by the ‘during fault’ period whidabccurs after the fault initiation event.
Finally the period after fault clearance is defiresl ‘post-fault’ or ‘recovery volts’

period.
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Fig. 4.9 Simulated balanced 3-phase voltage fault
Three fault scenarios of the DFIG model will beified as shown in Table 4.2.

Table 4.2 Three cases of the fault scenarios

Case Fault Voltage Fault duration Voltage Recovery
(pu) (sec) (pu)
1 0 0.14 0.9
2 0.15 0.50 0.9
3 0.5 0.71 0.9

NB. All fault scenarios start at time of 1 sec.

Cases 1 and 3 for retained voltage at 0 and 50pecésely are chosen from GB grid
code, while case 2 for 15 % retained voltage lgs®#0ms is chosen from FRT
requirements of the Irish grid code because thieyvad greater duration than do the GB
and German codes [4]. For recovery voltage, 90%ymtal grid voltage remains after

fault clearance.

In normal and fault conditions, the DFIG is opedad¢ a speed of 1.12 pu and generates
5kW (0.67 pu) at unity power factor; i.e. reactppewer is zero. Hence, both the PI
controllers of the RSC and the GSC try to produar® zeactive power demand. The PI
controllers of RSC try to produce the DFIG actiwver demand, while those of GSC

maintain the desired DC-link voltage. During grioltage dips the active power output
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should be at least in proportion to the retainddrxed voltage at the grid entry point,
and the restoration of the voltage at least 90%@®iominal pre-fault level. Since the
DFIG test rig generated considerable difficulty whearrying out the experiment,
experimental results of the DFIG test rig are pdedi by [39] which was tested.
Comparisons between simulation and experimentallteesof three cases are

summarized in the following.
Case I: A 3-phase grid retained voltage of 0 pu

The applied fault is a 3-phase grid voltage diprfra normal voltage (1pu) to a fault
voltage of Opu. This fault is initiated at a timels and is cleared at a time of 1.14s.
The results are shown in Fig. 4.10.

Case II: A 3-phase grid retained voltage of 0.15 pu

Compared with the previous case this scenario ages a voltage dip from normal
(1pu) to a fault voltage of 0.15pu. The differeme¢hat the clearance time is 0.5s. The
results are shown in Fig. 4.11.

Case llI: A 3-phase grid retained voltage of 0.80 p

In contrast with the previous two cases, there wltage dip from normal (1 pu) to a
fault voltage of 0.50 pu. The initiation time is ibsthis case and a clearance time of
1.71s. This is illustrated in Fig. 4.12.

The simulated and measured results of stator digcrestor currents, active and reactive

powers are shown in the following waveforms.
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4.3.1 Summary

Both simulation and experimental results of thee¢hcase studies are in reasonably
good agreement. From stator and rotor peak cwienFig. 4.11, Fig. 4.11 and Fig.

4.12, comparisons are drawn in the following table:

Table 4.3 Comparisons of absolute peak currentgdeet simulation and experimental
results during fault initiation and clearance

Case Absolute peak Comment Absolute peak
Stator current, |Is| Rotor current, [Ir]
Simulation Experiment Simulation Experiment
1 60A 60A Initiation 17.5A 20A
(4.0pu) (4.0pu) (3.7pu) (4.2pu)
60A 60A Clearance 20A 17.5A
(4.0pu) (4.0pu) (4.2pu) (3.7pu)
2 42A 60A Initiation 14A 14A
(2.85pu) (4.0pu) (2.96pu) (2.96pu)
48A 60A Clearance 14A 14A
(3.25pu) (4.0pu) (2.96pu) (2.96pu)
3 22A 22A Initiation 7A 7A
(1.49pu) (1.49pu) (1.48pu) (1.48pu)
25A 18A Clearance 8A 6A
(1.69pu) (2.22pu) (1.69pu) (2.27pu)

During fault initiation and clearance, stator armor currents transients reach a
maximum value of 60A (4pu) and 20A (4pu), respeattivWhen the spike transient is
on the rotor side, the power electronics devic€8{lls and Diodes) inside the RSC risk
being damaged and normally the RSC would trip oa tiver-current condition.
Moreover, the current spikes are proportional ® \tbltage drop in each case: Case |
with retained voltage at 0V, the peak is assumetach approximately 100% at 4pu
while in cases Il and Ill of 15% and 50% retainadtage the peaks appear lower at
roughly 75% and 37%, respectively. At 50% retainvettage, both simulation and
experimental results show gentler fault behavidubaih the stator and rotor currents

where there is no need for fault ride through prtoe.
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4.4 Verification of the FRT capability of the DFIG model using
crowbar and DC-link brake methods
For fault ride-through requirements, a crowbar eseayally used in the DFIG [25, 37,
97-102] while a DC-link brake chopper is either iiddally [25, 28, 100, 103] or
alternatively [39] used to support the FRT capadit this section the model with each
FRT device is investigated and compared with th@earental results of crowbar and
DC-link brake methods. Since the DFIG test rigve considerably difficult when
carrying on the experiment, experimental resultshef DFIG test rig are provided by
[39] which was tested.

4.4.1 Crowbar method

A crowbar is used to protect the converter. When d¢towbar is operated, the rotor
circuit connects to the crowbar resistor insteadhef converter. In the test rig, the
crowbar consists of a three-phase diode rectifier|GBT switch and a resistor. The
equivalent circuit is represented by a three-phrasistor as shown in Chapter 3 (Fig.
3.16). The switch is triggered when the magnitudethe rotor current reaches a

threshold value, which is generally twice the ratadent.

In normal operation the crowbar is disconnectedhftbe DFIG. During grid faults the
FRT device connects to the rotor winding of the hmae, thus diverting the current
away from the converter to the crowbar resistoe dhvice helps to release the energy
stored in the magnetic field of the machine frome totor winding to the designed
resistor. The crowbar activation is controlled lyitshing on an IGBT when the rotor
over-currents reach a threshold value. Traditignathe crowbar is engaged to
completely demagnetise the rotor [28, 37, 92, @MKX] and is typically activated for
approximately 120ms. Because of this long peribd,RSC control is deactivated and
the DFIG is converted to a singly-fed induction hiae which consumes reactive
power, thus not supporting voltage during a griditfaThe result is obviously

unsatisfactory for FRT grid requirements.

I nvestigation of the crowbar activation period:

In this investigation concerning full demagnetisafithe activation period of 120ms is
designated as a timed crowbar operation and(® RHkW crowbar resistor chosen to
reduce the rotor time constant to % of the origmalchine’s value. The crowbar is

removed when the magnitude of the dg-axis rotoretiirexceeds the threshold value
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and the rotor-side PWM controller is immediatelgtegted with zero current to the

rotor circuit connection.

Crowbar test condition: As mentioned in 4.4.1, the crowbar is activated #re RSC
PWM switching is stopped (all IGBTs ‘OFF’), wheretmagnitude of the rotor current
exceeds 2pu. The rotor current and power Pl cdatsohre reset to zero output while
the GSC controllers continue operating. After 120the crowbar is deactivated. If the
rotor current remains over 2pu, the crowbar ismgaged for another 120ms. When the
crowbar is disconnected, the RSC PWM and rotorecuirP| control are immediately
restarted. After 40ms delay, which is an acceptakléod to lose power control [92],
the power PI control starts operating; noting thefbre the power PI control is resumed
the change rate of the rotor current referenceevisllimited at1.5 pu/s to secure current

control stability.

The active power was set to -0.67pu (5kW) genarmagiounity power factor with the
DFIG operating at the rated speed of 1.12 pu (pau)f Comparison between the

simulation and experimental results is shown in Eig3.

Discussion: During the fault, the DFIG generates reduced aciivd reactive power and
loses control for 120ms after fault clearance. Asslt, high active power production
and high reactive power consumption above 50% appethis period (see Fig. 4.13)
while stator over-currents are produced. The sittaraesults appear promising when
compared with the experimental results. Rotor cusreneasured between crowbar and
rotor-side converter are instantly reduced to zuang the initiation and clearance
periods when the crowbar is activated to connextctbwbar resistance across the rotor
circuit as shown in both simulation and experimdbdtiring those periods the peak rotor
current is below 2pu (9.5A). The effect of the cbawoperation prevents the RSC from
high over-currents. After 120ms the power contsaldsumed and delivers active power
of 0.9pu at unity power factor. Failing to sati$fRT requirements after fault initiation
and clearance, the generator must resume activeeantive power control immediately
in order to minimise mechanical and electrical peois such as mechanical stress on

the machine shaft and voltage collapse of the grid.
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Fig. 4.13 Results in case of crowbar activationqeeof 120ms

4.4.2 DC brake chopper method

The DC-brake chopper is used for the DC-link vadtggotection. When the DC-link
voltage rises above a threshold value, the chogiparit is engaged by IGBT switching
control. A diagram of the DC-brake chopper modeshmseen in Fig. 4.14.
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Fig. 4.14 DC-brake chopper operation modes

In normal operation, the DC-brake chopper is ofslagwn in Fig. 4.14a. There are two
modes, illustrated in Fig. 4.14c and Fig. 4.14Bid.4d, during a DC-brake operation.
During grid faults, rotor currents flow into the Bi@k resulting in a rapid voltage rise.
If the DC-link voltage rises above a threshold eabf 1.08 pu (810Vdc), the brake
chopper will be engaged, as illustrated in Fig44.1Io protect the converter from over-
currents, all IGBTs of the RSC are switched-offivkwer, the currents still continue to
flow through the anti-parallel diodes as shownig B.14b. When the DC-link voltage
reaches a pre-set threshold value, the brake chappagaged as shown in Fig. 4.14d.
After application of the DC-brake chopper, the agt is decreased and remains below
the lower threshold, whereupon the brake chopp#rbeidisengaged; for example in
the test rig, the lower level is set at 795Vdc.| K3BTs in the RSC can resume

switching when the rotor current returns to a spfe;defined level.

I nvestigation of the DC-brake chopper control delay:

For the DC-link brake test (no crowbar), the RS&ti-parallel diodes are overrated to
accommodate the maximum rotor over-currents. The Df@ake chopper is
independently operated by its own controller usangC-link voltage measurement. As
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mentioned above, the DC-brake chopper is turnedt @10V and off at 795V. As with
the crowbar method, when the measured rotor cumamgnitude reaches the threshold
value of approximately 2pu the rotor-side PWM isnad-off, i.e. all IGBTs are
switched off. The period when the rotor PWM is tdnoff and vector control is
temporarily stopped is defined as the rectificatimeriod. During this period rotor
currents are flowing through the anti-parallel @isdn the rotor side converter.

DC-link brake test condition: A 15% fault is applied to the DFIG at t=1 sec. Wiies
magnitude of the rotor current exceeds 2pu, the R®OV switching is stopped (all
IGBTs ‘OFF’). The rotor current and power Pl cotfiers are reset to zero output while
GSC controllers are allowed to continue operatigen the rotor current decreases to
below 2pu, the PWM reactivation delay is set at 20After 20ms which is acceptable
[92], the rotor-side PWM is restarted with only @nt control using the interim current

reference from the equation [39] below.

i€, (interim ref) =[-1.00 +0.64V4j]
where P is stator active power (pu) an¥| is a magnitude of stator

voltage(pu)

The power control resumption is delayed for a fert20ms to allow the current
controller to settle. Comparison between simulatiamd experimental results is
discussed in the following.

Discussion: Before fault initiation the DFIG is operated at 12%0ve synchronous
speed (1.12pu). Fig. 4.15 shows a comparison betwaerulation and experimental
DC-link, stator current and rotor current waveforngenerated active and reactive
power and rotor speed.

The DC-link voltage is kept under 870Vdc for sintida and 850Vdc for experiment
on either fault initiation or clearance. In bothsea the brake resistor was operated
above 810V. After 33ms the transient over-curreatiice and the DC-link brake cuts
the voltage down to 810V. Similarly, at fault claace a peak of 850V was cut down to
810V. While the brake chopper was operated, thek-giile converter had been operated
and controlled the DC-link voltage back to 750V hiiit 300ms after fault clearance.
The results show more oscillation in the simulatiban in the experiment because of

the difference in the rotor speed. The stator ciirde component gradually decreases,
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and takes a longer time than the rotor currentaumethe effective stator time constant
is longer than the rotor time constant.
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Fig. 4.15 DC-brake control delay

The rotor currents show an oscillation with a freigey of 50 Hz on a rotor frequency
after fault initiation and clearance both in sintida and experiment. The rotor
frequency depends on the increased rotor speedgdarid after the fault as shown in
Fig. 4.16. The rotor speed oscillates in the ranig#.06 to 1.17pu in both simulation
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and experiment. The oscillating rotor speed fregyes 1.67 Hz for the simulation and
1 Hz for the experiment. However, speed oscillatistill occur in the typical range
from 0.2 to 2 Hz [40, 105].
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Fig. 4.16 Rotor speed oscillation

For active and reactive power, during the fault EHdG supplied 5% and 20% active
power for simulation and experiment respectively d&8% reactive power both in
simulation and experiment. After fault clearancee theactive power oscillates
significantly from the average value of 4KVar comgiion down to zero within 300ms.

This period lasts longer in simulation.
4.4.3 Summary

The FRT performance of the DFIG has been investithahder experimental conditions,
I.e. the crowbar activation period and the DC-bredwtrol delay. For investigation into
the crowbar activation period, rotor currents bemverowbar and rotor-side converter
are immediately reduced to zero during the iniatand clearance periods when the
crowbar is operated. After the fault clearance @0 Ims in a period of crowbar
activation the DFIG loses power control and consurhgh reactive power which

clearly does not satisfy FRT grid requirements.

For investigation into the DC-brake control delastator currents are gradually
decreased and take a longer time than the rotoermisrbecause the effective stator time
constant is longer. The rotor currents have anllagon after fault initiation and

clearance but a slight difference in the rotor @ieacy and rotor speed both in

simulation and experiment.
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However, the oscillating rotor speed is still irethrange of 1-2 Hz which generally
happens in practice. After fault clearance, thd@Bupplies high active power and
consumes high reactive power in the recovery of 0ot powers oscillate from the
average value of 50% down to zero which lasts longesimulation. However, the

results are acceptable for FRT grid requirements.
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Chapter 5 Investigation of DFIG
Fault ride-through capability

A combined scheme using both crowbar and DC-brakemer is reviewed, providing a
crucial element for DFIGs FRT. There are three €asesection 4.3: after model
validation, the case of 0.15pu fault voltage isduf® the purpose of investigating the
FRT capability of the DFIG. This is because a darabf 140ms fault for the FRT

requirement of GB grid code provides a contrast feeriod of 500ms fault for those of
Ireland and USA grid codes, of which the FRT regument profile was presented in
section 1.4. After that the developed model inalgdboth FRT devices (crowbar and
DC-brake chopper) will be employed to investigdte DFIGs FRT performance with
different values of crowbar resistance in the woaste of zero fault voltage with a fault
duration of 500ms.

5.1 Review of a combined scheme (both crowbar and DC-brake
chopper) for DFIG FRT capability

[103, 106] compared the use of a combined schewt& @rowbar and brake chopper)
with the crowbar system only, and found that udimg combined scheme provided
better results of DC-link voltage during fault &etDFIG terminals: i.e. the DC-link
was kept within acceptable values. [107] and alB@8] presented how using both
crowbar and chopper devices effectively reducedréselting DC voltage, because
during the fault period the crowbar protects highrent from the rotor side of machine
to the converter. However, operating the crowbaddeto loss of the generator
controllability of the rotor side converter. Thile DC-brake chopper provides a better
performance, reducing the DC-link voltage while DIIG operation is connected.[25,
81, 109, 110] recommended that a crowbar be uség-fmass the rotor circuits to the
dissipating resistor, thus decreasing high currarteh could damage the rotor side
converter during the fault. While in this period& chopper is used to limit the DC-
link voltage, thus keeping the DC-link voltage heline upper threshold.

Moreover, as verified using the crowbar methodectisn 4.4, during a fault the longer
the crowbar is removed, the more reactive powab#orbedThis can be improved by

using auto-switching control of the crowbar according to the determined rotor
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current magnitude, and the DC-link voltage ripple is controlled by auto-switching the
DC-brake chopper with respect to the threshold level. Simulation results show the

effectiveness of combined crowbar and DC-brake paop

5.2 Investigation of the FRT capability using a combined scheme

To investigate the fault ride through performanseng a combined scheme, the pre-
fault conditions are as follows: the DFIG opergtat a speed of 1.12 pu (1680rpm) and
generating 0.67 pu (5kW) at unity power factor. AKEWV-DFIG, 415V, 1290V (rotor
line-to-line voltage rms) base is chosen. A 10stator and 3.35A rotor currents are
base values resulting from the voltage and powsedaThe rotor converter rating is
generally chosen to be equal to the rating of ratorent which is 3.35A, rms. The
crowbar connection between the RSC and rotor ofElset to operate at an absolute
peak rotor current of 9.5A (2pu), with the DC-bradkepper across DC-link connecting
between RSC and GSC set to switch on at DC volb@i0V (1.08pu) and off 795V
(1.06pu). The simulation results of the investigatare shown in Fig. 5.1 and Fig. 5.2.

The results show the stator currents, rotor cusrantl active and reactive powers in the
case of 0.15pu fault voltage, comparing before afidr applying FRT protection
(crowbar and chopper). In the FRT protection cdse RSC currents are different,
because the crowbar can protect the converter @di@t currents reach 2pu while in the
case of there being no crowbar and DC brake chgmoéection the converter could be
damaged. If the DC-brake chopper protection wagpnegent then the DC link voltage
would increase until the capacitor was damaged.réfoee, as part of the FRT
capability of a DFIG, the crowbar is used to protibe converter while the DC-brake
chopper helps the system to release energy achesDC€ link and also prevent

capacitor damage.
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Fig. 5.1 Simulated waveforms of stator currentmrourrents and active and reactive
powers

Details of FRT protection are shown in Fig. 5.2; éofault voltage of 0.15pu at the

initiated time of 1 s and a clearance time of 1.5t®e crowbar begins operating when
the peak RSC current is increased to 9.5A (2pudhénoperation period of 20 ms (see
Fig. 5.3) after fault initiation and clearance, ttrwbar is activated to connect the
crowbar resistance across the rotor circuit togmtothe converter. In the meantime the
machine performs as a singly-fed induction machmeperating mode, in which the

DFIG is not controlled by the RSC. For the DCKerahopper, its brake resistor is
operated when the DC-link voltage is increased abie threshold value of 810V

(1.08pu) according to the laboratory design.
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RSC voltage, WV
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Fig. 5.3 Simulated RSC voltages and currents andimoltage with crowbar and
DC chopper operation during the FRT

The model simulation can demonstrate more detaibtihges and currents of RSC and
the DC-link voltage, shown in Fig. 5.4. Currentdhe RSC @#;-irs) Were defined in Fig.
3.7 (Chapter 3).rh, irz @and ks are currents in the top part whilgs,iire and k. are

currents in the bottom part of IGBTs with anti-geeladiodes. The solid colour shows
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IGBT currents with high switching frequency in tfRSC during their operation,
controlled by PWM switching. The currents in the@®&uring control interruption and
crowbar activation occur during the period fromQ4¢ to 1.016s and from 1.506s to
1.52s approximately.

Currents n the RSC ( i1-to-16), A
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Fig. 5.4 Simulated currents on top and bottogs lef the RSC during grid fault with
crowbar and brake chopper

In the period mentioned above, the switching of (BBTs is stopped by the protection
logic, but current and energy still flow into theCELink through the freewheeling
diodes causing a very fast voltage increase. Thnlation results show no current
flows through the diodes in this period.

Fig. 5.5 shows the RSC line-to-line voltage whea IBBTs are switched off during
crowbar operation. The shape of RSC voltage is gdirfrom PWM switching to
sinusoidal waveform because of voltages acrossithwbar resistor, and no currents
flow through both IGBTs and anti-parallel diodeghrs period.
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Fig. 5.5 Simulated Line-to-Line voltages of the R&A€ing grid fault

5.2.1 Summary

In investigating DFIG fault ride-through capacitiie results show that stator currents,
rotor currents and active and reactive powerstaesame as in case |l (retained voltage
of 0.15 pu) which does not have crowbar and choppstection. However, in the FRT
protection case, the results are different becatisiee protection of both the rotor-side
converter and the DC-link capacitor. Moreover, simmulation shows the behaviour of
voltages and currents when IGBTs are switched off anly diodes conduct the
currents. Based on the previous results during f@anditions, it will certainly rescue
the converter and DC-link capacitor although thenusation is not verified by

experiment.

Further study of FRT capability of the DFIG is cented with the effectiveness of the

use of a crowbar or a DC-link brake chopper ungectied conditions.
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5.3 Investigation of the FRT capability using a combined scheme
with different values of crowbar resistors

Different values of crowbar resistor are used i@ wWind turbine system, resulting in

different behaviour. In this section, the behaviotithe DFIG system under grid faults
influenced by the value of crowbar resistors ieshgated.

Whenever rotor currents are increased above ahthicesalue of 2 pu, a three-phase
crowbar resistor is applied by activating powercgteic switches connected in series
with a resistor. In the meantime the rotor ciraitthe DFIG is switched from the

voltage supplied from the RSC and bypass rotorecusrto the crowbar resistor {§.

As a result, the DFIG behaves as a squirrel cagpection generator with an increased

rotor resistance (RRcg) as shown in Fig. 5.6.

(DFIG) N

' . DC-
Rotor-Side
\
i CB ] Converter Link
DC

vV

Crowbar

Fig. 5.6 Schematic diagram of a DFIG with a crowtx@mnected to the rotor circuit

During a normal condition, the amplitude of theorotoltage is approximately given by

L
& =1 A5~ S\ (5-1)

S

wheresS is the slip (the difference between synchronousratat speed). This voltage is
proportional to the slip time of stator voltage wthis quite small.

During a voltage dip, in contrast, high inducedtagés occur in the rotor and can result
in losing control of the converter. The inducedorotoltage resulting from changes of

the rotor flux can be calculated from (3-6) and’§3as
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- L

ﬂ’r :Tmﬂ_“s +0Lri_r (5_2)
L2
Whereo is the leakage factor; o=1- 3 “Ij

Substituting the rotor flux in the rotor voltage(By5), the voltage is obtained:

— Ly 1 di] oL, d.-
Vi=—"m =" — S (R +——)i/ 5-3
"L @, dt R @y dt)r (5-3)

There are two terms in (5-3): The first is the #l@motive force (EMF) induced by the
stator flux and represented @s This refers to the rotor voltage when the rooini an
open-circuit situation i =0). The second term exists when rotor currents Qccur
resulting in voltage drop in the rotor resistan€®) (and also the rotor transient

inductance §L). Per-phase equivalent circuit of the rotor cit@ain be seen in Fig.5.7

rotor

-
e, converter

Fig. 5.7 Per-phase equivalent circuit of the raioruit

As seen in the circuit, the use of a crowbar iy waportant in protecting the rotor-side
converter from over-currents, and also supportireg ERT capability of a DFIG wind
turbine. The minimum value of crowbar resistance&hssen to limit the rotor over-
current, typically within 2 pu, while the maximunalue should be concerned to avoid
over-voltage on the converter. For analysis of dptimum value of the crowbar
resistance, a simplified three-phase of RSC with-@onnected crowbar is modelled
using the SimPowerSystems toolbox as shown inF8y.

All IGBTs in RSC are inactivated, resulting in hagionly free-wheeling diodes in
circuit. The grid-side converter has very good omnbf the dc-link voltage, as
researched in [28], so the DC-link voltage can $sumed to be constant at a nominal
voltage. In contrast, in this DFIG model with thambined scheme the DC-link voltage

can be decreased below a nominal voltage, dependirtige fault duration.
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Fig. 5.8 A simplified three-phase diagram of RSO&IG including a Y-connected
crowbar during no IGBTs-switching

In order to protect the converter and the DC-limpaxcitor, the over-voltage at the

crowbar should be limited in the following conditio

V
VCB = ICB'RCB <k (5'4)

J3
As seen in (5-4), the diodes (in Fig. 5.8) willrsteonducting when the voltage across

the crowbar resistor is given by

V,
VcBmax = Ir max-RcB = % (5-5)

VcemaxiS also the upper limit value of the RSC voltayg.4{) which is caused by the
maximal rotor current, so the optimum value of thewbar resistance can be given by

__ Vdc (5-6)
R - vde
CBop I'r max V3

In the normal condition the DFIG is operated apaesl of 1.12 pu to generate stator
active power of 0.67 pu at unity power factor, rgactive power is zero. During a fault,
the three-phase supply voltage dips from normabgel (1 pu) to fault voltage (0 pu) at
time = 1 sec and the fault is cleared at time =sk& When the rotor current occurs
over 2 pu, the crowbar is activated and the mackhieeaves like a squirrel cage
induction machine where the stator winding remaimsnected to the grid. At the same

time the IGBTs RSC is switched off, and the rotorrents flow through the crowbar
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resistor instead. Whenever the rotor current deseieto less than 2 pu, the crowbar is
inactivated and the IGBTs switching is reconneciBdo cases, of with and without
crowbar protection are studied. Further, differemwbar resistance values (from 5 to

20 times rotor resistance) are investigated, ag/shio Table 5.1.

Table 5.1 studied cases of various crowbar resistan

Case no. Crowbar resistance (pu) Note
1 Without a crowbar Having only a DC-link brake
protection
2 With a crowbar Having both a crowbar and

(from 5 to 20 times of rotor ~ DC-link brake protection

resistance)

5.3.1 DFIG behaviour under fault conditions, having only DC-link

brake chopper protection (without a crowbar)

The DFIG is controlled to generate stator actiogvgr s of 1.0 pu at unity
power factor as a normal condition with indepenlyenontrolled d-axisand g-axis
rotor current components. While a three-phase figulhitiated at time = 1 sec and
cleared at time = 1.5 sec, the DFIG loses powetrabfrom 1 sec to 1.5 sec. After a
fault clearance time of 500 msec the generatommesupre-fault operation, generating
stator active power of 5 kW(0.67 pu) while the maehhas no reactive power
consumption as shown in Fig. 5.9.

Active power (Ps) and reactive power(Qs), kW

25 e
20F - - -~ e e B L !
i e B oLl
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time. sec

Fig. 5.9 The stator activ®’{ and reactive power)) response

The rotor current apparently reaches above 2pawdt iitiation but around 17.5 A
(3.7 pu) after fault initiation and clearance, &®wn in Fig. 5.10. These high rotor
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currents can damage the rotor-side converter (Rf8Ghe case of there being only a
DC-brake chopper without a crowbar.

Rotor currents, A

20
15
10

time, sec

Fig. 5.10 Simulation results for the rotor currents

During the fault occurrence (between time=1 ands&® electromechanical torqui)(
falls from 0.67 pu to O pu because of demagnetinadf the DFIG while turbine torque
(Tw) will be decreased by using a speed controlleraAssult, the turbine speed)
rises slightly with very low frequency, but is rattconstant as shown in Fig. 5.11. After
fault clearance at time =1.5 sec, turbine torquenimediately increased from zero and
by then a speed controller is restarted to contr@igenerator speed, thus reducing high

speed to a normal speed of 1.12 pu.
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Fig. 5.11 Speed, Electromechanical torque andiferorque response

As for DC-link voltage, this starts increasing gifrom 750 V (a nominal value) to

880 V (a peak value) at fault initiation. The D@Hivoltage has been reduced by
engaging a brake chopper with upper/lower thresheldls. After fault clearance, the
controller will resume normal activity to return gdonominal voltage as shown in Fig.
5.12.
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DC-link voltage, V

time, sec

Fig. 5.12 DC-link voltage response without a crom@tection

5.3.2 DFIG behaviour under fault conditions, having both a crowbar

and a DC-link brake chopper protection (a combined scheme)

The DFIG is operated as mentioned in the previadgian (having only a DC-link
brake chopper) but also adding a crowbar for ptmtecTo find the minimum value of
crowbar resistance, four different crowbar resistavalues are investigated, i.e;gR=
5Rr, 10Rr, 15Rr and 20Rr. Simulation results obraturrents are shown in Fig. 5.13.
During three-phase faults initiated at time = 1 aed cleared at time = 1.5 sec, rotor
currents are increased from fault initiation to [faclearance and then, after fault
clearance time of 500 msec, decrease to normaktpgrvalue. The peaks of rotor

currents occur in a very short time at both fauliation time and fault clearance time.

Rotor Currents, A

time. sec

a) Rcg=5Rr
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Rotor cuments, A
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c) 15Rr

d) Rcg=20Rr

Fig. 5.13 Simulated rotor currentsiffedent crowbar resistance values

After using crowbar resistances of 5Rr, 10Rr, 18Rd 20Rr, the results show that the
peaks of rotor currents have been reduced fronp@.{&vithout crowbar protection) to

2.9, 2.7, 2.5 and 2.0 pu, respectively. Moreovss,ttend of increasing the value of the
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crowbar resistance from 5 to 20 times the rotoistasce (5-20%Rr), thus resulting in
the reduced peak of rotor currents, may be drawi@shown in Fig. 5.14. Therefore,
the rotor currents are precipitated in a safetgll@f 2 pu with use of the minimum

crowbar resistance value of 20 times the rotorstasce value (20Rr). As a result, the

rotor-side converter will be protected from higtarocurrents.

Peak of rotor currents (pu)

Crowbar resistance values (times of rotor resistance)

Fig. 5.14 Relations between crowbar resistancesftiof rotor resistance) and peak of
rotor currents (pu)

Moreover, a comparison of the DC-link voltage usdifferent crowbar values shows
that the DFIG with a combined scheme (a DC-bralappkr and a crowbar) keeps the
voltage within acceptable levels better than usiiegDC-brake chopper only, as seen in
Fig. 5.15. Also, active and reactive powers appeathe behaviour, as in case |
(retained voltage of 0 pu) in Chapter 4 which does have crowbar and chopper

protection as shown in Fig. 5.16.
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Fig. 5.15 DC-link voltage in different crowbar vaki
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Fig. 5.16 Active and reactive power response witombined scheme

5.3.3 Summary

In the study of DFIG fault ride-through capacitythve combined scheme (a crowbar
and a DC-brake chopper), the results show that matwents have been decreased from
3.7 to 2 pu. After using crowbar resistance valwes) 5 to 20 times rotor resistance
value, the minimum crowbar resistance can be dedigvith a value of 20Rr. Active
and reactive powers are almost the same as inldasmined voltage of 0 pu) which
does not have crowbar and chopper protection. Hewern the FRT protection case,
especially a combined scheme, both the rotor-sihearter and the DC-link capacitor
will be well protected. Moreover, this simulatiohosvs the behaviour of voltages and

currents when IGBTSs are switched off and only deodenduct the currents.

5.4 2-MW wind turbine based on DFIG

To review and investigate FRT management, a 7.53k&%hine was used to study FRT
capability using the combined scheme. Accordinfid], currently wind turbines with

1.5-3 MW rated power are commonly installed in dofe projects. The commercial
wind turbines available in the market with powengas between 1.5 and 3 MW are
summarised in [112]. To be realistic and re-conftima effectiveness of the proposed
model, a 2-MW DFIG was chosen for investigation le/lseeking accuracy in the

developed model.

93



In the normal condition the 2-MW DFIG is operatéchaspeed of 1.12 pu to generate
stator active power of 0.67 pu at unity power factouring fault, the three-phase

supply voltage dips from normal voltage (1 pu) aolf voltage (0 pu) at time = 1 sec
and the fault is cleared at time = 1.5 sec. Whearrourrent occurs over 2 pu, the
crowbar is engaged and the DFIG behaves like dysfed induction machine where

the stator winding remains connected to the gnahé meantime the IGBTs switching
control of RSC is lost, and the rotor currents fliwough the crowbar resistor instead.
Whenever the rotor current is lower than 2 pu,ciosvbar is disengaged and the IGBTs
switching is reconnected. Two cases, having crowgatection and without crowbar

protection, are studied. Further, different crowtesmistance values (from 5 to 20 times

rotor resistance) are investigated for a large 2-MWG.

5.4.1 2-MW DFIG behaviour under fault conditions, using a combined

scheme (with DC-link brake chopper and crowbar)

To investigate the fault ride-through performanseng a combined scheme, the pre-
fault conditions are as follows: DFIG operatingaaspeed of 1.12 pu (1680rpm) and
generating 0.67 pu (1.34 MW) at unity power factdr2 MW-DFIG, 690 V, 2156 V
(rotor line-to-line voltage rms) base are chos@nl.673 kA stator and 0.536 kA rotor
currents are base values resulting from the voltage power bases. Parameters of 2
MW-DFIG are included in Appendix A. The rotor comtez rating is generally chosen
to be equal to the rating of rotor current whiclb8A, rms. The crowbar connecting
between RSC and rotor of DFIG is set to operat@nahbsolute peak rotor current of
1.52 kA (2 pu) and the DC-brake chopper across iDkdonnecting between RSC and
GSC is set to switch on and off at a DC voltaga@80 V (1.08 pu) and 1060 V (1.06

pu), respectively. The simulation results of theestigation are shown in Fig.5.17.
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Fig.5.17 Simulated waveforms of stator currentigrrourrents and active and reactive
powers

The results show the stator currents, rotor cusrantd active and reactive powers for a
2-MW DFIG in the case of 0 pu fault voltage, compgrbefore and after having FRT
protection (crowbar and chopper). In the FRT prideccase the RSC currents are
different, because the crowbar can protect the exew after peak currents reach 1.52
KA (2 pu) while in the case of no crowbar and DGKer chopper protection the
converter could be damaged. Without the DC-brakgphr protection then the DC link
voltage would increase until the capacitor was dgda Therefore, to re-confirm the
effectiveness of the proposed model as part ofRR& capability of a DFIG, the
crowbar is absolutely used to protect the convestate the DC-brake chopper helps
the DFIG release energy across the DC link and @iewgent capacitor damage. Details
of FRT protection are shown in Fig.5.18, for a faultage of O pu at the initiated time
of 1 s and a clearance time of 1.5 s.
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Fig.5.18 Simulated waveforms of rotor side volggrirrents and DC-link voltages

The crowbar starts operating when the peak RS@muis increased to 1.52 kA (2pu).
After fault initiation and clearance, the crowbaradctivated to connect the crowbar
resistance across the rotor circuit to protectcthreverter. In the meantime the machine
performs as a singly-fed induction machine opegatitode, in which the DFIG is not
controlled by the RSC. For the DC brake choppemrake resistor is operated when
the DC-link voltage is increased above the threskalue of 1080V (1.08pu)

(see Fig.5.18b) as in the same previous design.

In the case of no FRT devices, the voltages righdgovalue of 6000 V after both fault

initiation and fault clearance (see Fig.5.18a) Wwhaauses damage to the DC-link

capacitor.

96



5.4.2 2-MW DFIG behaviour under fault conditions, having only DC-

link brake chopper protection (without a crowbar)

The 2-MW DFIG is controlled to generate stator\acipower (Ps) of 0.67 pu at unity
power factor as a normal condition with indepenlyenbntrolled d-axis and g-axis
rotor current components. While a three-phase figulhitiated at time = 1 sec and
cleared at time = 1.5 sec, the DFIG loses powetrabfiom 1 sec to 1.5 sec. After the
fault clearance time of 600 msec, the generatamnes pre-fault operation to generate
active power of 0.67 pu (1.34 MW) while no reactpewer has been consumed; as

shown in Fig. 5.19.

Active power (Ps) and reactive power (Qs), pu

time, sec
Fig. 5.19 Simulated stator activies and reactive powefr)) response for 2-MW DFIG
The rotor current apparently reaches above 2 gaudit initiation, but around 4.5 kA
(about 3 pu) after fault initiation and clearansesaown in Fig. 5.20. These high rotor

currents can damage the rotor-side converter (Ri8Ghe case of having only a DC-

brake chopper without a crowbar.
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Rotor Currents, A

For DC-link voltage, this starts rapidly increasifigm 1000 V (a nominal value) to

1750 V (a peak

has been reduced by engaging a brake chopper pptrillower threshold levels. After
fault clearance with a duration of 200 msec, thetradler will resume normal activity

time, sec

Fig. 5.20 Simulated rotor currents for 2-MW DFIG

value) at fault initiation and afaalt clearance. The DC-link voltage

to return to a nominal voltage as shown in Fig.5.21

3000
2500
2000
1500
1000

500

Fig.5.21 Simulated waveforms of rotor side voltagesrents and DC-link voltages

DC-link voltage, V
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5.4.3 2-MWDFIG behaviour under fault conditions, having both a
crowbar and a DC-link brake chopper protection (a combined

scheme)

The 2-MW DFIG is operated while having a DC-linkake chopper and crowbar
protection. To find the minimum value of crowbasistance, four different crowbar
resistance values are investigated, i& R 10Rr, 15Rr and 20Rr. Simulation results of
rotor currents are shown in Fig. 5.22. During thpbase faults initiated at time = 1 sec
and cleared at time = 1.5 sec, rotor currents asgé over 2pu from fault initiation with
a duration of 100 msec and still increased over 2fter a fault clearance time of
300msec with the crowbar resistance value of 1@ginotor resistance (10Rr) (see Fig.
5.22a). When using a crowbar resistance greater 1batimes rotor resistance (15Rr)
(see Fig. 5.22b and Fig. 5.22c), rotor currentseiased over 2pu from fault initiation
with a duration of 100msec and decreased to nowpatating value after a fault
clearance time of 300msec with an oscillation ajiency of 50 Hz. The rotor current
frequency is related to machine slip which depemdshe increased rotor speed during
and after the faults. The peaks of rotor curregtunin a very short time at both fault

initiation time and fault clearance time.

RSC Currents, A
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RSC Currents, A
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Fig. 5.22 Simulated rotor currents at differentvdoar resistance values for 2-MW
DFIG

Furthermore, in the case of having no crowbar ptate, high power flowing into the
rotor makes the DC-link voltage rise quickly frofd0D V (a nominal value) to 1750 V

(a peak value) at fault initiation and also faulkkarance. When using a different
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crowbar value, a comparison of the DC-link voltagjeows that the DFIG with a
combined scheme (a DC-brake chopper and a croveliirkeeps the voltage within

limits better than when having only the DC-brakember. This is as seen in Fig. 5.23.

DC-Link Voltage, V

1800
1600
1400
1200
1000
800
600
400
200

at 15Rr 1
L____|—at20Rr
—— without crowbar

O i3 T T T
0.8 2 22 24 26 28 3
time, sec

Fig. 5.23 Simulated DC-Link voltage in differenbarbar values for 2-MW DFIG

Active power (Ps) and Reactive power (Qs), pu

time, sec

Fig. 5.24 Simulated active power (Ps) and reagiowger (Qs) for 2-MW DFIG

The stator active (Ps) and reactive power(Qs) ftben2-MW DFIG is controlled to
generate active power (Ps) of 0.67 pu at unity pdaetor as a normal condition with
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independently controlled d-axis and g-axis rotorrexnt components. While a three-
phase fault is initiated at time= 1 sec and cleaketime = 1.5 sec, the DFIG loses
power control from 1 sec to 1.5 sec. After faulkearhnce time of 600 msec, the
generator resumes pre-fault operation to genevateage active power of 0.67 pu (1.34

MW) while no reactive power has been consumed awisin Fig. 5.24.
5.4.4 Summary

In the study of fault ride-through capacity for &V DFIG with a combined scheme
(a crowbar and a DC-brake chopper), the resulte/ghat rotor currents have been cut
off from 5.3 to 2 pu. After using crowbar resistan@lues from 10 to 20 times rotor
resistance value, establishing the crowbar resistaralue at 20Rr can again be

confirmed as the minimum value.

Active and reactive powers are almost the samendbha case which does not have
crowbar and chopper protection. However in the HRatection case, especially a
combined scheme, both the rotor-side convertert@dC-link capacitor will be well

protected. Moreover, this simulation for a 2-MW B¥Fctan show the behaviour of
voltages and currents when IGBTs are switchedrmaffthere are only diodes to conduct

the currents during crowbar activation.
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Chapter 6 Thesissummary,
conclusions and
recommendations

This chapter briefly summarises the most impontastilts obtained in the course of this

work. Conclusions and suggestions for future waekgiven later.

6.1 Thesis Summary

A brief summary has been made of the researchnpeefibin the literature, identifying
some omissions of DFIG wind turbine models in Sect2.6. The fifth-order DFIG
model, including detailed modelling of the converte important to give more accurate
results.

A new DFIG model allowing for the switching effea IGBT and anti-parallel diode
devices has been proposed for fault ride-througkstigation. The Simulink model of
DFIG system is developed using a stator-voltageovemontrol method in Chapter 3,
including Appendix D. The verification of the modaliring normal operation shows
general good agreement between simulation and iexget; while the model is verified
during fault conditions, both simulation and expegntal results are in good reasonable
agreement as summarised in Section 4.3.1. Moredker,verification of the FRT
capability of the DFIG model using crowbar and [kl brake methods, i.e. the
crowbar activation period and the DC-brake contielhy, has been investigated and is
summarised in Section 4.4.3. For investigation thecrowbar activation period of 120
ms after fault clearance, both simulation and expantal results show that the DFIG
loses power control and consumes high active pogsarlting in failure to satisfy FRT
grid requirements. For investigation into the D@Hw& control delay, both simulation
and experimental results are acceptable for FR@ grguirements but the rotor-side
converter will be put at risk if there is no prdten. This problem can be helped using a
combined scheme (crowbar and DC-brake chopperjhé&iurthe developed model can
provide simulation results of the behaviour of agks and currents when IGBTs are
switched off and only diodes conduct the curretitese have not been presented in
contemporary literature. The model is thereforevpn to be useful for analysing

converter behaviour during fault conditions.
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After verification of the DFIG model during normahd fault conditions, the model is
used to investigate DFIGs FRT using a combined rmehécrowbar and DC-brake
chopper). This is the subject of on-going researuth an interesting trend, as reviewed
in Section 5.1. Clearly results from the combineldesne show that both the rotor-side
converter and the DC-link capacitor will be progettcompared with having only a
DC-link brake for protection. However, having bathcrowbar and DC-link brake
protection is more effective if the minimum valuéthe crowbar resistance will be

designed at a value of 20 times the rotor resistanc

6.2 Conclusions

The DFIG is widely used for large grid-connecteakiable-speed wind turbines. As the
amount of installed wind power increases, it isréasingly important that turbine
generators remain connected and support the gmdrmission network during transient
system disturbances: so-called FRT, as specifieddnpus national grid codes. To
study the FRT capability of the DFIG, an accuratelel of the DFIG system is needed.
DFIG modelling is a contemporary research areagopursued by many researchers.
They have studied control schemes in more detdher than power electronic devices.
The assumed ideal converter model has been usetamy publications. The main
problem is the inability to deal with switching d&6BT devices and leaving the rotor
circuit connected to a diode bridge rectifier. Takinto account the behaviour of rotor
converter diodes and IGBTSs, there remains a nedidl ta gap which has not been
addressed in contemporary literature, and also toefupport the essential qualities of
the combined scheme in enabling the DFIG to detit WRT. This is also in order to

help overcome the drawbacks raising concerns irnyrpahlications.

The Matlab/Simulink model for a vector controlledrIG is developed to investigate
drive FRT characteristics, allowing for the switnfpieffects of IGBT and anti-parallel
diode devices. The developed model can be usedeidico machine and converter
current and voltage waveforms during three-phagglguaults, and to investigate the
FRT capability of the DFIG wind turbine. Furthanciuding the switching behaviour of
the rotor converter diodes and IGBTSs, the modellmanised to predict a fault scenario
when switching off the IGBT devices and leaving tb®r circuit connected to a diode
bridge rectifier. Comparisons between simulatiod experiment are discussed in order
to validate the model. Finally, the combined scheimethe FRT capability with

different crowbar resistors is investigated.
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The conclusions from the results of this thesislmadrawn up as follows:

- Validation of the model during normal conditions looth sub- and super-
synchronous modes shows close agreement for statment, rotor current and

active and reactive power.

- Comparisons between simulation and experimentaltseduring fault conditions
are in reasonable agreement. Within 20ms of faitiation and clearance, stator
and rotor currents undergo a transient and reaehnthximum value of 60A

(4pu) and 20A (4pu), respectively.

- The model can show how fault currents in diodesreanto 4 pu in the worst 3-
phase fault scenario with zero retained voltageesponding to the experimental
results.

- The model can also be used to investigate theitmanbehaviour of the DFIG
drive system during supply fault conditions where tbonverter IGBTs are
switched off and the rotor converter appears ta benple diode bridge rectifier.

- The model can be used to investigate the FRT paebnce of the DFIG in
accordance with the transmission system grid coide and without protection
devices, i.e. a crowbar or DC-brake chopper whgchelpful in designing the
system protection.

- The simulations compared favourably with experiraemesults for two FRT
protection schemes: crowbar activation period afddbake chopper delay. The
results are acceptable for use in designing théegiion and in predicting the
FRT performance according to grid requirements useng only the crowbar in a
long period of 120 ms which can cause power infgion and consumption of
high reactive power in either fault initiation dearance which is unsatisfactory
for FRT grid requirements. While using a DC-brakemgper within the timed
delay of current and power control permits the gramt rotor over-currents
flowing through the rotor converter diodes to th€-Ink to support FRT grid
requirements.

- Finally, the model can be used for the study ofdbmbined scheme with both a
crowbar and DC-brake chopper arrangement which different crowbar

resistance values in order to design the minimuwwhbar resistance.
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6.3 Recommendations and Further work

The DFIG model should extend to other network congmbs, i.e. a transmission line, a
transformer, etc., in order to study more detailvoltage response to the grid during

faults.

Investigation into the FRT performance of the DRri@ler unbalanced fault conditions

should be validated in order to compare with bagdrttree-phase faults.

Aerodynamics and drive train should be studied arerdetail in order to improve the

mechanical model in controlling power, pitch andexb of a wind turbine.

Other control approaches are needed to study irpadson with a classical Pl control

in order to improve the FRT capability of the DRIGder fault conditions

Duration of crowbar activation when using a comtdiseheme should be investigated

to find an optimum time.

The usage of an impedance crowbar should be stadiédompared with the usage of a

resistance crowbar.
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Appendix A

A.1 Per unit system

The per unit system is commonly used in power systgnulation. It is convenient to

represent all quantities in terms of a per uni) (@lue. The pu value can be given by

, true_value (A.D)
base value

After the base values (power, voltage and frequeheye been defined, other base

values can be calculated as follows.

The base values are chosen:

S=VA, = three-phase rated power = (3/d)=7500 W (A.2)
V,= peak value of rated phase voltage = 41643) = 339 V (A.3)
f,=rated frequency = 50 Hz (A.4)

Base values of other quantities:

| ,= peak value of rated phase stator currexi2*410.434 = 14.756 A (A.5)

|, = peak value of rated phase rotor currem{2%10.434*0.32 = 4.72 A

w, = 2f, = 314.16 elec. rad/s (A.6)
6, =10, elec.rad (traditional choice) (A7)
@, = @, (2/ pole = 157.08 mech. rad/Pples =4 (A.8)
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Z, =V, /1,=22.963 ohm

L, =V, /(I,@,)= 0.07309 H

A =V, /@, =1.075 Wb.turns

RPM,.. =3000

Mechanical parts:

T, =3/2(pole/2)4,],, Nm =VA/w,,

@y, us = @, I(polel2)
Op,us =0, I(polel/ 2)

RPM,__ ... = RPM,.__/(pole/2)

nomHS nom

_ Ja’rib
2VA

o2YA o T

[0 [0

mb mb

VA _ T

Kshaft,b = 2

mb a)mb

o, <VA T

> =
D w

VA Ty
a)2 a,

mb

B,

mb mb

DFIG quantities can be found in Table Al.
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Table Al. Parameters of a 7.5kW DFIG test rig.

Quantity Parameter Value pu
M echanical (refer to high speed side)
Parts:
Turbine inertia J - 5.25
( refer to high
speed side)
Turbine friction B - 0.0
DFIG high-speed Jy - 1.44
shaft inertia
DFIG high-speed Bg - 0.12
shaft friction
Coupling stiffness Khatt Typically between 0.44
0.3 and 0.6 pu [35]
Coupling damping D - 1.0
Electrical Parts:
Generator Par ameter Value pu
Stator Rs 0.68+ 0.005Q 0.04
Lis 9.04+ 0.08mH 0.1482
Rotor Re 0.46+ 0.005Q 0.02
(refer to stator side) Lir 9.04+ 0.08mH 0.1232
Magnetisation Lm 226+ 11 mH 3.08
Turns ratio a 0.32
Number of pole 4
Nominal voltage Vs 415V 1
DC Link Parameter Value pu
Voltage Vic 750 V 1
Capacitor C 705 puF -
Brake resistor Rorake 180Q -
Linefilter Parameter Value pu
Inductance Lfitter 10.6mH -
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Table A2. Parameters of a 2MW DFIG wind turbine

Quantity Parameter Value pu
M echanical (refer to high speed side)
Parts:
Turbine inertia J - 5.25
( refer to high
speed side)
Turbine friction B - 0.0
DFIG high-speed Jy - 1.44
shaft inertia
DFIG high-speed Bg - 0.12
shaft friction
Coupling stiffness Khatt Typically between 0.44
0.3 and 0.6 pu [35]
Coupling damping D - 1.0
Electrical Parts:
Generator Par ameter Value pu
Stator Rs - 0.00488
Lis - 0.09241
Rotor R - 0.00549
(refer to stator side) Ly - 0.09955
Magnetisation Lm - 3.95279
Turns ratio 0.32
Number of pole 4
Nominal voltage Vs 690 V 1
DC Link Parameter Value pu
Voltage Ve 1000 V 1
Capacitor C 30 mF -
Brake resistor Rorake 1Q -
Linefilter Parameter Value pu
Inductance Lfitter 2 mH -
Resistance Riitter 1 mOhm -
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Theinduction machine

The generator operating at the rated speed of dul2680rpm) and generating power
of 0.67 pu (5kW for a 7.5- KW DFIG, 1.34 MW for M2V DFIG).

Stator and rotor time constant

The stator time constanid is defined byTs = LJ/Rs whereLs<= Lis+ L. Similarly, the

rotor time constanfly) is given by T, = L,/R, whereL,= L+ L.

Brakeresistor value

The brake resistor was sized to dump twice thaelrabaverter power during grid faults
or 50% of the rated DFIG power which equated tdbBW. The resistance can be
calculated by the equatidPhrae = VZad Rorake . FOr experiment, a voltage threshold is
set at 810Vand the calculated resistance <21 Because the grid fault durations are
quite short, the low power resistor is acceptablence an 18Q, 0.6kW resistor was

chosen for a DFIG test rig.

Crowbar value

From section 3.7, the equivalent value of the crwbesistor can be given by
R~=0.55R;,. Because the crowbar is connected between RSQraiod winding of
DFIG, the crowbar resistance should be limitedrevent current flow through diodes
in the RSC to DC-link. Hence, a limitation can besdibed byiR:p<Vge. FoOr
experiment, a 1Q, 0.6kW resistor was employed in the test rig; asesult, the
calculated equivalent resistor of aQ.9%vas used in the simulation for a 7.5kW DFIG

while one of 0.02@&2 was used in a 2-MW DFIG simulation.
DC link

The DC-link voltage can be designed by using theddrd ratings of power electronics
in which 600Vv/1200V/1700V are typical device uppelttage limits. In the test rig, a
1200V-rated IGBT is used, so the 750V DC-link i$¢imled as the DC-link voltage base
for a 7.5- KW DFIG but the 1000V DC-link for a 2-MQFIG.
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Appendix B

B.1 Space vector theory

In AC circuit theory, the complex phasors are comiypoused to represent the
quantities which vary sinusoidally in time while the behaviour of a machine, a
number of physical quantities can be consideredhbersodic functions which are
sinusoidally distributed in space around the pemiplof the machine in the air gap.
Thus, similarly the time phasor is used in AC diticiine space vector is used to analyse

the performance of the machine [113].

g — axis

g

S

d—axis

/

Fig. B.1 A symmetrical three-phase stator winding and reference frame

A symmetrical three-phase stator winding systemoissidered, where all three phases
are displaced by 130as shown in Fig. B.1 and the instantaneous vahiestator
guantities in the three phases A, B and C can heirdd as the sum of the space
vectors of the same quantity. The stator quantifigscan be current, voltage, flux

density, flux linkage, etc and expressed as
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. (B.1)
Cfs=(fA+fB+fc]

(B.2)

1 2
fS=E(1.fA+a.f B+a ch

Where fs is the space vector of stator quantities expressethe stator reference

frame, fA, f B fc are the component space vector arland a® are unit vectors in
the direction of the magnetic axes of phases A, Bd aC, respectively,
1=expQ’),a=exp(j120’) anda’ = exp(j240). Hence, the space vector of the stator
current in the stator reference frame can be esptkes

(B.3)
2

1li, +ai _+a
B

With ¢ = 3/ 2as a constant value.

Similarly other quantities such as the stator \g@tdlux linkage and flux density can be
obtained using the same approach as above. BEgshows the space vector of the
stator current and its d-q component in a stati@reace frame.

g — axis

' i
| s s

d — axis

\4

Ids

Fig. B.2 The space vector of the stator currert stator reference frame

113



B.2 Three phase to stator reference frame transformations

The stator current space vector in the stator eafer frame is defined as

s s s s (B.4)
ig=—]1i +al +a2.i
c A C
s (B.5)
Is=igs* J'qs
Where
a=exp(j120’) =cos(20’) + jsin@2d') = 1, j @
a® =exp(j240 = cosR4l) + jsin(240) = —%— i E
B.3 Three phase to rotor reference frame transformations
The stator current space vector in the rotor refe¥drame is defined as
r _s (B.6)
ig=I —
S s.exr{ J@r ]
_t (B.7)
ig= ias +iif

gs

So it corresponds to the reference system on F8). B

114



Stator axis

—d?

Fig. B.3 Reference frames for the induction machine

B.4 Three phase to synchronous or excitation reference frame
transformations

As shown in Fig. B.3, the stator current can berrefl to the synchronous or excitation

reference frame.

e _s (B.8)
is=i s.expi— jé’e]
e (B.9)
s =g+ iigs

Similarly, other components such as voltage and liokage can be transformed to
some other reference frame, like the procedure usdtlie space vector of current.
Moreover, the same method can be used for tramgjetive rotor space vector from the

rotor to another reference frame, or vice versagian angle as depicted in Fig. B.3.

To make it more convenient in terms of writing, @llantities in stator voltage vector

reference frame will be written without superscfgton the top.
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Appendix C

C.1 The DFIG test rig

DC Drive

Grid Fault Emulator

4

dSpace Interface
Box

ControlDesk GUI

Fig.C.1 A picture of the DFIG test rig
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Fig.C.2 Test rig single line diagram [39]
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The Test rig and pictures comprise four main eldsmdm Fig. C.1): a grid fault

emulator (1) was defined through a fault analysiartd (1.1), a wind turbine simulator
(2) was controlled DC drive (2.1), a DFIG systend ancontrol hardware assembly (3).
A dSpace dS1103 controller (3.1) was used to conater between the DFIG

controller and wind turbine simulator and hardwsueh as converters (3.2), DC motor
and DFIG (2). All signals were isolated and redubgdhe sensor board (3.3) before
sending to the dSpace controller. The controlles wetivated in real time through a
GUI designed using Control desk software (4). Thatller was developed using

Matlab/Simulink and the code was built for opematom the dSpace control board.

The Test rig was designed and built by the resetaim with collaboration between
Newcastle University and a British company.
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Appendix D

D1. The detail Simulink diagrams of DFIG System Model

In modelling the DFIG system model, there are 9maarts: 1) Grid-Supply Fault
Model 2) DFIG Model 3) Rotor-Side Converter (RSFRSC Control System 5) Grid-
Side Converter(GSC) 6) GSC Control System 7) Crowhadel 8) DC-Brake Chopper
Model and 9) Mechanical System Model, as showngrCH.
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Fig. D1 Block diagram of the DFIG System Model
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Sub-blocks of the model are illustrated in Fig. D2
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Fig.D2 Sub-blocks of the DFIG System Model
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As a block diagram above, modelling of the upper sub-block parts (Supply Fault
and DFIG Model) are based on the Simulink platfavivile those of the lower three
sub-blocks parts (GSC, DC-Link and RSC with a Crarkybare based on he
SimPowerSystems platform.

Voltage and current signals in both platforms ateractive, with voltage and current

signal controlled. Details of each part are degdtiim the following.

1. Grid Supply Fault Model

Grid fault profile Stator Veltage Supply

12:34 I i ],7 vl Outt

l peak Voltage l

A4 hd

Digital Clogk Lookup Table3

hd

A4

s A ¢
n [
G

S

va
.
PU-to-Real Value @* w2 based on SimPowerSystems
b
" c
+ » 2
—a|-
ve

Fig.D3 Block diagram of Grid Supply Fault Model

Fig. D3 shows the grid supply model in which thegmtude of voltage is assigned in a
look-up table at different times, while a voltagggke is defined by an integral of the
voltage frequency. After that a supply voltage veatill be defined on the Simulink
environment. In order to connect to a grid sidenvester modelled on
SimPowerSystems platform to the supply voltage vitleage is transformed from two
to three phase. The three-phase voltage will behfexligh a voltage-controlled voltage

source to the stator side of DFIG and later togitié side converter.

2. DFIG Model
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Fig. D4 shows a dynamic DFIG model as explaine8antion 3.4. Both stator voltage
supply ) and rotor voltage supply] in the DFIG model are supplied by grid supply
and rotor side converter (RSC) respectively fedubgh a voltage-controlled voltage
source, as shown in Fig.D4. Since the DFIG has lmeedelled using stator voltage
vector control, both stator and rotor voltages lwgirtnatural frame are transferred to a
stator-voltage vector frame using a sub-block (rhrae “line-dq”) and shown in
Fig.D5 and Fig.D6. As noted above, in the DFIG niatie rotor-side converter is
disabled during crowbar operation, while zero \gdt®are supplied to the rotor side.

In stator voltages, after supplying three-phase-loiline voltage all three-phase
voltages are transformed to the stator voltagereatee frame of which the d-axis is
aligned to the stator vector as a block diagranwshio Fig.D5.

sb bz sbol— elwabe
be - xdas —{_1 )
I : +—] theta_= d
a8 Vline-to-\Vphase :

theta_wv
sbo=e

Stator Voltages fed from Supply

Fig. D5 Line-to-line stator voltage to dg component

While in the rotor-side of the DFIG, three-phasdtages fed from RSC are also
transformed to the stator voltage reference framehich the d-axis is aligned to the

stator voltage vector as a block diagram showngriCe.

3BT o b pmin Out o P
bc ca o _@
{2 —mthets x d
= Vline-to-Vphase Filter K

theta_x
sbore

Raotor Voltages fed from RSC

Fig. D6 Line-to-line rotor voltage to dq component

Further, during crowbar activation the rotor resmise of the DFIG (Rr) will be added to
crowbar resistance (Rgkin the model, resulting in rotor resistance its¢he value of
Rr+Rch.  Also the rotor voltages are set to be zero rfsticcuited), i.e. no rotor
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voltages are supplied from RSC. As a result, oolprr currents are fed through the

current-controlled current source to the crowbat BR$C based on SimPowerSystems

platform as seen above in Fig D2.

3. Rotor Side Converter Model (RSC)

A three-phase PWM RSC model is composed of six ISBAd anti-parallel diodes as

shown in Fig. D7. Each IGBT and anti-parallel diagglsimulated by a resistor, inductor

and DC-voltage source connected in series with atclswas defined in the

SimPowerSystems library. This model is suitable $onulating the fast electrical

dynamics of the DFIG system.

Id

To DC-Link

>
I

gateneg

1248 e

Rotor Side Cenverter (RSC)

Fig. D7 A three-phase rotor side converter (RSCi@ho

In modelling the IGBT, their parameters are defiimethe following Table.

IGBT parameter Value
Snubber Resistance 1le5Q
Snubber Capacitance o0

Ron le-3 Q2
Lon OH
Tf(s), Tt(s) le-6, 2e-6
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And diode parameters are as follows:

Diode parameter Value
Snubber Resistance 1le5Q
Snubber Capacitance o0
Ron le-3Q
Lon le-6 H

4. RSC control system

As described in Chapter 3, the active and reacstetor powers of DFIG can be
independently regulated by controlling the d-axisl g-axis rotor currents through the
rotor side converter. Hence, to design the propetcking signals of six IGBTS, the
reference power assigned by turbine characteriitie, calculated stator active and
reactive powers, the rotor currents, DC-link vo#tagotor angle and stator voltage are
needed for the input signals of the RSC contraiesysas shown in Fig.D8.

0
w
w
o]
=

-
- »
is Fas > Switching signals
s > > of IGBTs
b ; RSC Controller >
PO 5 apcr_ac System
Yo
theta x P

Fig. D8 A RSC control system

The reference stator active power (Psref) of 0.6%pube calculated at the typical wind
turbine speed of 1.12pu, while other values (Vsirjsrdc, theta x and MagV) will be
measured and fed to the control block. Inside tBE€ Rontrol system block, this can be
seen in Fig. D9.
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Fig.D9 A block diagram of RSC control system

The RSC control system consists of two cascademiitrollers. The former is a stator
power controller which is used to independentlytamnstator active (P) and reactive
(Q) power. While the latter is a current contrqlieérs used to independently control the

d-axis (r¢) and g-axisl) rotor current as shown in Fig.D10.

LI\J\_
.I/
Rate Limiter
Diserete N
Onif De\ay
© > % '
crombar trig U e antiwindup Ll\n\-
000 Wi, » v
e FQ
n Switch d
Saturation
1 e
] Filter
B theta_x
Del
elay theta_x
Irdq laber
—. Iabor
-
12} Unit Delayt

Dalayd

PI-stator power controller PI-rotor current controller

Fig.D10 A block diagram of two cascaded Pl —comerslfor RSC control system

Finally two cascaded PI-controllers will produce tieference value of the rotor voltage
from the stator active and reactive powers errdterAthat the magnitude of the rotor
voltage (vr) is normalised with the value of K1 angd (see Fig.D11) and then made it
in dg-component again. This voltage in dg-axis ponents will be transferred from a
synchronous to a rotor reference frame before atingeto a 3-phase signal. The

IGBTSs switching signal will be generated using aM®\téchnique as shown in Fig. D11.
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Fig.D11 A block diagram of vector control in RSChtm| system

During crowbar operation, two Pl-controllers arezin and the RSC control system
stops working. As a result the six-IGBTs of the R&€ switched off and the RSC is
unable to control active and reactive power, b ¢nid side converter remains in

operation.

5. Grid Side Converter Model (GSC)

Like RSC, each IGBT and anti-parallel diode is deted by a resistor, inductor and
DC-voltage source connected in series with a switek defined in the
SimPowerSystems library. A three-phase PWM grilg sionverter (GSC) is modelled
as shown in Fig.D12.

As described in Chapter 3, the DC-link voltage gnd-side reactive power of DFIG
can be independently regulated by controlling thexid and g-axis grid side currents
through the grid side converter. Hence, to deskgnproper switching signals of six
IGBTS, the grid-side currents, DC-link voltage,aioangle, stator voltage and grid-side

voltage are needed for the input signals of the G&@rol system as shown in Fig.D13.

128



1
&
gatepos
landVdc:
WVii_gsc
.
lg_gsc
(DOl !
8 [E}
To Supply through filter @l—ﬂ £ ! ki
e & = .“— To DC-Li
o DC-Link
Com—sfs T
{3

Gide Side Converter (G5C)

Fig. D12 A block diagram of the GSC model

6. GSC control system

[VB1]
Wabc B1

labz grid_conv

abc_grid_oconv

R Switching signals of
Theta
IGBTS

Vdo »

Magwv

-

Fig.D13 A block diagram of the GSC control systawdel

The reference DC-link voltage (Ve of 1 pu can be calculated at the nominal DC-link
voltage at 750V, while the reference grid-side tigacpower is equal to zero during
normal condition and then changed to the correspgndalue of the grid code
requirement during fault condition. Moreover, @thalues are measured and fed to the
control block. Inside the GSC control system bldbks can be seen in Fig. D14.
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There are two cascade PIl-controllers in GSC canfrbe former Pl-controller will
produce the reference value for the grid-side cdewvecurrents from the DC-link
voltage and grid-side reactive powers error. Atteat the error between the reference
and measured value of the grid-side converter nturseregulated by using the latter PI-

controller in order to generate grid-side voltagmal for IGBTs switching.
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7. A Crowbar Model

As mentioned in Section D2, during crowbar actmatithe rotor resistance of the DFIG
(Rr) will be added with crowbar resistance (Rcbynae DFIG model based on Simulink,
resulting in rotor resistance rise in the valudkofRcb. Also the rotor voltages are set
to be zero (short-circuited), i.e. no rotor voltageupplied from the RSC. At the same
time, in a separate model based on SimPowerSystimasthree-phase y-connected
crowbar resistor(Rch explained in Section 3.6, is activated by tBeeaker Switch as
shown in Fig. D15. As a result, only rotor currefntsn the DFIG model in Section D2
will be fed through current-controlled current smito the crowbar and RSC; based on

the SimPowerSystems platform.

Contrel Signal
Rch
——|
o 1@ AA A
e Breaker
Reb.
= C
T 1
£z Breaker1
Reb..
——cC
— el
o 1@2 AV
ez Breaker? Crowbar Resistor
Crowbar

Fig. D15 A three-phase y-connected crowbar

The breaker switch is activated by a trigger signain the crowbar control system
block, as shown in Fig D16. In crowbar activatismenever the magnitude of the rotor
current reaches the threshold value of 2 pu, tbesloar resistor is connected to protect
the RSC from rotor over-currents. In the meantthree RSC is stopped to control the
active and reactive power of the DFIG, resultinghort-circuiting the rotor side of the

DFIG through the crowbar resistance (Bcb
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8. DC-break chopper model

As reviewed in Chapter 1, the combined scheme wingaa crowbar and DC-break
chopper is needed for the best FRT capability ef BiIG. In the DC-break chopper
model based on SimPowerSystems platform, a bresgtoe in series with a controlled
switch is used to protect the DC-link capacitoillastrated in Fig.D17. When DC-link

voltage rise reaches the threshold value of 1.08hmuDC-break chopper is activated.

The DC-break chopper control block is shown in BXg8.
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r
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Fig. D17 DC-break chopper

To GSC ToRSC
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Fig. D18 DC-break chopper control

The brake chopper is automatically set to opertateathe upper threshold value of
810V (1.08pu) and to disconnect below the loweeghold level of 795V (1.06pu)
regarding the DC link voltage by using a hysteresistrol block.

9. Drive train system model

As mentioned in Section 3.1, the wind speed isstant in FRT study and the drive
train system of wind turbine is represented as@rnvass model.

Accordingly, the modelled wind speed and activaostpower demand are assumed
constant in the fault simulations. For the purposésnvestigating the DFIG FRT
capability, the single generating point of typieaihd turbine curves is chosen as a
typical normal operating condition in generatingweo of 0.67 pu at a wind speed of 10

m/s.

The turbine torque (TL) is provided by a Pl-speedtwoller, while the generator torque

(Te) is generated by the DFIG for the demands had ttvo-mass model. The model is

composed of turbine mass and generator mass wraotoanected by a shaft that has a
certain stiffness coefficient (Km) and damping dans (Dm) values, as shown in Fig.

D19.
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