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Abstract

Wind Farms (WFs) are geographically constructed in remotely located areas with
favorable wind speed conditions. The structure of such locations is rather weak with
lower short circuit power level due to long feeders’ (high impedance) connections.
Moreover, significant voltage fluctuations and power quality/stability challenges pose
substantial constraints on the efficient integration of wind power into weak networks.
Consequently, weak networks connections impose dramatic wind power limitations in
terms of grid structure and wind turbine (WT) output power.

This dissertation addresses some of the technical challenges raised by the integration
of wind power into weak power systems. The main objective is to investigate the
dynamic interactions between the wind power generators and interconnected power
systems, pinpoint the constraints and operational limitations and meanwhile propose
potential solutions to maximize wind power penetration and improve the dynamic
stability of the network.

First of all, this work investigates the characterization and assessment of voltage and
power constraints raised by connecting a DFIG WT to a weak network. As a basis of
investigation, a simplified system model is utilized and the respective PCC voltage,
active and reactive power stability issues are evaluated and identified based on a

steady-state study for DFIG WT system.

Secondly, a detailed megawatt-level variable speed wind turbine with partial scale
converters connected to a weak network with widely varying parameters, i.e., short
circuit capacity ratio SCR and X/R ratio is modeled in MATLAB/SIMULINK
environment and investigated. An adaptive voltage control AVC scheme based
network parameters and operating point is proposed to continually retain voltage
constancy and smoothness at the point of connection POC in order to maximize the
wind power penetration. Besides, a proposed reactive power dispatch to handle the
reactive power sharing between the DFIG inherent stator reactive power and an
oversized grid side converter is presented. The AVC showed pronounced mitigation
capability with better damped performance particularly at very weak grid condition

compared to traditional PI controllers.

il



Besides, the dissertation investigates the fault ride through FRT capability of WTs
attached to weak networks. The study is firstly applied to stiff networks to realize the
technical challenges of the different fault scenarios. A nonlinear feedback controller is
proposed for the GSC control to suppress the DC voltage fluctuations and
concurrently inject reactive power during contingencies to fulfil the reactive power

support requirement.

Afterwards, the FRT of a megawatt-level variable speed wind turbine attached to a
weak network is conducted. Owing to the poor dynamic performance of synchronous
reference frame phase locked loop PLL under unbalanced utility conditions, two
enhanced PLLs are investigated namely, decoupled double synchronous reference
frame PLL (DDSRF-PLL) and Dual Second Order Generalized Integrator, DSOGI
based Frequency Locked Loop, DSOGI-FLL. Additionally, decoupled double
synchronous reference frame current controller is devoted for the GSC controller to
counteract current ripples and tackle dc voltage fluctuations during unsymmetrical

faults to improve the system performance and help fulfill the grid code requirements.

il



Danske Abstrakt

Vindmelleparker (WFS) er geografisk konstrueret i fjernt beliggende omrader
med gunstige betingelser vindhastighed. Strukturen af siddanne steder er temmelig
svag med lavere kortslutning strom pd grund af lange foderautomater '(hgj
impedans) forbindelser. Desuden betydelige spa@ndingsudsving og magt kvalitet /
stabilitet udfordringer udger betydelige begrensninger i effektiv integration af
vindkraft i svage netveerk. Derfor svage netvark tilslutninger paleegge dramatiske
vindkraft begrensninger i form af gitter struktur og vindmelle (WT) udgangseffekt.
Denne afhandling omhandler nogle af de tekniske udfordringer, som integrationen
af vindkraft i svage elsystemer. Hovedformélet er at undersege de dynamiske
interaktioner mellem vindkraft generatorer og sammenkoblede kraftsystemer,
lokalisere de begransninger og operationelle begraensninger og i mellemtiden
foresla mulige losninger for at maksimere vindkraft penetration og forbedre den
dynamiske stabilitet af nettet.

Forst og fremmest, dette vaerk underseger karakterisering og vurdering af
spending og effekt begrensninger rejst ved at tilslutte en DFIG WT til et svagt
netvaerk. Som grundlag for undersegelsen, er et forenklet system model udnyttet, og
de respektive PCC spanding, er aktive og reaktive effekt stabilitetsproblemer
evalueret og identificeret baseret pd en steady state-undersegelse for DFIG WT-

systemet.

For det andet er en detaljeret megawatt-plan variabel hastighed vindmelle
med partielle skala omformere tilsluttet et svagt netvaerk med vidt forskellige
parametre, dvs. Kortslutningseffekten forhold SCR og X/R-forhold modelleret i
MATLAB / SIMULINK milje og undersegt. En adaptiv spendingsregulering AVC
der er baseret netvaerksparametre og driftspunkt foreslds til stadighed bevarer
spending konstans og glathed ved tilslutningspunktet POC med henblik pé at
maksimere vindkraft penetration. Desuden er en foresldet reaktiv effekt afsendelse
til at héndtere den reaktive magtdeling mellem DFIG iboende stator reaktive effekt
og en overdimensioneret gitter side konverter presenteret. AVC viste udtalt
afbedning kapacitet med bedre dempet ydeevne iser ved meget svag gitter tilstand i

forhold til traditionelle PI controllere.

v



Desuden athandlingen underseger fejlen turen gennem FRT evne WTS
knyttet til svage netveerk. Underseggelsen er forst anvendt pd stive netverk til at
realisere de tekniske udfordringer ved de forskellige fejl scenarier. Der foreslds en
ikke-lineeer feedback-controller til GSC-kontrol til at undertrykke DC
spendingsudsving og samtidig tilfore reaktive effekt i lobet af uforudsete at opfylde
den reaktive kravet effekt support.

Bagefter FRT en megawatt-plan variabel hastighed vindmelle knyttet til et
svagt netveerk udfert. P4 grund af den darlige dynamiske praestationer synkron
referenceramme fase last slgjfe PLL under ubalancerede nytteverdi betingelser, to
forbedrede PLL'er undersgges nemlig afkoblet dobbelt synkron referenceramme
PLL (DDSRF-PLL) og Dual Second Order Generaliseret Integrator, DSOGI baseret
Frekvens Locked Loop, DSOGI-FLL. Derudover er afkoblet dobbelt synkron
referenceramme nuvarende controller afsat til GSC controller til at modvirke de
nuvarende krusninger og tackle dc spandingsudsving under usymmetriske fejl for

at forbedre systemets ydeevne og hjelpe med at opfylde de netkode krav.




RES

WT

WF

WPP

TSO

CPP

SCC

POC

SCR

GC

WTG

LVRT

WECS

FSWT

VSWT

IG

GB

WRIG

BPA

DFIG

Abbreviations

Renewable Energy Source

Wind Turbine

Wind Farm

Wind Power Plant

Transmission System Operator

Conventional Power Plant

Short Circuit Capacity

Point of Connection

Short Circuit Capacity Ratio

Grid Code

Wind Turbine Generator

Low Voltage Ride-Through

Wind Energy Conversion Systems

Fixed Speed Wind Turbines

Variable Speed Wind Turbines

Induction Generator

Gear Box

Wound Rotor Induction Generator

Blade Pitch Angle

Doubly-Fed Induction Generator
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PWM Pulse Width Modulated

WRSG Wound Rotor Synchronous Generator
PMSG Permanent Magnet Synchronous Generator
PF Power Factor
HVRT High-Voltage Ride-Through
FRT Fault Ride-Through
AVC Adaptive Voltage Control
GSC Grid Side Converter
RSC Rotor Side Converter
DDSRF Decoupled Double Synchronous Reference Frame
PLL Phase Locked Loop
DG Distributed Generation
EMT Electromagnetic Transient
VSC Voltage-Source Converter
RPC Reactive Power Compensation
UPF Unity Power Factor
VC Voltage Control
CcvC Conventional Voltage Control
MPPT Maximum Power Point Tracking
DC Direct Current
DSOGI Dual Second Order Generalized Integrator

FLL Frequency Locked Loop
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QSG Quadrature Signal Generator

PIR Proportional Integral Resonance
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Chapter 1

Introduction

This chapter provides the general background of the thesis, a brief review of
the challenges of wind power plants operating in weak grids. The conventional, state-
of-the-art of wind turbine configuration and details of modern grid code regulations
are discussed. The research objectives, technical contributions and the thesis outline

are also provided.

1.1 Background

With 282.5 GW installed capacity in 2012 compared to 94 GW in 2007, wind
energy is potentially one of the fastest emerging renewable energy source (RES)
worldwide [1]. Motivated by the desire to reduce fossil fuel emissions, policy makers
continually implement incentives for increasing investment in wind energy worldwide
[2]. By 2020, the total wind power generation is expected to supply about 12% of the
gross world electricity demands [3]. According to the goal of the European Union,
20% of the energy should be via renewable sources by 2020. The contribution of
renewable energy sources has to be over 30% to meet this target. Due to the limited
potential growth of onshore wind farms (WFs) by human activities and sitting spaces,
offshore WFs are more favorable because of better wind speed conditions and
environmental concerns. A partly from being costly, offshore WFs are usually located

at a distance from utilities which requires long feeders [4].

By the end of 2013, China possessed 91.4 GW cumulative capacity fostering
its rank in the global wind market [1]. Typically, 95% of the wind energy resources in
China are located in northern part, northwest and the eastern coast as demonstrated in
Fig. 1.1 [5], [6]. However, about two-thirds of the Chinese electricity demand is
concentrated in the middle and eastern territories. Due to the rapid growth of wind
energy in the northern areas, the insufficient power grid supporting infrastructure
issue is becoming severer. The installed capacity of wind energy in China which is out
of grid access exceeded 30% compared to 10% in United States and Europe [5]. As a
result, about 10 % of the net generated wind power in China is curtailed as a

consequence to the limited transmission capacity to accommodate the harvested wind
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power [4]. The latter resulted in $1.6 billion nationwide economic loss in the same
year [6]. Additionally, voltage violations to some of the transmission networks have
been detected in different territories due to the steady growth of wind power
penetration [7].

Denmark has the highest wind power penetration worldwide, where wind
power acquires about 40% of the installed generation capacity in Denmark [8].
Denmark looks forward at achieving 50% of the whole power consumption via wind
energy by 2020 which is considered the highest compared to other countries [9]. At
the end of September 2010, the total installed wind power capacity in Denmark was
3.73 GW, in which 868 MW supplied from offshore wind power plants (WPPs) [3].
The significant wind power penetration in Denmark exemplifies additional burdens on
transmission as well as distribution networks. A significant portion of the Danish
energy consumption is speculated via offshore WFs in the long-term.

With vast sum of funds invested in wind energy market, EU aims at supplying
14% of Europe’s gross electricity demand by 2020 and 33% by 2030 including
onshore as well as offshore WFs [10]. A steady growth in the net annual increase in
offshore wind capacity is expected from 1.1 GW in 2011 to 6.5 GW in 2020. Europe
plans for 40 GW offshore wind power installed capacity by 2020 and 150 GW by
2030 [10] - [12]. Figure 1.2 demonstrates the offshore wind power future
development in the North Sea.

However, the integration of such significant wind power into power systems
presents a major challenge to transmission system operators (TSOs). Thereby,
operation of wind power into weak networks is seen as an expected operating scenario

in the near future in Denmark and EU.

Inner Mongolia

Hei Longjiang
Ji Lin

Liao Ning

Figure 1.1 Main territories of wind energy resources in China.
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OffshoreGrid OffshoreGrid
Scenario 2020 Scenario 2030

Figure 1.2 Offshore and onshore wind farm installations in Northern Europe in 2020

and 2030 [11].
1.2 Characteristics of Weak Grids

Owing to the rapid replacement of conventional power plants (CPPs) with
renewable resources, power systems are becoming weak. Grid strength at a certain
bus is usually represented by its short circuit capacity (SCC) which depends on the
current flowing at this bus due to a solid fault. For a certain grid represented by its
Thevenin equivalent seen from a bus as seen in Fig. 1.3, the SCC at the point of
connection POC is calculated as below:

2

\Y
SCC=—* (1.1)

g

Hence, the lower the Thevenin equivalent impedance, the stronger the grid is.

One of the key indicators of a weak grid is the short circuit capacity ratio
(SCR). The SCR is the ratio between the point of connection (POC) short circuit

capacity SCC to the maximum apparent power of the wind generator Swg:

scr->CC (12)

WG
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According to the definition in [13], the strength of an ac system can be

classified according to the SCR as:

e Strong system, if the ac system SCR is greater than 3.0.
e Weak system, if the ac system SCR is between 2.0 and 3.0.
e Very weak system, if the ac system SCR is lower than 2.0.

In the literature, SCR of 10 is perceived as a boundary below which the
attached network is weak. In The German grid code [14], the related transmission
system operators TSOs require a stiff network minimum SCR of 6 for the connection
of the WPP. In the Danish grid code, an SCR of 10 is requested during system studies
for WPPs [9]. However, the system SCR can vary widely depending on the system
structure especially with the increasing installations of renewable resources which

may result in very weak grid connections, i.e., SCR below 2.

Table 1.1 lists typical WPP projects in Australia with very weak grid connections
[15].

Table 1.1
WPP Rating, MW SCR
Mussellroe 168 1.74
Collgar 250 2.56
Silverton (stage 1) 300 1.24

Virtually, a weak network can be also due to different reasons such as:

e A network with low SCC due to high impedance lines, and/or not connected
to other strong neighboring networks.

e Due to significant replacement of conventional power plants CPPs with
renewable sources, it follows that SCC gets lower at all system buses.

e The long distance connections of the remotely located WPPs which are

typically found in areas with favorable wind speed conditions.
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Figure 1.3 equivalent circuit of a WT connected to a weak grid.

1.3 Weak Grid Challenges

Weak grid connections can represent serious technical issues to WPP
operational scenario. The following section provides a description to the likely

challenges cause by weak grid connection and its impacts on WPPs operation.
1.3.1 Steady-state Issues

As Wind Farms (WFs) are geographically constructed in remotely located
areas with favorable wind speed conditions as the case of offshore WPPs. The
structure of such locations is rather weak with lower fault level due to long feeders’
(high impedance) connections. Moreover, significant voltage fluctuations and power
quality/stability challenges pose substantial constraints on the efficient integration of
wind power into weak networks. On the other hand, even relatively strong networks
might also encounter markedly grid impedance change owing to load variations

and/or lines tripping [5].

One of the main challenges provoked by weak grid connections is voltage
stability caused by the active and/or reactive power injection to/from the grid-
connected WPP. As a consequence to the high ac system impedance, a weak network
is liable to remarkable voltage deviations as a result of active and/or reactive power
changes, worsening the point of connection (POC) voltage quality. Such POC voltage
deviations are highly undesirable and can be harmful for power converters and

adversely impact the quality of power supply. In addition, voltage fluctuations
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provoke flicker emissions which represent a serious drawback impacting power

quality and restrict the captured wind power [16]-[19].

Wind power curtailment is crucial to address the POC voltage fluctuations and
maintain the system stability. Despite, active power curtailment can sustain normal
operations, significant power loss is consequent. Besides, the reactive power
capability of the WPP is also affected due to the change of the system voltage
operating range during continuous operation. Several serious concerns regarding
voltage, frequency and system stability manifested recently due to connecting WPPs

to weak networks which irritated the proliferation of wind power [1].

Furthermore, wind power vagaries due to wind speed variations and 3p
oscillations resulting from tower shadow and wind shear effects exacerbate voltage

perturbations and power quality as well [6], [7].
1.3.2 Dynamic Issues

According the modern grid codes (GCs) commitments, WPPs must participate
in reactive power support during a fault in order to retrieve the system voltage. As
weak grid connection can dramatically affect the reactive power capacity of WPPs,
the inability of power system to handle the necessary reactive power during faults

may result in tripping of WPPs owing to transient overvoltage during recovery period.

Being highly distorted, accurate tracking of the system voltage angle becomes
difficult due to fast and large voltage angle shifts which may result in instability of
wind turbine generator (WTG) fast current control loops [15]. Consequently,
retriggering of WTG low voltage ride through (LVRT) controller may incur reactive
power swings and voltage instability if the WTG level and WPP controllers are not
coordinated. Such coordination can be challenging because of significant voltage

difference between the WPP and the POC.

Generally speaking, recent grid codes take into account only strong networks
in their regulations. Therefore, for weak or even very weak grid connections, some
technical regulations might be difficult to be fulfilled. For instance, enabling the WPP
to operate at 0.93 leading/lagging power factor entails exceeding the normal system
voltage range, +10%. Furthermore, achieving the rewarded PQ ramp rates might not

be as fast as in a stiff network unless exceeding the voltage range, damping or setting

6
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time of the respective grid code regulation [15]. Also, retrieving WPP active power
production to pre-fault condition too fast can produce transient overvoltage which can

cause retriggering LVRT and thus tripping the WPP.

Consequently, weak networks connections impose dramatic wind power

limitations in terms of grid structure and wind turbine WT output power [18]-[20].

1.4 Wind Turbine Technology Development

Wind turbines have evolved significantly through the last decades due to the
continuous efforts to improve the efficiency of the wind energy conversion systems
(WECS). Wind turbines can be classified into two main groups, fixed speed wind
turbines FSWTs (type A) and variable speed wind turbines VSWTs (type B,C and D)
which predominate the today’s wind global market. These types are based on
horizontal axis, three-bladed upwind structure which differs in generator type and its

respective control systems. These four types are explained below.
1.4.1 Type A: Fixed Speed Wind Turbine (FSWT)

This type is also known as the Danish concept which has been introduced in
the early 1990. As the name suggests, FSWT operates at a constant rotor speed. As
seen in Fig. 1.4, FSWT is comprised of a fixed speed induction (asynchronous)
generator (IG) with its rotor coupled with the low speed WT through a fixed ratio gear
box (GB) while its stator is directly coupled to the main grid via a step-up
transformer. A soft electronic starter is usually included to render soft starting during
grid connection. Despite the fact that this type is simple and robust structure with
relatively low cost, it produces fluctuating output power as the wind speed variates
due to operating at constant speed [21]. Besides, the maximum wind energy
conversion efficiency can be only attained at a typical wind speed. Furthermore, a
shunt capacitor bank is usually installed at its terminals as IG cannot control reactive

power.
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Figure 1.4 Configuration of FSWT (type A).

1.4.2 Type B: Limited Variable Speed Wind Turbine

In this type of WTs, a wound rotor induction generator (WRIG) directly
coupled to the grid is existed. The configuration of this type is demonstrated in Fig.
1.5. Similar to type A, a soft starter, shunt capacitor and gear box are augmented and
perform the same role. Compared to type A, a power electronic controlled variable
resistor equipped with the rotor allows for slip control and therefor the generator can
achieve 10% speed variation during wind gusts. Moreover, the construction of this
type of WTs makes it aerodynamically more efficient with better power quality and
lower mechanical drive-train stresses compared to type A. Also, this type of WTs

usually employs an active blade pitch angle (BPA) control system.

Variable
resistor

Grid

== O—0©

WRIG  Soft starter T

Figure 1.5 Configuration of limited variable speed wind turbine (type B).

Gear box
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1.4.3 Type C: VSWT with Double-Fed Induction Generator

The configuration of type C wind generator is illustrated in Fig. 1.6. In the
doubly-fed induction generator (DFIG) pitch-controlled WT, the stator is directly
connected to the grid whereas, the rotor side is connected to the grid via two two-level
partial scale pulse width modulated (PWM) converters. Typically, the partial scale
converters are rated at 25-30% of the generator rating. Using partial scale converters,
DFIG WTs still dominate the global market as it acquires 50% of the current installed
WPPs [22].

The main advantages of such wind generator are known as variable speed
operation, smooth startup, small power fluctuations especially above rated wind speed

and possibility for dynamic reactive power support during contingencies.

DFIG Grid

Q—0©

Partial scale converters

Q1 |9

)

Gear box

RSC controller GSC controller

Figure 1.6 Configuration of DFIG-based wind turbine (type C).
1.4.4 Type D: VSWT with Full Power Converter

Figure 1.7 depicts the configuration of this concept. Typically, several
generators can be utilized with this type such as wound rotor synchronous generator
WRSG and permanent magnet synchronous generator (PMSG). In this configuration,
gear box can be dispensed if a low speed multi-pole synchronous generator is used.
The WTG is fully decoupled from the grid with virtue of two full scale power
converters which ensures full range of variable speed operation, better controllability
and dynamic grid support capability during emergencies. Due to its advantages,

PMSG based WT is also widely used in the global market of wind power. However,




Chapter 1  Introduction

its cost is higher than that of DFIG based WTs due to the full scale converters which

have the same rating as the generator.

Full scale converters

Gear box

MSC controller|  |GSC controller

Figure 1.7 Configuration of PMSG-based wind turbine (type D).

Thanks to their power converters, VSWTs can readily control independently
output active and reactive powers compared to FSWTs. Therefore, wind generator
types C and D can potentially comply with the stringent grid code regulations with
respect to reactive power control, active power curtailment and contribute to power
system stability. However, the transient response under disturbances for these types is

challenging and needs proper control strategies as will be handled later.

1.5 Grid Codes Requirements

Grid codes regulations are introduced by transmission system operators TSOs
in order to outline the operational responsibilities of the generating units of the
respective transmission/distribution networks [27]. In the past, as the share of the RES
compared to CPPs was negligible, grid codes didn’t stipulate regulations for WPPs.
Yet, with the significant increase of wind power penetration in many countries, the
situation has dramatically changed. Several serious concerns have been raised recently
regarding the adverse impacts of wind energy as stochastic and intermittent power
source. To maintain the system stability and reliability, TSOs stipulated stringent
technical regulations on WPPs that are connected to the power system. According to

the grid codes, WPPs not only have to withstand grid excursions but also provide

10
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ancillary service regarding reactive power support as traditional generators to recover
the ac voltage. Different international grid codes exist in many countries which differ
according to the wind power penetration level, robustness of the power system and
local utility practices [27]. Despite the technical differences between the various grid

codes, common requirements exist among these grid codes which are:

e Low voltage ride-through LVRT
e Dynamic reactive power support
e Active power control

e Reactive power control

e Voltage and frequency operating ranges

Being one of the countries that has significant wind power share, the
transmission system operators (Energinet.dk) in Denmark has introduced the Danish
grid code which is a set of requirements that WPP has to satisfy in order to remain
connected to the power system [9]. WPPs must be capable of constantly operating at a
specific range of inductive/capacitive power factor in order to provide voltage
regulation during normal operation. Figure 1.8 shows the reactive power regulations
enforced by different grid codes. The Danish grid code requires a WPP with power
output range of 1.5 MW to 25 MW to operate with a capacitive/inductive power factor
PF of 0.975 when active power production represents more than 20% of nominal
power. This operating range of reactive power/power factor relies on the SCC and
configuration of the power system. Furthermore, WPP should be designed in such a

way that the operating point lies somewhere within the hatched area.

P/P,

1.0

0.8

0.6

0.4

0.2

) S

-05-04 -03 -0.2 -0.1 0 0.1 0.2 0.3 04 05 ] Q/Q1

=== Danish == E.ON

Figure 1.8 Reactive power requirements of different grid codes [9], [28].
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Modern grid codes request WPPs to continue their uninterrupted supply under
different fault scenarios based on a prescribed voltage—time profile. Such regulations

are usually known as low voltage ride-through LVRT.

Figure 1.9-a shows the LVRT requirement imposed by the Danish grid code on
the WPPs connected to the transmission system [9]. As seen, it implies three
operational modes; (1) The WPP must remain connected to the power system in area
A and uphold normal production without reactive power support if the system voltage
higher than 0.9 p.u. (2) The WPP should not only remain connected to the power
system in area B but also provides reactive power support to the grid as demanded in
Fig. 1.9-b to help stabilize the voltage with full reactive current injection in the area
B’. However, the free current capacity must also be dedicated to pursue active power
production in proportion to the voltage dip magnitude as recommended by Danish and
British grid codes which will be discussed later. (3) The disconnection of the WPP is
allowed in area C. On the other hand, the Danish grid code has stipulated another
requirement for high voltage operation known as high voltage ride-through, HVRT as
depicted in Fig. 1.9-c. Such operating condition may arise due to disconnecting large

load or a grid fault [27].

Fig. 1.10-a depicts the German E.ON, Scottish and Irish grid code low voltage
ride-through, LVRT commitment which implies that the WTs, must remain connected
if the terminal voltage within the shaded area [29]. As seen in Fig. 1.10-a, E.ON
LVRT is onerous as it requests fault ride-through, FRT, capability for different faults
accompanied with zero voltage dips for 150 ms duration. Irish grid code requires FRT
against faults with remnant voltage of 0.15 p.u for more than 500 ms. Fig.1.10-b
illustrates the Spanish and German reactive power support obligation. Typically, no
reactive power support is demanded for voltage dips with remnant voltage of 0.9 p.u.
Nevertheless, maximum reactive current support is required for voltage dips below

0.5 p.u.

In the European Network for Transmission System Operators for Electricity
(ENTSO-E) grid code, it is implied that FRT response during asymmetrical faults and
reactive power support is to be set by agreement between TSOs and WPP operators
[14]. However, compared to symmetrical faults with only 5% occurrence,

asymmetrical faults are reported more frequently occurring in transmission systems

12
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with single line-to-ground faults 70%, line-to-line faults 15%, double line-to-ground

faults 10% [30].
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Figure 1.9 Danish grid code requirements: (a) LVRT, (b) Reactive power support criterion,
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Figure 1.10 Typical WT Grid code requirements: (a) LVRT, (b) Reactive power Support.
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1.6 Research Objective

This three-year PhD research project “wind power integration into weak
power systems” was initiated by Department of Energy Technology at Aalborg
University in collaboration with the Sino-Danish Center for Education and Research,

SDC.

First of all, this dissertation investigates the characterization and assessment of
voltage and power constraints raised by connecting a DFIG WT to a weak network. a
detailed model of a megawatt-level DFIG WT connected to a weak network with
widely varying parameters, i.e., short circuit capacity ratio SCR and X/R ratio is
modeled in MATLAB/SIMULINK environment and investigated. An adaptive
voltage control AVC scheme based network parameters and operating point is
proposed to continually retain voltage constancy and smoothness at the point of
connection POC in order to maximize the wind power penetration. Besides, the
dissertation investigates the fault ride through FRT capability of WTs attached to
weak networks. The study is firstly applied to stiff networks to realize the technical

challenges of the different fault scenarios.
Specifically, the objectives of this research study are as follows:

1) To develop models to study the characterization of wind power connected
to weak power systems.

2) To propose control methods for the purpose of continually improving of
POC voltage in case of very weak conditions and variable wind speed.

3) To develop a dispatch strategy to handle the reactive power
absorption/release between the DFIG WT and the host power system under
widely varying system parameters.

4) To analyze the FRT behavior of WTs connected to stiff as well as weak
networks and explore the compliance with the grid codes requirements.

5) To improve the performance of WTs operating in weak systems via

proposing control systems.

14
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1.7 Technical Contribution of the Thesis

The main technical contribution of the thesis is summarized as follows:

1) A simplified model is conducted to study the technical constraints raised
by connecting a DFIG WT to a weak network. Besides, the respective
POC voltage, active and reactive power stability issues are evaluated and
identified based on the studied system.

2) A proposed AVC scheme reliant on network parameters to continually
mitigate POC voltage variations for very weak networks with widely
varying SCR as well as X/R ratios under different operating conditions.

3) A proposed reactive power dispatch strategy to manage the reactive power
exchange between the wind generator WG and the host power system is
presented and validated.

4) The overall system stability is investigated using AVC via identifying the
safe operating regions for a wide range of system parameters.

5) The FRT of a DFIG WT connected to stiff and weak systems is studied
and control techniques are proposed to ensure the compliance of the grid

codes.

1.8 Outline of the Thesis

This PhD dissertation is divided into six chapters and appendixes. It is

organized as follows:
Chapter 1 Introduction

This chapter gives the background and main objective of this thesis. Besides,
presents an overview of the expansion of wind energy in the global market and the
recent challenges and technical issues which are related to the integration of wind
power into weak power systems. Also the technical contributions in the project are

discussed.
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Chapter 2 Assessment of Technical Constraints of DFIG Connected To a Weak

Network

This chapter investigates the diverse technical challenges experienced by
integrating a DFIG WT into a weak grid of widely changing parameters. Firstly, a
simplified model is utilized to develop the assessment criterion to evaluate the impact
of the active and reactive power feed-in on the POC voltage under different
conditions. The active and reactive power limitations according to the capability
limits of the WTG is also considered. Moreover, the impact of the POC voltage
deviation on the in-feed active/reactive power and the power factor of the system is

presented.

Chapter 3 Adaptive Voltage Control Strategy for VSWT Connected to a Weak

Network

In this chapter, an adaptive voltage control (AVC) strategy is proposed to
retain voltage constancy and smoothness at the point of connection (POC) in order to
maximize the wind power penetration into weak networks. A proposed reactive power
dispatch strategy to manage the reactive power flow from/to the wind generator WG
is presented. Intensive simulation case studies under different network topology and
wind speed ranges reveal the effectiveness of the AVC scheme to effectively suppress
the POC voltage variations particularly at very weak grid conditions during normal

operation.

Chapter 4 Fault Ride-Through FRT Response for DFIG WT Connected to a Stiff

Network

This chapter presents a new decentralized control strategy for a Doubly-fed
Induction generator wind turbine, DFIG WT connected to a stiff network considering
the Danish grid code requirements. A nonlinear controller is adopted for the grid side
converter, GSC, to ensure decoupled control of the DC link voltage and the reactive
power, and counteract the DC link voltage run-away. Moreover, the GSC is dedicated
to inject reactive power during voltage dips to satisfy the grid code reactive power
support obligation. A conventional PI controller is devoted to control the rotor side

converter, RSC, with additional compensation terms to reduce the rotor over-speed,
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and limit the rotor and stator large transient currents. The simulation results assure the
FRT capability of the proposed control strategy in compliance with the Danish grid

code without additional hardware circuits.

Chapter 5 Fault Ride-Through FRT Response for DFIG WT Connected to a
Weak Network

An enhanced coordinated low voltage ride-through, LVRT, control strategy
for a Doubly-fed Induction generator (DFIG)-based wind energy conversion system,
WECS, connected to a weak grid is presented in this chapter. The compliance with the
grid code commitments is also considered. A proposed decoupled double synchronous
reference frame (DDSRF) current controller is adopted for the design of grid side
converter, GSC, controller to counteract current oscillations during asymmetrical
faults and tackle the DC link voltage run-away. For a precise detection of the grid
voltage position even under severe voltage dips/unbalanced conditions, A DDSRF-
PLL is proposed and analyzed to extract clean synchronization signal in order to
improve the overall system performance. Moreover, a fast decomposition based
positive and negative sequence algorithm is utilized for rapid fault detection and to
engage the LVRT protection scheme. Furthermore, additional compensation terms are
incorporated with the traditional GSC and rotor side converter, RSC, controllers to
effectively suppress rotor as well as stator currents and meanwhile regulate the rotor

speed.
Chapter 6 Conclusions and Future Work

This chapter presents the main findings and conclusions of this thesis and also

the topics for future work.
List of publications

The scientific articles published during the course of this dissertation are

listed.
Appendix

Additional and detailed derivation of modeling equations and parameters are

listed in the appendix section.
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Chapter 2

Assessment of Technical Constraints of DFIG Connected To a Weak Network

This chapter is dedicated to investigate the diverse technical challenges
experienced by integrating a DFIG WT into a weak grid of widely changing
parameters. First of all, a simplified model is utilized to develop the assessment
criterion to evaluate the impact of the active and reactive power feed-in on the POC
voltage under different conditions. The active and reactive power limitations
according to the capability limits of the DFIG WT is also considered. Moreover, the
impact of the PCC voltage deviation on the in-feed active and reactive power and also
on the power factor of the system is presented. Finally, simulations investigations to

verify the obtained results at different network strength are carried out.

2.1 Introduction

Distributed generation (DG) has a limited impact on local bus voltage and
therefore power quality/stability in case of strong (low impedance) networks at the
point of connection POC. In the literature, it has been found that the grid short circuit
capacity ratio SCR and the X/R ratio have a great influence on the operation of WPPs
connected to weak power systems. Wind farms, WFs, are geographically suited in
areas with rich wind resources which is typically distant from the main grid [1]. The
infrastructure of such remote areas is rather weak which poses serious constraints on
the effective utilization of the available wind energy [2].

Despite the fact that weak ac networks can cause power quality/stability
issues, this phenomenon has been challenging to studies over the last decades [3].
Detailed electromagnetic transient (EMT) simulations environments have been
employed for the study of the inherent interactions between modern WPPs and the
host power system. As such software tools only support time-domain trial and error
simulations, insufficient qualitative conclusions are obtained for these
multidimensional systems.

Though analytical models and the application of stability analysis criteria, is

extensively reported in recent decades in various electrical power engineering fields,
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the stability and control analytical studies applied to modern WPPs are not widely
reported yet. The use of stability analysis approaches such as eigenvalues or
frequency domain analytical techniques for modern WECS operated in weak
networks provides insights into the latent system dynamics and its stability features
[3]. However, such analytical models especially for complex nonlinear systems
require detailed mathematical analysis. Besides, the accuracy of the resulting models
is accurate only around steady-state operating points and EMT verification is always
essential.

The purpose of this chapter is to thoroughly investigate the challenges and
constraints raised by the integration of WPPs into an ac network of extensively
varying parameters and very weak conditions. Therefore, a simplified model is
utilized to develop the assessment criterion to evaluate the impact of the in-feed active
and reactive power on the POC voltage under different conditions. The active and
reactive power limitations according to the capability limits of the WTG is also
considered. Moreover, the impact of the POC voltage deviation on the in-feed active
and reactive power and also on the power factor of the system is presented. The
methodology adopted here can be also applied to other wind generator system.
Finally, simulations investigations to verify the obtained results at different network

strength are carried out.

2.2 System Description

Figure 2.1 illustrates a typical representation of a wind generator of type C
(DFIG WT) installation. The system comprises a 2 MW variable speed DFIG WT.
The WT represented with the rotor as a two mass model is operated according to the
well-known maximum power point tracking (MPPT) to extract the maximum
available power at each wind speed below the rated value and holds a constant power
over the rated wind speed [4]. The DFIG rotor speed is controlled via a blade pitch
angle BPA controller in order to limit the WT rotational speed above rated wind
speed. The DFIG is connected to the ac system through two two-level PWM back-to-
back voltage-source converters (VSC) namely, RSC and GSC and a coupling

transformer.

For sake of simplicity, the Thevenin equivalent circuit of the detailed system
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of Fig 2.1 is used to represent the electrical network. This simplified system depicted
in Fig. 2.2 is devoted to provide an insight into the different impacts posed by
integrating a DFIG WT to a weak network, i.e., voltage-quality and active and
reactive power constraints.

The system comprises a DFIG WT connected at the POC to the host “stiff”
power system with constant voltage, V,,. The WG is modeled as a controllable current
source with active and reactive power control. The equivalent impedance of the
connection line and the coupling transformer is denoted by Z.,. Large WPPs are
usually connected to highly inductive transmission networks with X/R ratios between
1.4 to 11.4 whereas, it can be around 0.5 in case of small WTs attached to distribution
networks [5] ,[9].

The POC bus voltage, V. can vary depending on the SCR and X/R seen at
this bus. In addition, another key indicator that denotes the grid impedance angle or
the ratio between the grid reactance to its resistance is the X/R. In the literature,
inconsistency about a conclusive definition for a weak grid exists. However, a grid
with SCR below 10 and X/R <5 is considered as a weak grid [3].

For a certain SCR, the POC voltage can encounter increment or decrement
based on the X/R value [5]. To develop the analytical model that represents the
system dynamics, the DFIG active and reactive power capacity limits are first

identified.

DFIG

Grid POC

Eaf

GSC  RSC

Figure 2.1 Schematic representation of DFIG wind generator model.
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Figure 2.2 Grid-connected DFIG WT equivalent system.

2.3 System Modeling

Nowadays, WPPs are enforced to spontaneously manage reactive power to
render a stable grid voltage and maintain grid connection in order to satisfy the
onerous grid code commitments [6], [7]. Nevertheless, connecting an intermittent and
stochastic WG to a weak power system with widely varying parameters aggravates
the reactive power compensation (RPC). POC Voltage perturbations are directly
related to different aspects, among which is the typology of the WT with the
respective generator and embedded supervisory system [8]. Wind speed turbulences
and profile also represents an important factor. Moreover, network characteristic, i.e.,
short circuit capacity ratio, SCR and feeders X/R ratio is a major aspect.

For the below analysis, reactive power at the POC is handled by the DFIG
stator side only. Besides, the symbols, V,P,Q,1, signify voltage, active power, reactive
power and current respectively. Subscripts, ¢,s,7,w,m refer to total, stator, rotor, wind
and magnetizing respectively. R,X,s refer to resistance, reactance and slip
respectively.

Assuming that the WT produces line current /,,, an expression for the POC voltage

magnitude can be described by the following equation:

Ve =V, +1,, (R, +jX,,) @1
Ve =V, +P’I;—JQ’(RW +iX,,) @2)

poc
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Where:

V.=V, .e" 23
(23)

poc poc

Equation (2.2) can be rearranged and solved for V as:

Ve Ve (V7 +2[ PR, +0X, |)+(R, + X2,) (B2 +07))=0 @4

poc poc t

After solving (2.4), the POC voltage can be expressed as:

Ve =405V + 4 2.5)

Where,

A=PR, +0X, + \/0.25 vi+(PR,+0X, )V} -(PX,-OR, )2 (2.6)

The detailed derivation of (2.4), (2.5) can be found in Appendix A .The
relation between the POC voltage, WT total delivered active and reactive powers, P,
O, as well as equivalent impedance parameters, R.,,X., which directly influence SCR
and X/R ratio is described by (2.5)-(2.6). It is worth mentioning that some studies
suppose that the POC voltage magnitude is mostly determined by the real term
contribution of (2.2) which yields [10]:

PR, +OX,
poc = ¥ 7

poc

2.7)

Figure 2.3 compares actual and approximate POC voltage profile obtained
using (2.5), (2.7) corresponding to rated WT output active power and 0.975 leading
power factor. Clearly, it can be seen that (2.7) can be fair only for stiff distribution
networks characterized by SCR>10. Nevertheless, for weak networks of lower SCRs,
(2.5) is essential to accurately represent system behavior. Thereafter, (2.5) is used to

characterize the POC voltage.
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Figure 2.3 Actual (solid) and approximate (dashed) POC voltage versus SCR.
2.4 DFIG Capability Limits

The capability limits of a 2 MW DFIG of which parameters are listed in
Appendix C considering stator and rotor currents heating constraints due to Joule’s
losses, maximum and minimum active and reactive power are shown in Fig. 2.4 [2],
[11]. Identifying the control abilities of the WG aims at optimally design the DFIG
control system in order to improve the system operation. The following sub-sections
elaborate the diverse limiting factors that influence the DFIG active and reactive

power capacity.
2.4.1 Stator Current Limit

When the stator rated voltage and rated current (base values) are expressed in p.u.,

the limit due to stator current can be expressed as:
Rz +Qv2 :(I/pocls)2 (28)

Equation (2.8) shows the maximum stator current in the PQ plane as a circle

centered at the origin with a radius equal to the stator apparent power as shown in Fig

24.

26



Chapter 2 Assessment of Technical Constraints of DFIG Connected To a Weak Network

2.4.2 Rotor Current Limit

The rotor current limit is obtained considering the heating owing to the rotor
winding Joule’s losses. Assuming that the DFIG stator resistance, Ry is neglected,

then the stator active and reactive powers at rated stator voltage can be respectively

expressed as [11]:

P =%Vpaclr sin g (2.9)
Xm szac
0, =7VPOC,IF COSO ——— (2.10)

N N

Combining (2.8) and (2.9)-(2.10), yields:

2 V2 ’ X ?
(P) +(QS+ )’;J =(Xm lerj (2.11)

s

Equation (2.11) is depicted as a circle centered at (—szoc /XS,O) in the

considered PQ plane. The reactive power axis offset shows the DFIG magnetizing

effect via a constant reactive power absorption which varies with the grid voltage (see
Fig 2.4).

2.4.3 Total Capability Limit

The total DFIG active power is the sum of stator and rotor active power

P=P+P, (2.12)
Neglecting stator and rotor resistances, the rotor active power is given as

P =—sP, (2.13)
Hence, the DFIG total active power generation limit is expressed as

P =(1-5)P (2.14)

Figure 2.5 shows that the DFIG total capacity limit increases the stator capacity
limit with the proportion of the rotor fed power. Thereby, Fig. 2.5 depicts the feasible

operating zone of the DFIG including the total active power limit.
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2.4.4 Maximum and Minimum Reactive Power Limits

The DFIG maximum and minimum reactive power limit considers the total
capacity limit as well as the steady state stability limit. After solving (2.11), the
maximum generation and absorption limits of DFIG reactive power can be obtained

as:

O (X, /X )V, L) ~ B2 =V, (2.15)

Qs =V | X, (2.16)

The detailed derivation of (2.11) is elaborated in Appendix B. The final
capability area of the considered 2 MW DFIG based WT is shown in Fig. 2.5 the
obtained capacity limits will be used for the design of the system controllers and
evaluating the surplus reactive power required by the WG in order to maintain the

voltage constancy for the range of SCR and X/R variations.
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Figure 2.4 DFIG capability limits due to several limiting factors.
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Figure 2.5 DFIG capability final working area.

2.5 DFIG Technical Constraints

In the following section, the conceivable impacts of the DFIG generated power
on the PCC voltage profile under a wide range of SCR and X/R and also at different

power factor scenarios are discussed.

2.5.1 Voltage Constraints

The European Standard EN 50160 has been issued to limit the voltage
variations and maintain voltage quality by imposing statistical limits in such a way
that a time limited deviation of exceeding them is allowable [12].

The POC voltage behavior in response to SCR and X/R ratio variations is
depicted in Fig. 2.6. The WT is presumed to deliver the rated output power. In
addition, different power factor PF scenarios are investigated to evaluate the impact of
reactive power exchange on the POC voltage. The considered power factor PF
operating scenarios are 0.975 leading, 0.975 lagging and unity power factor UPF as
recommended by the Danish grid code for WPPs with output power greater than 1.5
MW [13]. As implied from Fig. 2.6, the POC voltage evokes dramatic perturbations
as a consequence to the system parameters change. At a certain SCR, the POC voltage
can overtake the nominal value or even decreases according to the X/R ratio or

alternatively, the network impedance angle. Also, it is worth noting that for I<SCR<4
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and X/R<2, higher voltage spikes unfolded which indicates for very weak condition.
In particular, weak grids suffer significant parameters change with the SCR and/or
X/R ratio variations. Besides, the grid features a resistive characteristic the lower the
X/R ratio, specially below 2 as indicated above which can readily induce considerable
voltage fluctuations as illustrated in Fig.2.6.

Additionally, the recorded POC voltage spikes vary according to reactive
power flow or the power factor operating scenario. The leading PF scenario resulted
in the maximum voltage increment as the WT releases reactive power rather than
absorbing to regulate the voltage. Owing to the intermittence of wind speed, the
variability of WT output power provokes POC voltage deviations [8].

Figure 2.7 shows the POC voltage behavior in response to the WT delivered
output power and SCR change at different feeder X/R ratios calculated using (2.4).
The WT reactive power Q, corresponds to 0.975 leading PF. With higher SCR and
X/R ratio “stiff network”, the POC voltage is slightly influenced by the active power
growth. Compared to X/R ratio of 10, the voltage rises quickly at X/R ratio of 0.5
particularly at very lower SCRs and thereby exceeds the acceptable limits, which is
chosen as —5% ~ +5% in this study [1]. The result emphasizes on the impact of the
feeder X/R ratio and the associated effect on the voltage-quality even at relatively

higher SCRs.

- -'5‘"'0:975_5‘_Leading

Figure 2.6 POC voltage behavior in response to SCR and X/R ratio variations.
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Figure 2.7 POC voltage response against in-feed wind power and grid parameters.
2.5.2 Active/Reactive Power Constrains
In order to quantify the reactive power required to retain rated POC voltage for

the entire range of delivered active power and network parameters, (2.4) is solved for

O, which results in:

1
0wz ———— (V5. X., —B) @17)
Where,
B=V, (V,f + 2PtReq) (qu +X2 ) - P’ (qu + qu) ~Vi R (2.18)

Figure 2.8 demonstrates the desired reactive power targeted at obtaining zero
voltage deviation at the POC bus. It can be obviously seen that due to the DFIG
capacity/stability limitations (discussed in section 2.4), infeasible operation in the
entire active power range is depicted in Fig. 2.8 either for consumption or injection
aspects especially at very low SCR and X/R ratio. Although wind power curtailment
can sustain system normal operation, significant power loss is consequent. In an
attempt to address the aforementioned shortcomings and allow for higher wind power

expansion, exogenous reactive power reinforcement is imperative.
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Figure 2.8 DFIG active/reactive power limitations due to SCR and X/R variation.

2.5.3 Reactive Power Regulation

Reactive power compensation RPC is a key factor to maintain the voltage
quality of weak grid-connected DFIG WT systems [14]. Nonetheless, the
effectiveness of RPC varies according to the network characteristics. Equation (2.17)
can be used to explore the in-feed reactive power desired for maintaining POC voltage
deviation within permissible levels 4V,,. = £5%, under various system strengths. The
relevant results for the demanded reactive power and power factor are depicted in Fig.
2.9.a-f. Generally speaking, reactive power and power factor dramatically vary with
the magnitude of voltage deviation, SCR and X/R ranges. Also, the reactive power
consumed/supplied via DFIG can be a cost-effective option to handle the POC voltage
deviation at certain SCR and X/R ranges. Yet, at very low SCR and X/R ratios, the
DFIG cannot be solely utilized to regulate the POC voltage due to the imposed
reactive power/power factor operational limits. Furthermore, higher reactive power
demand is requested to attain voltage constancy the higher the SCR. This is because
O: is more sensitive to the voltage deviation at the higher SCR value which can be

also recognized from (2.17) [15].

Figure 2.10 shows the sensitivity of O, to the voltage deviation versus +5%

POC voltage variation at different network parameters. The O, surface area is getting
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steeper the higher the SCR with higher demand the lower the X/R ratio ‘resistive
network’. Therewith, it is worth mentioning that a network with higher SCR is
improbably evoke such significant voltage deviations [15] ,[16]. Therefore, minimal

reactive power can readily adjust the POC voltage at higher SCRs.

To sum up, significant voltage fluctuations are induced owing to weak
networks with lower SCR and/or X/R ratio that WTs are connected to which impose
remarkable limitation on effective integration of WT generated output power.
Besides, wind speed variations worsen voltage fluctuations which entails accurate
voltage control VC to constantly regulate voltage waveform to address the

aforementioned shortcomings which is presented in the next section.

2.5.4 Grid Codes Compliance

In addition to complying with the general GC requirements, wind power
plants, WPPs, must be controlled in such a way that the operating point lies
somewhere in the operating area to retain a specific range of power factor operation
[13]. Assuming that the DFIG WT in Fig. 2.1 is attached to the host grid with SCR=2,
hence, the active and reactive capacity limits can be obtained following the same
procedure in section 2.4. Three distinct DFIG capacity limits are depicted in Fig. 2.11
as a result of three bus voltages, V,,. 0of 0.9, 1.0 and 1.1 p.u (which correspond to the
maximum allowable voltage margin) along with the respective Energinet and E.ON
grid codes requirements [7]. Obviously, from Fig. 2.11 it can be seen that subsequent
to the POC voltage deviation, the DFIG WT is no longer capable of fulfilling the grid
code requirements - set by either Energinet or E.ON - regarding reactive power/power
factor regulation particularly when delivering the rated real power. In other words,
reactive power support is necessary to maintain voltage constancy and thus drives the

operating point into the operating area.
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Figure 2.9 Reactive power and power factor regulation for +5% POC voltage

deviation. (a) SCR=1 (b) SCR=2 (c) SCR=4 (d) SCR=6 (¢) SCR=8 (f) SCR=10.
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Figure 2.11 Grid codes compliance under PCC voltage deviation.

2.6 Results and Discussions

A set of simulation test cases is carried out to verify the aforementioned
steady-state study. The equivalent system shown in Fig. 2.2 is used to conduct the test
cases. A 2 MW DFIG WT is connected to a strong network with constant voltage, V,
690 V, via a long feeder which mimics a weak network. The DFIG WT is modeled as
a controllable current source with outer active and reactive power controllers and

inner current controllers [1]. The active power outer controller regulates the WT
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output power according to the available wind speed. The rated wind speed is
considered as 11.4 m/s. The reactive power control ensures that system power factor
operating range is + 0.975 lagging/leading as recommended by the Danish grid code
[7]. The employed power factor control of the DFIG is devoted to assess the impact of
the reactive power flow through the system under weak conditions. The investigations
will be performed at different network strength, i.e., different SCR and X/R ratios.
Throughout the simulations, the system is subjected to a realistic wind speed profile to
evaluate the POC voltage response and the obtained results are depicted in Figs. 2.12-
2.15.

From the results, it can be deduced that the POC voltage is significantly
influenced by the real power feed-in especially at worst weak conditions with SCR=1
and X/R=0.5 (Fig. 2.12) where the PCC voltage exceeds the safe boundaries set by
grid codes which is typically £10%. Also, maximum voltage deviation is detected
while the WG delivers the rated output power. Additionally, the reactive power flow
(power factor) can contribute to further impact on the POC voltage according to the
system strength. Throughout the test cases (Figs. 2.12-2.15), the leading power factor
scenario results in higher voltage increment. The lagging power factor operating case
showed the minimum voltage increment as in such range of network strength, the WG
should absorb more reactive power to maintain the voltage constancy at the POC.
However, due to the imposed reactive power limitation, the DFIG is solely incapable
of handling the reactive power exchange with the weak grid.

Except for a network strength with SCR=10 and X/R=10, a relatively strong
network encounters minimal voltage excursion within the allowable margins as in Fig
2.13. Despite, the wind power curtailment can contribute to enhancing the POC
voltage, it represents a cost-ineffective action that results in huge wind power loss and
misuse of the wind energy resources. Moreover, the results emphasize that additional
compensation techniques are to be embedded to mitigate the POC voltage fluctuations

and facilitate higher wind power penetration into such weak networks.
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Figure 2.12 System response to different network strength SCR=1, X/R=0.5. (a) Wind speed
Wind speed, Vy, (b) Delivered active power, P; (c) Exchanged reactive power,Q; (d) POC

voltage, V. (€) POC voltage d-axis component, Voc-g.
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Figure 2.13 System response to different network strength SCR=10, X/R=10. (a) Wind speed
Wind speed, V, (b) Delivered active power, P; (c) Exchanged reactive power,Q; (d) POC

voltage, Vpo (€) POC voltage d-axis component, Vpoc.q.
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Figure 2.14 System response to different network strength SCR=5, X/R=1. (a) Wind speed
Wind speed, V,, (b) Delivered active power, P; (c) Exchanged reactive power,Q; (d) POC

voltage, Vpo (€) POC voltage d-axis component, Vpoc.q.
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Figure 2.15 System response to different network strength SCR=2, X/R=4 (a) Wind speed
Wind speed, V, (b) Delivered active power, P; (c) Exchanged reactive power,Q; (d) POC

voltage, V. (¢) POC voltage d-axis component, Vc-g.
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2.7 Summary

A steady-state study for a DFIG WT attached to a weak ac network under
different network strength has been presented in this chapter. The various technical
aspects and constraints imposed on the POC voltage, real and reactive power have
been assessed and discussed. The reactive power consumption/generation demanded
to regulate the POC voltage under different operating conditions has been
investigated. Simulation verification was conducted to verify the obtained steady-state

results.

Furthermore, the simulations results assure the analytical study and emphasize
the requirement for extra compensation reinforcements to foster more wind power
penetration, effective usage of wind energy resources and attain satisfactorily POC

voltage for weak network connections.
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Chapter 3

Adaptive Voltage Control Strategy for VSWT Connected to a Weak Network

Significant voltage fluctuations and power quality issues pose considerable
constraints on the efficient integration of remotely located wind turbines into weak
networks. Besides, 3p oscillations arising from the wind shear and tower shadow
effects induce further voltage perturbations during continuous operation. In this
chapter, an adaptive voltage control (AVC) strategy is proposed to retain voltage
constancy and smoothness at the point of connection (POC) in order to maximize the
wind power penetration into weak networks. A proposed reactive power dispatch
strategy to manage the reactive power flow from/to the wind generator WG is
presented. Intensive simulation case studies under different network topology and
wind speed ranges reveal the effectiveness of the AVC scheme to effectively suppress
the POC voltage variations particularly at very weak grid conditions during normal

operation.

3.1 Introduction

Traditionally, variable-speed wind turbines VSWTs are operated under fixed
power factor control mode as stipulated by enforced grid codes. However, such
operational mode shows pronounced limitation in case of weak grid scenario [1].
Fixed reactive power and voltage control (VC) are two favorable operational modes in
the literature for the control of VSWTs [2], [3-6]. Apart from entailing active/reactive
power dispatch [1], reactive power control mode becomes insignificant when adopted
for very weak networks. Virtually, VC is increasingly desirable for weak networks to
alleviate the POC voltage/power quality issues [6], [7]. Besides, with the prominent
wind power penetration development, ancillary services such as VC provided by
VSWTs become exigent [8] - [12]. Furthermore, VC allows for maximum reactive

power compensation during utility contingencies.
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In the literature, other authors have investigated weak networks in terms of
short circuit capacity ratio SCR but with fixed feeder X/R ratio [6]. Besides, the
design of the relevant VC relies on fixed gains to improve the POC voltage
performance. The novelty of this study lies in a proposed adaptive voltage control
(AVC) scheme reliant on network parameters to continually mitigate POC voltage
variations for very weak networks with widely varying SCR as well as X/R ratios
under different operating conditions. A reactive power dispatch strategy to manage
the reactive power flow from/to the wind generator WG is proposed. Additionally, the
study not only quantifies the system reactive power associated with the network
parameters change but also the reactive power sharing within the WG and identifies
the proper GSC rating to tackle the voltage perturbations at the conceivable system

strengths and operating point.

Furthermore, the overall system stability is investigated using AVC via
identifying the safe operating regions for a range of system parameters. In a broader
context, the proposed AVC aims at facilitating wind power penetration into weak
power systems. The reactive power compensation is realized primarily via the DFIG
inherent stator reactive power as well as an over-sized grid side converter (GSC)
which manipulates the reactive power deficit to address voltage disturbances.
Moreover, a reactive power dispatch strategy to manage the reactive power

coordination between the DFIG and the GSC is also presented.

3.2 System Description and Modeling

Figure 3.1 illustrates a schematic representation of the DFIG WT test system
model. The model comprises a VSWT, mechanical drive-train, gear box, DFIG and
two back-to-back AC-DC-AC partial converters, namely, grid side converter GSC and
rotor side converter RSC. The WT is connected at the POC to the host network by
means of an interface transformer and transmission line. A typical two level control
scheme is devoted to control the DFIG WT system. A WT control is utilized to
regulate WT mechanical output power through appropriate adjusting both pitch angle

and the rotor speed according to the maximum power point tracking MPPT tracking.
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Figure 3.1 Block diagram of a grid-connected DFIG WT test system.

3.2.1 WT Aerodynamic Model

The WT extracts the kinetic energy from the wind and converts it into
mechanical power to drive the wind generator. As the aim of this study is to
investigate the interaction between the WG and the host power system, a simplified
aerodynamic model can therefore be sufficient to reflect the behavior of the wind
turbine [2]. The DFIG WT aerodynamic torque can be expressed by the following

formula:

P, = %pﬂszi,st (B.2) 3.1)

Where P,, is the WT extracted mechanical power from the wind in W, p is the
air density in kg/m3, R is the wind turbine rotor radius in m, v, is the equivalent
wind speed in m/s, £ is the rotor pitch angle (°) , A = w,R /v, is the tip speed ratio,
and C, is the rotor aerodynamic efficiency. The relation between C, and the pitch

angle 3 and the tip speed ratio A is given as [10]:
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C,(2.8)=0.73(151/2,-0.588 -0.0028°"" —13.2)e718%' (3.2)

With:

i - 1/( 1 ~ 0.3003j (3.3)
A-0.028 pB°+1

Equation (3.2) implies that pitching the WT blades out of the wind direction
reduces the efficiency of the WT system. Besides, for a given pitch angle, the
maximum WT efficiency Cymax is achieved at a specific tip speed ratio, which is
known as the optimal tip speed ratio A,,. Consequently, for maximizing the WT
output power at a specific pitch angle, the WT rotor speed is continually adjusted in

proportion to the wind speed for maintaining the tip speed ratio equal to Agp, [8].

Figure 3.2-a illustrates the C, coefficient variation versus the tip speed ratio
and the blade pitch angle, whereas the WT power-speed characteristics calculated at
different wind speeds using the WT parameters listed in Table 3.1 is shown in Figure

3.2-b. The maximum WT power trajectory can be obtained by rearranging (3.1) as:

R_max = kt (ﬁ)a)13 (34)
Where,
IOA RC max (IB)
k = : £ 3.5
(p)= " ()
Where,

w, 1s the WT rotor speed in rad/s and A, is the swept area of the WT in m’.

3p torque oscillations are essential parts in the WT aerodynamic model. A
comprehensive yet pragmatic model of 3p torque oscillations owing to wind shear and
tower shadow effects for a three-blade WT has been developed in [2], [13] is applied
in this study.

Figure 3.3 illustrates the dimensions used for the tower shadow model.
According to this model, the equivalent wind speed vys is composed of three

components, namely, the hub height vy, the wind shear veq.ws, and the tower shadow
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veg-Ts Wind speeds. Thus, the equivalent wind speed vy is expressed as:

vws = VH + veq—WS + veq—TS (36)
alla-1
Veq—WS = VH |:( )(8 )(R/I_[)2
+(a)(a—1)(a—2) (R/H)3 cos37/} (3.7)
60
mv, &| R’sin’ y,
= 1 1
Veq-15 3R> ~ |:Sin2 . 1’1[ 2 +
3 2a°R? 58)
R*sin’y, +x° '

Where, a is the empirical component of wind shear, H is the rotor hub
elevation (m), y is the blade azimuthal angle (°),ys is the azimuthal angle of each blade
(°),a is the tower radius (m), x is the distance from the tower midline to the blade

origin (m) and the wind turbine coefficient m is defined as:
m=|1+a(a-1)R/(8H") (3.9)

Table 3.1

Wind turbine parameters

Rated wind speed 11.4 m/s
WT rated output power 2 MW
WT rotor radius 40m
Air density 1.225 kg/m’
Gear box ratio 87
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Figure 3.2 Typical WT characteristics: (a) C, characteristics. (b) Power-speed characteristics.

2a

2a

Figure 3.3 Dimensions used for tower shadow formula.

47



Chapter 3 Adaptive Voltage Control Strategy for VSWT Connected to a Weak Network

3.2.2 Mechanical Drive-train

In order to obtain accurate response of the WT’s dynamic behavior during
wind speed vagaries or during grid faults, the WT drive train system must be modeled
at least as two-mass model which results in a more precise prediction of the influence
on the host power system [6], [8]. Figure 3.4 demonstrates a schematic diagram for
the used two-mass mechanical model which is connected by a flexible shaft with
stiffness Ky, and damping coefficient Dg,. This flexible shaft is considered as a torsion
spring connected between two masses. One mass depicts the WT inertia Jy; while the
other mass represents the DFIG inertia Jg,. The high speed shaft is assumed stiff

while the stiffness and damping aspects are modeled on the low-speed shaft. The

gear-box is modeled with the exchange ratio 1:N,.

.
’
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Figure 3.4 Mechanical drive-train two-mass model.

Referring all the terms to the high speed shaft, then the following

transformations are obtained [8]:

J =J |N 3.10
1:vt wt g
K, =K,/N; (3.11)
D, =D, /N 3.12
sh sh g
o, =N,o,, (3.13)
0 =NG, 3.14
g
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T, =T/N, (3.15)
Hence, the WT mechanical drivetrain model can be expressed as:
' ' da)w; ’ ' ’
th :JthDsh (a)wt_a)gen)+Ksh (Hwt_egen) (316)
do gen ’ ' ’
_Tvgen = Jgen d; + Dsh (a)gen - a)wt ) + Ksh (egen - Hwt ) (3 . 1 7)
do ,
9 o, (3.13)
do en
di =a)gen (319)
_T;,h = D;h (a):vt - wgen ) + Ksh (Hv'vt - egen ) (320)

Where, Ty, is the torque of the WT rotor; Tg, is the shaft toqure; Tyen is the
wind generator torque; my; 1S the rotor speed of the WT; e, 15 the rotor speed of the
wind generator; Oy is the WT angular position. 0,e, is the angular position of the
generator.

The shaft stiffness is equivalent to the high and low speed shaft stiffness:

N2
L% 1 (3.21)
K, K, K

wt g
Typically, to capture the maximum energy from the wind, the WT control is
achieved by driving the wind generator to follow the optimum power-speed
characteristic trajectory shown in Fig 3.5. Whenever the wind speed is higher than the

cut-in speed and lower than a minimum speed, ¥V, <V, <V,

w—ci ws w—min

in the zone AB, the

reference generator rotor speed, w, . is set to a minimum value of w,_ . =0.7p.u to

r—ref r—min

ensure that the generator slip less than 0.3 [7]. Whereas, in the zone BC where the
wind speed is higher than a minimum value and lower than the rated speed,

V

w—min

<V, =<V the DFIG is operated in a variable speed mode of operation so as

w—nom

to maximize the captured wind energy. Therefore, The DFIG reference rotor speed

w is processed via a lookup table (calculated from Fig. 3.2) in order to maintain

r—ref
the optimal tip speed ratio Aoy If the wind speed is above the rated value, the
reference rotor speed is set to the rated value and the BPA control is activated to limit
the generator rotor over-speed and maintain the captured wind power equal to the

nominal value.
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Figure 3.5 Typical characteristics of the DFIG WT: (a) Mechanical

power versus wind speed. (b) Electrical output power versus rotor speed.
3.2.3 Blade Pitch Angle BPA Controller

The blade pitch angle BPA controller behaves as a rotational power limiter to
prevent overrated power production when the wind speed exceeds the rated value. The
BPA controller is inactive for wind speeds below the rated value. In this range of
wind speeds, the extracted aerodynamic power is optimized. This can be achieved
through regulating the tip speed ratio A to achieve the maximum WT performance
coefficient Cymax during which the pitch angle is kept constant (normally zero).

On contrary, for wind speeds above the normal value, the pitch control is
activated so as to limit the captured wind power to the rated value through regulating
. In this case, the WT blades

the reference rotor speed w to the rated speed w

r—ref r—nom
are pitched out of the wind speed direction. Being heavy, the WT blades rotation is
facilitated either by electric or hydraulic servo drive. The pitch servo system is

modeled as:

ag__1_
T,

servo

(B =P) (3.22)

The servo drive mechanism model accounts for a time constant Tservo and the

limitation of the pitch angle (0 to 35 deg angle limit) with a gradient rate limit
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(10 deg/s) [8]. The rate-of-change limitation is crucial during system faults, as it
implies how fast the aerodynamic power can be reduced in order to prevent the

generator over-speed.

The BPA control scheme is illustrated in Fig. 3.6. The reference pitch angle
Prer 1s obtained as the summation of two PI regulators, namely, WT speed regulator
and aerodynamic limiter. Whenever, the rotor speed and/or the output power overtake

the rated value, the BPA controller is activated to maintain the rated operation.

Speed regulator
w
r
+l Mechanical servo system
w}”*ref ® PI ; ; — /Enaxg
g [TL#L T g
+ - Ts‘erw dt A
= —7 7
Pwif.ef PI i '( 3’min _______ §
+
£ i

Aerodynamic limiter

Figure 3.6 Schematic representation of the BPA control scheme.

3.2.4 DFIG Wind Generator

Figure 3.7 illustrates the DQ equivalent model of the DFIG. The DFIG RSC is
controlled in a dq reference frame rotating with the synchronous speed with its d-axis
aligned with the stator flux vector. The voltage equations of the DFIG generator stator
and rotor circuits can be expressed using a rotating dg reference frame at synchronous

speed as [8]:

. L dy,
uds - Rslds _wsw S _{___V (323)
T w, dt
: 1 di,
U, = Ri, +wby, +— dtq (3.24)
b

51



Chapter 3 Adaptive Voltage Control Strategy for VSWT Connected to a Weak Network

, 1 di,
udr = ‘erdr _(ws _wr )wflr +W_% (325)
b
1 di
u,=Ri +(w, —w +——= 3.26
qr rqr ( K r)wdr C()b dl' ( )

Where, w,,u, Uy, 001, and ¥, 1, 1, are the dg stator and
rotor voltages, currents and flux linkages. R ,R are stator and rotor windings
resistances, L ,L ,L are stator, rotor and mutual inductances respectively.

w,,w ,w,,w, are stator, rotor, slip and base angular frequencies respectively.

Also, the DFIG electromagnetic torque 7, and stator active and reactive

powers P, Q. can be given as:

L
T,=3 p i, 6.27)

L
P= —%us o, (3.28)
0. :%%us —%us ]Z” i, (3.29)

s A

Where, 1_,u_are the stator flux and voltage magnitudes, p is the number of

pole pairs. As implied from (3.28) and (3.29), stator active and reactive powers can be

dictated via rotor dq currents, i,,,i, respectively.

3.3 WTG Control Scheme

This section focuses on the basic DFIG WT control scheme and elaborates the
proposed adaptive voltage control strategy for the mitigation of the POC voltage

disturbances.
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Figure 3.7 Dg DFIG equivalent circuits at a synchronously rotating reference frame.

3.3.1 DFIG Converters Controllers

Vector control techniques have been extensively studied for grid-connected
DFIG WT systems. Two respective control schemes are employed for the control of
the back-to-back converters as shown in Fig. 3.8. In order to achieve independent
control of the exchanged active and reactive power between the GSC and the grid, the
converter controller (Fig. 3.8-a) is operated in a synchronously rotating reference
frame with the d-axis aligned with the grid voltage. The vector control of the GSC is
dedicated to ensure a constant dc-link voltage V4. irrespective of the transmitted
power magnitude or direction and meanwhile provides sinusoidal currents [2]. In
addition, controls the reactive power exchange O, between the converter and the grid
side through adjusting Q,...rto attain UPF or support the voltage during contingencies
[9]. The objective of the rotor side converter RSC vector control is to provide the
DFIG with a variable speed operation with decoupled control of stator side active and
reactive powers. Likewise, to attain independent control of electromagnetic and rotor
excitation current components, the DFIG is controlled in a stator flux oriented
reference frame where its d-axis aligned with the stator flux vector. The RSC control

scheme is depicted in Fig. 3.8-b. The reference stator active power Pj.s is normally
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derived from the rotor speed controller. The DFIG reference rotor speed ;.. 1s
processed via a lookup table in order to ensure the optimal tip speed ratio Ao
Normally, grid-side and stator side reactive power set-points Qq.or Os.or are fixed to
zero to achieve UPF operation. However, in this study these reference values are

dispatched through the proposed AVC scheme to continually regulate the POC

voltage.
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Figure 3.8 DFIG converters controllers: (a) GSC controller (b) RSC controller.

3.3.2 Adaptive Voltage Control AVC

In contrast to the operating point, variation of network parameters can
adversely impact system dynamics [15] - [16]. Few papers address VC issue of WTs
attached to weak networks with remarkably changing parameters. More specifically,
Nickolas et.al. in [6] conducted an analytical eigenvalues stability study for a VSWT,
with back-to-back full power converter attached to a weak network. Additionally, VC
with modified fixed open-loop gain was suggested to improve the system stability
under lower SCRs. Despite the modified control showed enhanced voltage response

for lower SCR (10 to 4), system robustness to further network parameters
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deteriorated. Besides, the impact of variable X/R ratio was not investigated.

This chapter presents a proposed adaptive voltage control AVC approach
reliant on operating condition and network parameters. Although AVC is a pure
control method which will not increase the system cost compared to conventional
control techniques, however, its technical performance is superior. The latter can be
attributed to the fact that AVC can adjust controller performance according to the grid
strength and WT output power which assures keeping the POC voltage within
allowable limits especially during very weak conditions. The proposed AVC scheme
is demonstrated in Fig. 3.9. The reference reactive power demand Q.,.ris derived via
the deviation from a reference voltage set-point Voc-rer:

Basically, the priority of the reactive power compensation is devoted to the
DFIG Q, followed by the GSC contribution O, when Q; attains the operational limit.
Furthermore, The DFIG O, and GSC Q, are dispatched according to Q. and the
DFIG capacity limit which will be discussed later. The system parameters are
assumed to be measurable. The reactive power distribution of the whole DFIG system
with the over-sized GSC under entire range of network parameters is explored here.
Moreover, the significance of the proposed AVC under variable wind speed is also
presented.

To increase the system stability and enhance the VC performance especially
for very weak conditions, the open loop gain &, will be constantly adjusted in order to
optimize the VC. To ensure that the overall system performance is compromised for
the typical range of network parameters, the rewarded AVC would mimic the latent
behavior of the system.

The AVC open loop gain k; would thus be scheduled according to the formula:

k, =k, \/E (x,/R,+R,/X,)  (pu) (3.30)

Where £y is a design factor which can be selected to optimize the AVC. The
significance of the selected adaptive gain &, formula can be inferred from (2.4)-(2.5)
where the VC can be reluctant to the change of the system variants, 1.e., P, Ry, Xeg
(which significantly affect the performance of the VC) through adjusting the reference
compensated reactive power ¢, in such a way to minimize the impacts of the terms

FR,+0X,,0X, —OR,, for the entire range of network parameters so that the

eq

level of POC voltage variation is minimized, viz:
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A~0.5V} and V,, ~V, (3.31)

In this sense, the reactive power set-point Q,..rconstantly responds according
to these variations to smooth the POC voltage under all conceivable operating
conditions. To further increase the system robustness against system parameters
change, a differential gain &, is adaptively designed as:

k,=kk, (3.32)

Where £ is a design factor. Additionally, the differential term includes filtering

in order to suppress high-frequency noise extension [5].
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Figure 3.9 Proposed AVC strategy.

3.3.3 Reactive Power Dispatch

A proposed reactive power dispatch strategy to manage reactive power
coordination between the DFIG Q; and the GSC Q, is illustrated in the flowchart
shown in Fig. 3.10. Have the POC voltage deviates from the reference set-point, the
VC correspondingly adapts the reactive power Q..r to regulate the voltage. This
reactive power is compensated through the DFIG O which is processed via the RSC
Q-control as long as it lies within DFIG reactive power capacity, i.e.,
Osa-max < Opref < Osg-max- On the other hand, if the POC voltage overtakes the allowable
margins —5% ~ +5% and meanwhile Q. exceeds the DFIG Q; limits identified in
chapter 2, the excess reactive power is dictated by the GSC O, while the DFIG O is
accordingly set to the maximum absorption or injection capacity, Qs-mar, Osg-max

respectively to benefit the DFIG reactive power and optimize the GSC size.
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To verify the effectiveness of the adaptive control terms embedded in the AVC
scheme, the system of Fig. 3.1 is examined at very weak grid condition, i.e., SCR of 1
and X/R of 0.5 with sporadically wind speed profile. A 10 m/s average wind speed
with 0.1 turbulence intensity is used which is the highest given by WT manufacturer
IEC flicker test [1]. The 3p oscillation model of [2] is also employed. As the WT
rotational speed varies, the 3p oscillations frequency would correspondingly change.
Fig. 3.10 shows the POC voltage response under three distinct control aspects, ‘CVC’
for conventional (PI) voltage control, ‘AVC-WOD’ for adaptive voltage control
without differential term (&, only) while ‘AVC’ signifies adaptive voltage control (k;,
ka).

Compared to CVC, the AVC scheme with two adaptive parts effectively
alleviates the POC voltage fluctuations particularly at higher wind speed conditions
(higher WT output power). Also, for low to moderate wind speeds, the AVC
satisfactorily suppresses 3p voltage oscillations.  Furthermore, the adaptive

differential term contributes to further damped performance.

3.4 Results and Discussions

The following section provides a set of case studies to investigate the detailed
test system performance under stochastic wind speed. Moreover, the AVC

effectiveness is also studied under different network parameters.

3.4.1 System Response under Stochastic Wind Speed

To assess the control system performance for the VSWT concept with DFIG, a
set of case studies with stochastic wind speed with turbulence, wind shear and tower
shadow effects are performed. Based on this approach, the control system parameters
can be designed and optimized and also to evaluate the model under different
operating conditions [10].

In the following, DFIG system performance is investigated under a stochastic
wind speed with a mean value of 9 and 12 m/s. Figure 3.12 shows the DFIG WT
output results for a fluctuating wind speed with a mean value of 9 m/s and turbulence
intensity 10%. While the DFIG adapts to capture the maximum power out of the
wind, the blade pitch angle is kept to zero. The DFIG rotor speed and the delivered

active power are tracking the wind speed slow variations.
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Figure 3.10 Flowchart for reactive power dispatch.
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Figure 3.11 POC Voltage response: (a) Wind speed (b) POC Voltage.
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Figure 3.13 depicts the DFIG WT response for a fluctuating wind speed with a
mean value of 13 m/s and turbulence intensity 10%. When the wind speed exceeds its
rated value, the pitch controller mechanism is activated (Fig. 3.13-b) and the output
active power is limited to the rated value (Fig. 3.13-c). It can be seen from Fig. 3.13-d
that small dynamic variations of the generator speed above the rated value is
permitted in order to absorb the wind gusts and accordingly reduces the drive-train

mechanical stress of the DFIG WT.

3.4.2 Verification of Analytical Study

In order to verify the analytical steady-state study of the simplified system
presented in chapter 2 compared to the detailed simulation model, Fig 3.14 is
presented. Equation (2.15) obtained from the analytical study is used to represent the
POC voltage behavior for a long-term variable speed as that in Fig. 3.11 at rated WT
output power and unity power factor scenario for grid SCR=1, X/R=0.5. Besides, the
simulation model does not employ voltage control/reactive power compensation. As
seen from Fig. 3.14, that the POC voltage analytical model conforms to that of the
detailed model which verify the accuracy of the analytical study. Consequently, such
analytical study can be readily applied to other WECS configurations after

considering its active/reactive power capacity.
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Figure 3.12 DFIG WT with a stochastic wind speed of 9 m/s mean value:
(a) Wind speed (b) Pitch angle (c) Active power (d) Rotor speed.
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Figure 3.13 DFIG WT with a stochastic wind speed of 13 m/s mean value:
(a) Wind speed (b) Pitch angle (c) Active power (d) Rotor speed.
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Figure 3.14 POC voltage response for SCR=1, X/R=0.5.
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3.4.3 Effectiveness of AVC Strategy

To verify the significance and robustness of the proposed AVC, a detailed
system model in MATLAB/SIMULINK software environment is implemented while
the test system is examined at wide range of SCR and X/R variations. The hardware
specifications of the computer used to conduct the study is Intel (R) Xeon (R) CPU
E5-2650 v2@2.6 GHz with 64 GB installed memory. The 2 MW DFIG WT test
system parameters are listed in Appendix C.

Figure 3.15 illustrates a long-term system response to a very weak grid
condition which corresponds to SCR of 1 and X/R of 0.5. As it shows, POC voltage
fluctuations are induced due to the high network impedance, wind speed variations
and also 3p oscillations. Consequently, higher reactive power absorption QO is
required in this case to compensate the voltage. Being over the DFIG Qs capacity, O;
can be fully compensated by virtue of an over-sized GSC which can absorb a
maximum Q, of 0.17 p.u. to regulate the voltage while the DFIG Qs is attaining the
maximum permissible absorption capacity Q,mar- Normally, GSC is rated at 25% of
the DFIG rated power (0.5 MVA). Yet, 6% overrated GSC (0.53 MVA rating) is
adequate in this case to drive the POC voltage within safe limits.

Being acting on minifying the impact of system variants change to counteract
voltage variations, the AVC scheme causes minimal voltage oscillations with better
damped performance compared to CVC as depicted in Fig. 3.15 particularly for high
wind speed due to high WT output power which contributes to higher voltage
fluctuations. The significant CVC oscillations are accordingly reflected on the system

reactive power as depicted from O, O,and O, waveforms.

Besides, the system is examined at another weak network condition with SCR
of 2 and X/R of 0.7 and the relevant results are demonstrated in Fig. 3.16. As
mentioned before in chapter 2, the demanded reactive power (, becomes more
sensitive to the voltage deviation the higher the SCR. Therefore, O, =0.63 p.u. is
essential to adjust the voltage which is beyond the DFIG Qy capability. Hence, a GSC
with O, = 0.26 p.u. (0.66 MVA rating) can absorb the deficit reactive power, as seen
in Fig. 3.16. Moreover, the AVC provides higher voltage fluctuation mitigation
capability which is also reflected on the DFIG O signal as seen in the depicted figure.
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Figure 3.17 shows the system response for SCR of 7 and X/R of 5. As the
network features an inductive characteristic (higher X/R), less amount of reactive

power can regulate the voltage which can be fully dictated by the DFIG Q.

Compared to the former case, the system requires less O, in case of SCR and
X/R of 10 (relatively strong network) as depicted in Fig. 3.18. In this manner, DFIG
releases Qs =0.022 p.u. to ensure voltage constancy. Despite, the relatively strong
network conditions (Figs. 3.17-18), the AVC preserves satisfactory performance and

enhanced POC voltage profile.
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Figure 3.15 Long-term view of system response, SCR=1, X/R = 0.5:
(a) wind speed (b) POC voltage (c) total reactive power (d) stator side reactive

power (e) GSC reactive power (f) AVC gain k.
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Figure 3.16 Long-term view of system response, SCR=2, X/R = 0.7: (a) wind speed
(b) POC voltage (c) total reactive power (d) stator side reactive power (e) GSC
reactive power (f) AVC gain k.
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Figure 3.17 Long-term view of system response, SCR=7, X/R = 5: (a) wind speed

(b) POC voltage (c) total reactive power (d) stator side reactive power (e) GSC
reactive power (f) AVC gain k.
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Figure 3.18 Long-term view of system response, SCR= X/R = 10:
(a) wind speed (b) POC voltage (c) total reactive power (d) stator side reactive

power (e) GSC reactive power (f) AVC gain ks.

3.4.4 Safe Operation Zones

To further evaluate the effectiveness of the proposed AVC strategy, the safe
operation zones are investigated under various conditions, as shown in Fig. 3.19. The
safe operation zones are examined under variable wind speed profile as that in
Fig. 3.11-a. Furthermore, the examination is carried out for the entire range of SCR
and X/R variations. Note that the safe regions are shown only for X/R from 0.5 to 1.0
which denotes the worst conditions whilst, the study has been carried out for the X/R
range from 0.5 to 10. In the shown figures, the white-colored regions refer to
scenarios with safe operation i.e., the POC voltage is maintained within acceptable
limits, £5% while the grey-colored ones signify the voltage violation scenarios.

The obtained results are carried out by executing numerous simulations to the

system of Fig 3.1 using the proposed AVC strategy. Besides, for the shown figure, the
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adopted X/R ratio step change is 0.1. As it shows, at a given SCR, the operation
regions incur insecure areas particularly at very low X/R ratio and higher output
power. This is because the higher output power provokes larger voltage deviations
which make the demanded reactive power more vulnerable to the voltage variations
especially at very low X/R ratios.

It is worth mentioning that the GSC is additionally overrated to O, = 0.38 p.u.
(0.86 MVA rating) to tackle the voltage swell for the entire range of SCR with the
lowest X/R ratio of 0.5. Subsequently, the POC voltage profile associated with this

investigation with the eventual GSC rating is demonstrated in Fig. 3.20.

According to the analytical study conducted in chapter 2, it has been deduced
that at very lower SCR and X/R, DFIG requires a certain amount of reactive power to
counteract the voltage deviation. This amount of reactive power increases with the
SCR at a specific X/R ratio. However, a network with higher SCR is unlikely cause

larger voltage perturbation.

From Fig 3.19, At SCR=1“high network impedance”, a significant reactive
power drawn by the WT ensures safe operation. However, the voltage exceeds the
allowable margin for 2<SCR<4 as a result of the DFIG and GSC reactive power
limitation with maximum voltage detected of 1.066 p.u. at SCR of 3 The

corresponding maximum voltage values are tabulated in Table 3.2.

Hence, it can be concluded that for the range 2<SCR<4 (with unsafe zones),
the grid is more sensitive to voltage deviation and thus requires higher amount of
reactive power regulation. Additionally, the maximum sensitivity occurs at SCR=3
which causes maximum detected voltage as depicted in Fig 3.20. Furthermore, the
voltage swell decreases again with higher SCR ‘lower impedance’. Therefore, For

SCR>5 even with X/R = 0.5, safe operation is ensured.
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Figure 3.19 Safe operation zones for the entire range of network parameters.

Table 3.2
Maximum detected POC voltage
SCR 2 3 4 5
Vinax (p-u.) 1.054 1.066 1.057 1.048

1.06

1.04

098

0.96

Time, s

Figure 3.20 POC voltage response with the eventual GSC rating for X/R of 0.5.
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3.4.5 Reactive Power Sharing

In order to demonstrate the actual reactive power demand to regulate the
voltage for the entire range of network parameters and also the sharing among the
DFIG Qy and the GSC Q, with the AVC scheme, Fig. 3.21 is presented. The figure
depicts the maximum reactive power dictated by O, and/or O, to compensate the
voltage in response to the reactive power dispatch under different network parameters
and wind speed. The results conform to that in the analytical study (chapter 2), as
larger reactive power is essential to compensate the voltage at very low X/R ratios

which necessitates additional GSC Q, contribution.

Except for some specific conditions such as very low X/R ratios (0.5 to 1), the
DFIG can effectively regulate the voltage with the inherent reactive power.
Accordingly, the GSC effectively manipulates the reactive power deficit at very low

X/R ratios to maintain the voltage as can be seen from the figure.

X/R

Figure 3.21 Reactive power contributions of the DFIG and GSC for the entire range

of network parameters.
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3.5 Summary

An AVC strategy for a DFIG variable-speed wind turbine connected to widely
varying weak network parameters has been presented in this chapter. A proposed
reactive power sharing strategy to manage the reactive power flow from/to the DFIG
is also presented. Intensive simulation case studies have been carried out to verify the
effectiveness of the proposed AVC scheme. The AVC strategy showed pronounced
mitigation capability with better damped performance particularly at very weak grid

condition.
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Chapter 4

Fault Ride-through FRT Response for DFIG WT Connected to a Stiff Network

This chapter presents a new decentralized control strategy for a Doubly-fed
Induction generator wind turbine, DFIG WT connected to a stiff network considering
the Danish grid code requirements. A nonlinear controller is adopted for the grid side
converter, GSC, to ensure decoupled control of the DC link voltage and the reactive
power, and counteract the DC link voltage run-away. Moreover, the GSC is dedicated
to inject more reactive power during voltage dips to satisfy the grid code reactive
power support obligation. A conventional PI controller is devoted to control the rotor
side converter, RSC, with additional compensation terms to reduce the rotor over-
speed, and limit the rotor and stator large transient currents. A diverse set of

symmetrical and asymmetrical voltage excursions are investigated to evaluate the

effectiveness of the proposed method using MATLAB/SIMULINK environment.

4.1 Introduction

According to the modern grid codes, newly installed wind turbines must
provide higher fault ride-through (FRT) capability against various faults and
meanwhile support the power system. Grid support during contingencies is inevitable
otherwise tripping of large WPPs during system faults would result in significant loss

of power supply which can seriously affect system stability and reliability.

Recently, variable-speed wind turbine based Doubly-fed Induction generator is
the most commonly used wind turbine technology in large WPPs, e.g., the Danish
offshore wind farm Horns Rev [2]. This is mainly due to the rotor circuit partial scale
converters compared to the full scale converters concept (type D) which is considered
as a main financial aspect. Such converters offer a potential control which can be
exploited in FRT and grid support purposes. Despite the financial advantage, partial
scale converters require careful protection against system faults which typically

results in remarkable over currents and overvoltage as well [3]-[6].
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Generally speaking, two main drawbacks are reported in the literature for the
DFIG operation during faults which are the higher transient stator and rotor currents at
the instant of a fault as well as DC link overvoltage due to the incapability of the grid
side converter, GSC to transmit the rotor circuit power [3]-[8].

Traditionally, a crowbar is inserted in the rotor circuit and activated during
faulty conditions to address the aforementioned shortcomings. However, once the
crowbar is activated, the rotor side converter, RSC is disabled and its control is
temporarily lost, meanwhile the machine behaves as an induction motor drawing
higher reactive power [8]. Advanced control strategies for DFIG have proven to be
the optimal solution to ride-through the DFIG drawbacks during faults [2]-[8]. In the
literature, significant focus was given to FRT against symmetrical faults only while
investigation of DFIG support capability against asymmetrical faults was not
sufficient.

This chapter presents a new decentralized control strategy for the control of a
DFIG WT connected to a stiff network to ride-through different disturbances as well
as to fulfill the Danish grid code commitments as an example. A nonlinear feedback
controller is proposed for the GSC to achieve independent control between the DC
link voltage and the reactive power, suppress the DC voltage fluctuations and
concurrently inject reactive power during contingencies to fulfil the reactive power
support requirement. Additional proposed terms are incorporated with the
conventional PI controller of the RSC, with the target of reducing the rotor and stator

currents during faulty conditions and limiting the rotor over-speed as well.

4.2 DFIG Dynamic Response during Faults

Figure 4.1 demonstrates a schematic representation of a DFIG wind turbine
connected to a stiff grid through 20 km double transmission line. The system
comprises a 2 MW DFIG WT. The WT -represented with the rotor as a two mass
model- is operated according to the well-known maximum power point tracking,
MPPT to extract the maximum available power at each wind speed below the rated
value and holds a constant power over the rated wind speed. The DFIG rotor speed is
controlled via the pitch angle controller having a structure as earlier in chapter 3. The
DFIG is connected to the ac system through two PWM back-to-back AC-DC-AC
partial converters and a coupling transformer. The transmission line is attached to the

main grid through a high voltage transformer.
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Figure 4.1 Schematic representation of the DFIG WT grid connected system.

4.2.1 Grid Side Converter GSC

Considering the grid side converter GSC connected to the ac grid as shown in

Fig 4.1, the voltage at the GSC terminals can be expressed as:

vgahc

di
- Rflabc + L c;bc + Veave (4 1)
The model of the GSC in a dq reference frame whose d-axis is aligned with

the grid voltage vector is described by the following set of differential equations:

di R, . 1
dc;g :—L—jzdg—kwglqg—{—:(vdg—vdc) (4.2)
di R, . 1
d—qtgz—L—;zqg—wgzdg—FL—f(vqg—vqc) (4.3)

Where, subscripts, v,i,0, signify voltage, current, and angular speed.
Subscripts, g,c refer to grid and converter sides. Indexes d,q stand for direct and
quadrature axes of dq reference frame. R; L, refer to resistance and inductance of the
GSC interface reactor.

The active and reactive power exchange between the GSC and the grid can be

formulated as:

3 .
Pg :E(Vdgldg"“’qglqg) (4.4)
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3

Qg = E( qgidg - vdgiqg) (4'5)

As the d-axis of the dq reference frame is aligned with the grid voltage, it

follows that:
Vg = Vs Ve =0 (4.6)
It follows that the exchanged active and reactive power are simplified to:
3 .
P, =5vdgldg (4.7)
3 .
Qg = _Evdglqg (4'8>

As seen from (4.7), (4.8), active and reactive powers can be independently

controlled via acting on active and reactive power current components, igq,lge

respectively.

4.2.1.1 Conventional GSC Controller

The GSC controller is devoted to regulate the DC link voltage, V. and control
the reactive power flow between the GSC and the grid Q.. Under normal conditions,

the GSC usually operates with a unity power factor by regulating Qg to zero. The DC

link voltage and reactive power are controlled via regulating the grid side converter

current components ige,1q, respectively. The output of the control loops is the GSC

reference voltage U oberef - The GSC conventional control strategy is illustrated in Fig.

be—r
4.2.

Subsequent to a fault, a large transient rotor current will flow and a surplus
rotor power as well which need to be transmitted by the GSC. Nonetheless, due to the
lack of sufficient ac voltage at the GSC terminals, the DC link voltage rises quickly
[5]. Also, the more the GSC is incapable of transmitting the power to/from the grid,
the higher the GSC current, which can be destructive to the converter switches. To
overcome this shortcoming, a faster GSC control method with higher ability to

decouple the GSC control variables should be employed, which is elaborated next.
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Figure 4.2 GSC conventional control strategy.

4.2.1.2 Proposed GSC Nonlinear Controller

The conventional PI controllers suffer poor and sluggish response especially
during transients due to the coupling among its control loops [3]. This coupling makes
the control loops of PI controllers highly interactive. Nonlinear feedback linearization
controller has been introduced to improve the system transient performance. As
noticed from (4.2), (4.3), a coupling between active and reactive current components
equations exists although the model is translated into rotating reference frame.
Accordingly, nonlinear state feedback type control scheme is introduced to provide
decoupling and linearized relation between the system control variables which renders
fast and improved performance especially during transients. The nonlinear feedback
control is proposed to ensure better transient performance and decoupled control
between the DC link voltage and the reactive power. Figure 4.3 shows a block

diagram of the proposed nonlinear control strategy.

Similar to the conventional GSC controller, the output of the nonlinear control

loops is the GSC reference voltage v Figure 4.3 illustrates the GSC proposed

gabc—ref *
nonlinear control scheme. The input variables of the nonlinear controller are defined

as:

ylevdc’y2:Qg (49)
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The DC link dynamics can be described by:
1

5= e~ (4.10)

Assuming lossless GSC,
P, =V, =P —P, (4.11)
Where,
Cacsldegslder are the DC link capacitance and currents respectively (see Fig 4.3).
P, Py are the DC link transmitted power and the power loss through the interface
reactor connecting the GSC to the grid respectively. To achieve linearization between
the control algorithm inputs and outputs, “(4.9)”, is to be differentiated till a direct

relationship between them is obtained as:

y A 0|y A
%’1 _ | @y | <4.12)
y2 0 A3 Vq:: A4
Where,
3R,
1= = = Ve T - Ly, (413)
2Ldechc ¢ Ldechc ¢
2 .
3R, 3R, p oy 0.+ 3 2_3wag--+ 3 i
=Ty T oy ey St oy e T oy e ooy Yy,
'f ~dc” dc 'f ~dc” dc dc’ dc 'f ~dc” dc dc’ dc dc’ dc
_ 3Rf i %_L@
Cchdc * dt Cdc dt
(4.14)
3
=y 4.15
3 2Lf dg < )
R 3 dv
A4 = Zvdqug —wng —ﬁgg +Elqg djg (416)

To obtain linear decoupled relationship with good tracking performance even

with parameter uncertainty, v are expressed as [9]:

de—ref ’vqc—ref
1 ) e

Vac—rer = 7<k161 + k, feldt + kye, + ¥, — Az) (4'17)
1

vqc*fref = A%(k482 + kSIeZdt + y; - A4) (418)

3
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Where,
=y =V, e =y~ (4.19)
Substituting, (4.17), (4.18) into (4.12), yields a decoupled system error model
as:
&+ ke, +ké + ke, =0 (4.20)
&, + ke, + ke, =0 (4.21)
Where, k; (i=1,2,3,4,5) are design control gains which can be selected to

optimize the controller performance.
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Figure 4.3 Proposed nonlinear control scheme for GSC
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4.2.2 Rotor Side Converter RSC

The control structure of the RSC side is as shown in Fig. 4.3. The RSC control
strategy is implemented in a synchronous reference frame with the d-axis oriented
with the DFIG stator voltage [10]. The RSC is dedicated to ensure decoupled control
of stator side active and reactive powers and also to provide the DFIG with a variable

speed operation (+30% speed range). The stator active and reactive powers,P, O are

controlled via controlling the rotor side current components, iy, i, respectively. The

output of the control loops is the RSC input voltage, v During normal

rabe—ref *
operation, the DFIG is controlled to achieve variable speed operation according to the

MPPT while absorbing the required excitation ¢ . from the reactive power control

loop [10].

According to the Danish grid code, the supply of reactive power has the first
priority in area B over the active power supply (see Fig. 1.9). However, a suitable
margin of active power must be retained in proportion to the voltage dip magnitude
[11]. Therefore, once a faulty condition is detected, the MPPT is deactivated and the
active power is kept to a minimum value to help suppress rotor and stator currents as
well as to limit rotor over-speed. Furthermore, the RSC controller can contribute to
additional reactive power support with the remnant reactive current to satisfy the

reactive power support criterion.

MPPT wsl (Lr qu + Lm ?'qs )

Umbc—ref
23 ——1{pwy

During :
Voltage
dip

J, (% + Lmz'ds)

Figure 4.4 RSC control strategy.
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4.3 Results and Discussions

To investigate the DFIG dynamic performance under different operating
conditions, a set of case studies are performed for the system under study shown in
Fig. 4.1. The system is simulated in the MATLAB/SIMULINK environment using
SimPowerSystems toolbox and Simulink for system modeling and simulation. The
system parameters are listed in Appendix C. The case studies are carried out at the
nominal wind speed of the WT (11.4 m/s). Among the different simulation tests,
certain safe limits (marked with dashed lines in the output results) are imposed on the

system variables for protection purpose.

4.3.1 LVRT and Grid Code Compliance

The system response to a three-phase fault in the middle of one of the
transmission lines (see Fig. 4.1) with duration of 0.5 s is illustrated in Fig. 4.5. The
fault results in stator voltage dip close to 0.2 p.u (Fig. 4.5-a). At the instant of voltage
dip, higher stator and rotor currents are noticed as in Fig. 4.5-b,c. Owing to the abrupt
increase of the rotor current, the rotor power which is fed to the GSC through the DC
link simultaneously increases, which causes higher DC voltage oscillations due to
lower ac voltage at the GSC terminals.

Higher DC voltage fluctuation in case of the conventional controller is
recorded in Fig. 4.5-¢ compared to that of the proposed controller. This can be
attributed to the fast injection of reactive power (Fig. 4.5-g) which contributes to
supporting the ac voltage and consequently transporting more power through the
GSC, and eventually results in relieving the DC voltage fluctuations.

Since the voltage drop impedes transferring all the wind mechanical power,
the mismatch between the electromagnetic and mechanical torques results in rotor
over-speed [7], as in Fig. 4.5-d but remains within the allowed limit. The active power
in Fig. 4.5-f is reduced at the fault instant to a minimum value to limit the rotor over-

speed and the system currents.
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Figure 4.5 Response of the DFIG WT system to a three-phase fault: (a) DFIG stator voltage
(b) Stator current (¢) Rotor current (d) DFIG rotor speed (¢) DC link voltage (f) Delivered

active power (g) Delivered reactive power.

4.3.2  Asymmetrical Faults Response

Asymmetrical faults are recurring and lead to negative sequence currents of
double frequencies which usually accompanied with higher oscillations that propagate
in the DC link and may cause transient overvoltage [6]. The system responses to a
single phase-to-ground and phase-to-phase faults are shown in Figs. 4.6,4.7
respectively. The faults occur at t = 0.5 s and cleared 150 ms later and cause 58% and
37% voltage dip respectively. It is obvious that double frequency component due to
negative sequence currents is superimposed on the DC link voltage waveform as seen

in Figs. 4.6-¢, 4.7-¢.
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Comparing the results, it can be concluded that the phase-to-phase fault is
severer as it causes higher voltage drop. Accordingly, higher DC link oscillations
close to the limit are depicted in Fig. 4.7-e. |Besides, the proposed controller is
superior to its counterpart in both cases as it encounters lower overshoots, shorter
settling time with damped performance. The rotor speed, stator and rotor currents are

maintained below the limit in both methods.

4.3.3 HVRT Response

To validate the HVRT requirement of the Danish grid code, a double-open
circuit fault at the point of common connection POC for 200 ms is applied and the
obtained results are shown in Fig. 4.8. The stator voltage magnitude (Fig. 4.8-b)
fluctuates during the fault and even exceeds the Danish grid code limit (1.2 p.u.). At
the fault onset, the delivered active power rises which in turn increases the power fed
to the GSC and thus leads to higher DC voltage oscillations. The DC link voltage in
case of conventional controller violates the limit. To counteract the voltage swell, the
stator and rotor currents start to decrease to render the active power constant while the
active power fluctuates around the nominal value. Compared with the conventional
controller, the proposed controller has a higher capability to overcome the voltage

swell and significant better damped transient performance.
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Figure 4.6 Response of the DFIG WT system to a single-phase to ground fault (a) DFIG stator
voltage (b) Stator current (¢) Rotor current (d) Rotor speed (e) DC link voltage (f) Delivered

active power (g) Delivered reactive power.
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Figure 4.7 Response of the DFIG WT system to a phase-to-phase fault: (a) DFIG stator
voltage (b) Stator current (c) Rotor current (d) DFIG rotor speed (e) DC link voltage (f)

Delivered active power (g) Delivered reactive power.
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Figure 4.8 Response of the DFIG WT system to a double open circuit fault at the POC: (a)
DFIG stator voltage (b) Stator voltage magnitude (c¢) Stator current (d) Rotor current (¢) DFIG

rotor speed (f) DC link voltage (g) Delivered active power (h) Delivered reactive power.

4.4 Summary

In this chapter, the dynamic behavior of a DFIG WT connected to a stiff
network during system faults has been investigated. A nonlinear controller has been
presented for the GSC to achieve high dynamic performance, decoupled control
between the DC link voltage and reactive power and meanwhile injects reactive

power during voltage dips to support the system voltage.

Additionally, the obtained output results reveal fast response with high

dynamic performance for a wide range of operating conditions and assure the FRT
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capability of the proposed control strategy in compliance with the Danish grid code

without additional hardware circuits.
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Chapter 5

Fault Ride-through FRT Response for DFIG WT Connected to a Weak Network

An enhanced coordinated low voltage ride-through, LVRT, control strategy for
a Doubly-fed Induction generator (DFIG)-based wind energy conversion system,
WECS, connected to a weak grid is presented in this chapter. The compliance with the
grid code commitments is also considered. A proposed decoupled double synchronous
reference frame (DDSRF) current controller is adopted for the design of grid side
converter, GSC, controller to counteract current oscillations during asymmetrical
faults and tackle the DC link voltage run-away. For a precise detection of the grid
voltage position even under severe voltage dips/unbalanced conditions, A DDSRF-
PLL is proposed and analyzed to extract clean synchronization signal in order to
improve the overall system performance. Moreover, a fast decomposition based
positive and negative sequence algorithm is utilized for rapid fault detection and to
engage the LVRT protection scheme. Furthermore, additional compensation terms
are incorporated with the traditional GSC and rotor side converter, RSC, controllers
to effectively suppress rotor as well as stator currents and meanwhile regulate the
rotor speed. A diverse set of voltage excursions are conducted to evaluate the

effectiveness of the proposed control strategy using MATLAB/SIMULINK platform.

5.1 Introduction

Various technical challenges impede the successful integration of wind power
into weak power systems. Due to the anticipated integration of more wind energy all
over the world, it’s expected that the short circuit capacity of power systems will
decrease. The increasing integration of renewable energy sources RES into the power
systems has resulted in the development of new grid codes devoted to ensure a proper
performance under normal as well as abnormal grid conditions [1]. Safety, reliability
and efficiency and are now becoming the targets of the control techniques developed

by researchers and engineers for the related RES. More specifically, low voltage ride-
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through LVRT capability of wind energy conversion systems WECS and the
associated control of its power converters are one of the most challenging issues to be
improved [2].

In the literature, most of the work about fault ride through FRT of WECS is
related to symmetrical grid voltage sags. However, more than 90% of the grid faults
lead to asymmetrical voltage excursions with positive and negative sequence
components [3],[4]. Unbalanced system voltages can readily generate heating in the
WECS generator windings resulting in sustained toque oscillations, and unwanted
mechanical vibrations [5]. Additionally, the unbalanced grid voltages can give rise to
uncontrolled oscillations in the delivered active and reactive power [6].

Though this effect can be mitigated via injecting reference unbalanced
currents, this objective cannot be accurately implemented using the traditional
synchronous reference frame SRF dq current controllers which render deficient
performance during unbalanced utility conditions [2], [7].

According to some grid codes requirements, WPP has to provide voltage
support capability even with zero voltage dip during a system fault [5]. However, the
detection of the grid voltage vector position required for the relevant dq
transformations and the control algorithms can be challenging in this case. SRF phase-
locked loop PLL, are the most intensively used technique for detecting the magnitude
and position of the positive-sequence grid voltage [8]. However, its performance
during unbalanced utility conditions is poor even with reduced band width.

In this chapter, an improved coordinated fault ride-through FRT control
strategy for a doubly fed induction generator DFIG based wind turbine, WT,
connected to weak grid is presented. Two different techniques for grid
synchronization against voltage excursions, i.e., a Dual Second Order Generalized
Integrator — Frequency Locked Loop DSOGI-FLL and a decoupled double
synchronous reference frame DDSRF based phase-locked loop, DDSRF-PLL are
utilized to extract a robust grid voltage synchronization signal irrespective of the
mains condition to enhance the overall system performance. Besides, a decoupled
double synchronous reference frame DDSRF dq current controller is devoted for the
grid side converter, GSC, controller to counteract current ripples and tackle the DC
link voltage fluctuations. Also, a reactive power support scheme to manage the DFIG

reactive power during contingencies and fulfil the grid codes obligations is presented.
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Moreover, additional control terms are employed with the DFIG converters
controllers to counteract rotor as well as stator currents and regulate the rotor speed.

5.2 Grid Synchronization

This section provides conventional as well as advanced synchronization
detection techniques used for the orientation of the dq reference frames with the grid
voltage so that system converter controllers can function properly during normal and

abnormal grid conditions.

5.2.1 SRF-PLL Grid Synchronization

Among the different aspects for the control of the grid connected converters, is
the exact synchronization with the utility voltage. Phase Locked Loop (PLL) based
synchronous reference frame (SRF-PLL) is the most intensively used technique for
detecting the magnitude and position of the positive-sequence grid voltage [8]. The
basic structure of SRF-PLL is shown in Fig. 5.1.

The SRF-PLL translates the three phase system voltage from the abc reference
frame into rotating dq reference frame using Park’s transformation. The dq reference

frame angular position 6, is obtained through regulating the voltage q-component to

zero [9]. This estimated phase angle is necessary for the dq transformations in order to
implement the control algorithms, obtain active and reactive current components and
generate the required voltages at the output terminals of the power converters. The d-
component depicts the amplitude of the positive sequence component of the system
voltage.

The system voltage dq components using Park’s transformation are expressed

vl Ya 2 cos(,) cos(#, —2m/3) cos(6, +2m/3)
v, _m]z” (70 3|—sin(6,) —sin(6, —27/3) —sin(6, +2m/3) (5)

1 —1/2 —1/2

0 V32 32

cos(9 ) sin(ﬁ )

s N

_2
—sin(6,) cos(6,) ’[7;"3]_

3 (5.2)

[T)= T 7 7| =
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Despite its good behavior under normal conditions, SRF-PLL provides poor

dynamic response under unbalanced grid conditions even with reduced bandwidth

[8] - [11].

s—abc—#— T v WO W

Figure 5.1 SRF-PLL structure.

5.2.2 DDSRF-PLL Grid Synchronization

Decoupled double synchronous reference frame (DDSRF) based PLL is an
improved grid synchronization technique that uses two synchronous reference frames
rotating with positive and negative synchronous speeds. The purpose of this technique
is to decouple the effect of negative sequence component- which is typically existed
during unbalanced system voltage- from the detected dq signals of that of the positive
synchronous reference frame and vice versa in order to obtain a clean and accurate
grid synchronization angle even under severe balanced/unbalanced conditions [8],
[10]. The accurate grid voltage angle and detected dq signals will improve the
performance of the control scheme of the WECS and also enable fulfilling the grid

code requirements during different contingencies.

Figure 5.2 shows the decomposition of the grid voltage during unbalanced
condition using double synchronous reference frame DSRF, with positive and

negative rotating reference frames (dq", dq) rotating with the synchronous speed

(£w’) with angular positions (6’ ) respectively.
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Assuming that the angular position of the positive reference frame matches

that of the positive sequence voltage vector, 8’ = wt, hence, the unbalanced voltage

vector components using DSRF are expressed as:

vy _[cos(—2wrt)
Vag = v(i :[EZ]'[VW]:V+ uid sin(—2wt) <5.3>

A _ _ cos(2wt)
Yoy = v; =[] =77 sin(2wr) (5:4)

Where,
B 0"y sin(d))

=1 ] =| % 5.5
[ "‘1] [ "‘f] —sin(f") cos(d) (53)

From (5.3), (5.4), it’s evident that, a coupling between positive and negative
sequence components with double frequency oscillation 2w exists as a consequence of
the rotation of the voltage vectors in opposite directions. In order to cancel out this
double frequency oscillation and render accurate response of the voltage components,

decoupling terms are employed within the DSRF-PLL.

g P q

Figure 5.2 DDSRF respective reference frames phasor diagram.
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5.2.2.1 Decoupling Terms of the DSRF

Augmenting a decoupling cell allows for cancellation of the reciprocal 2w
coupling effect of positive and negative sequence between both reference frames.
Thereby, precise grid synchronization is possible even under unbalance utility
conditions. Figure 5.3 shows a block diagram of the DDSRF-PLL. The estimated
output dq voltage components of the DDSRF-PLL can be formulated as [8]:

_ |7 _

Vd;:l;’* =[LPF)(1,, (177, | (5.6)
q

_ 7 _

7, = | =Ry, -[n)7;) (57)
q

Where,
“r

LPF(s)=— (5.8)

wf—i-s

cos(2wt)  sin(2wt)

T
[TdﬂZW] - —sin(2w,t) cos(2w,t)

As shown in Fig 5.3, a cross-feedback decoupling cell is augmented to

estimate the average value of the positive and negative sequence components of the

grid voltage in both reference frames which is 17(;1,

Vo, Vi,V . The low pass filter,

LPF, cut-off frequency, w ,can be properly set to retain a better damping performance

with fast response (w =W, / \/5 ) rad/s. It is worth mentioning that, as the PLL filter

is located outside the control loop, the DDSRF-PLL bandwidth is not affected.
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Figure 5.3 DDSRF-PLL basic structure.

5.2.3 DFOGI-FLL Grid Synchronization

Dual Second Order Generalized Integrator (DSOGI) based Frequency Locked
Loop (DSOGI-FLL) is an insensitive frequency-adaptive synchronization mechanism
which benefits the instantaneous symmetrical component analysis considering
adaptive filters [9]. Being frequency-based, DSOGI-FLL can efficiently ride through
grid perturbations, provides a clean synchronization signal and attenuates grid voltage
high-frequency components [12].

The symmetrical components analysis method can be applied in the time
domain reference frame using Lyon transformation [9]. According to this criterion, a
grid voltage vector V consisting of three unbalanced sinusoidal components can be
divided into its instantaneous positive, negative and zero-sequence components,

through applying the following transformations:
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8 1 a a'l|V,

s abc [T+] s—abc I/s;r :l az l a I/sb (51())

pil 21

sc a a V;C
Vi 1 a al|r,

I/s:abc:[Ti]V e[ Vep :% a 1 a|V, (5'11)
v Cle a1l
Va L1 1w,

V= [TV =5 1 1 (5.12)
Ve L1,

Where, a is an operator represents a 120° time shift.

The sequence components of the grid voltage can be also expressed using its aff

components as:

Vo =TV e (5.13)
Vaa [ a3]V_abc (5'14>

Substituting (5.10), (5.11) into (5.13), (5.14) yields:

=[7,][T" ]V (5.15)
Vs =T [T Ve (5.16)
Equations (5.15), (5.16) can be also expressed by its inverse transformation as:
Vo =Tl 1] s (5.17)
Vo= v, (5.18)

Hence, the following expressions can be obtained:

au [au] aﬂ’[ aﬂ]_ ; —1(] (5.19)
=5 (520

Where, ¢ = ¢ /™/?
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5.2.3.1 Structure of DSOGI

One of the techniques of implementing DSOGI is quadrature signal generator
(QSG) which is adopted here [9]. Figure 5.4 depicts the general structure of the
DSOGI-FLL. The operator q in (5.19) and (5.20) is implemented using a second-order
adaptive filter based on a SOGI (SOGI-QSG), which is used in the literature as an
effective approach for obtaining two in-quadrature output signals from a given
sinusoidal input signal. Additionally, the SOGI-QSG filtering feature can attenuate
distorting high-order harmonics effect from the input to the output. Figure 5.5
illustrates a schematic representation of the DSOGI. Typically, two SOGI-QSGs are

dedicated to generate the direct and in-quadrature signals for the input voltage off

components, i.e. V&', VX;,qV(:,qV},; respectively. These signals are given as input to a

positive negative sequence calculation PNSC block which calculates the respective aff

reference frame sequence components based on (5.19) and (5.20).

5.2.3.2 FLL Technique of the DSOGI

DSOGI requires a frequency locked loop (FLL) to become frequency adaptive
which is depicted in Fig 5.6. in this FLL, the two frequency error signals of the of

QSGs are combined in order to compute the average error signal as:

aavzé@v(a)ql/(f—i—av(ﬁ)qKQ (5.21)

| SOGI - QSG(a)

‘s—abc —#~ Taﬁ FLL PNSC

SOGI - QSG(B)

Figure 5.4 General structure of the DSOGI-FLL.
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Figure 5.5 Detailed schematic representation of DSOGI.

The gain of the FLL is then normalized using the square of the amplitude of
the positive and negative sequence voltage components which yields a first order
exponential linearized response. Accordingly, DSOGI-FLL not only allows a
decoupled estimation of the input three-phase voltage symmetrical components on the

o reference frame, but also the value of the grid frequency.

It worth mentioning that DDSRF and DSOGI are two equivalent techniques,
which perform the same function through sequence separation but on two different
reference frames. However, the performance of the DSOGI relies on the frequency
detected by the FLL, whereas the DDSRF performance depends on the phase angle
detected by the PLL. Hence, in practice the dynamic response of the DSOGI-FLL and
the DDSRF-PLL based systems will not be the same due to the differences between
the PLL and FLL [9]. Moreover, Performance dynamic comparison between SRF-
PLL, DDSRF-PLL and DSOGI-FLL will be presented through the presented case

studies.
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Figure 5.6 Schematic diagram of the FLL.

5.3 Fault Detection Algorithm

Fast fault detection is a key point for rapid triggering of the FRT control
strategy and thus effectively suppresses the large transient currents. A fault detection
algorithm, based positive and negative sequence component decomposition is adopted
here [13]. In a broader context, the detection method is capable of decomposing the
sequence components using the sample data at two points on the three-phase
waveform [14]. Hence, the decomposition process can be executed after one sampling

period. The stator voltage positive sequence component, V,*, is used as an indicator

for a fault. Whenever,V." < 0.9 p.u., a fault is detected and thereby, the proposed

FRT control strategy is activated to tackle the fault.

For a three-phase system voltage, a space complex vector representation can be used

V.(t)=V, (t)+jV,(¢) (5.22)

Where,
V. (f)=§ Va(t)—%%(t)—%n(r) (5.23)
v,(t)= %[Vb (0)=7.(1)] (5.24)
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This voltage can be also expressed using its sequence components as:
V()= (1)) 4y (1) T (5.25)

V', V7,0 .0, are the system voltage positive and negative sequence components and

its phase angles respectively. w is the fundamental frequency. By time delaying (5.25)

with r / w , the following expression is obtained:
V (t—rfw)=V" (t—rfw)e’™ e 47 (1= rjw)e /e (5.26)
Assuming that the delay r is very small, (5.26) can be simplified to:
V(¢ —rfw) V(1) e 4y () et (5.27)
From (5.25), (5.27), the following expressions can be obtained:

(wstJr(?,,)

V. (t—rlw)—V,(t)e” =—2jsinrV ™ (t)e’ (5.28)

[V t—r/w) I}() ] (5.29)

Equation (5.29) represents a decomposition of the positive sequence component from

the voltage signal. Using (5.22), (5.29) can be formulated with its a3 components as:

v (t) o/le+n) [V cosr+V, (t)sinr—V, (1 — r/w)]

2sinr

+ [V (t—rfw)—V, (t)cosr+V,(t )sinr] (5.30)

2sinr
Hence, from (5.30) the aff sequence components can be derived:

1 1

I{j():ZVQ() 2Sm[V(t—r/w) V,(t)cosr| (5.31)
V(j(t):%Vﬁ(t)—i—zsilnr[V (t—rfw)—V, (t)cosr] (5.32)

Figure 5.7 illustrates a block diagram for the sequence decomposition method.
As implied from (5.31), (5.32), the smaller the delay r/w, the faster the algorithm
response and hence the fault detection as well. However, the system can be easily
susceptible to noise if r/w is extremely small. Therefore, the selection of the delay r/w

should compromise between the rewarded fast response and reducing the noise.

96



Chapter 5 Fault Ride-through FRT Response for DFIG WT Connected to a Weak Network

12
V L

Isinr

s—abe =P

abe / o3

y |-' Lr‘fsinr
L | / )

Figure 5.7 Fault detection schematic diagram.

5.4 DFIG FRT Control Strategy

This section provides the conventional and proposed FRT control scheme for
the DFIG converters, i.e., the grid-side converter GSC and rotor side converter RSC

considering the grid codes requirements.

5.4.1 Reactive Power Support

A cascaded reactive power control scheme shown in Fig. 5.8 is devoted to
manage the reactive power sharing via DFIG stator as well GSC sides is adopted here
[14]. The priority for the reactive power aid is given to the DFIG stator side -which is
processed via the RSC control- followed by the GSC side whenever the stator side
attains the limit - due to severe faults - which is pre-defined through the DFIG
capability limit. The reactive power support is initiated once the rms stator voltage, Vi
slips more than 0.1 p.u out of the reference value; Vs Typical limiters are
incorporated to ensure that the released reactive power does not overtake the
respective capability limits of stator and GSC each. Such management scheme is
efficient as the GSC reactive power support starts subsequent to the stator side
injection which allows for active power transmission at the fault onset and thus

mitigating the unwanted transient DC voltage fluctuations [15].
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Figure 5.8 Reactive power control scheme.

5.4.2 Grid Side Converter Controller

The GSC controller is applied in a reference frame whose d-axis is oriented with

the stator voltage, v, = 0. The dc link voltage, V4. and the reactive power exchanged

between the grid and the GSC sides, Qg can be controlled through acting on the dq
GSC voltage components. The dq voltage equations of the GSC connected to the grid

can be expressed as:

. diy .
Vig = Vas T WLy — L d[g — Ry (5.33)
di
Ve =—wL i, —L, dqtg -R,i, (5.34)

Where, subscripts v,i,w, stand for voltage, current, and angular speed.
Subscripts, s,g signify stator and grid sides. Indexes d,g stand for direct and
quadrature axes of dq reference frame. Ry,L,refer to GSC interface reactor resistance
and inductance.

The active and reactive power flow between the GSC and the grid can be

written as:
3
P, = Vi, (5.35)
3 .
o, = —Evdszq/g (5.36)

The DC link dynamics is given by:
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1 . dv?
SCTE—p P, (5:37)

In normal conditions, the GSC typically operates with a unity power factor,
Qg=0. Figure 5.9 illustrates The GSC traditional control scheme. To mitigate the dc
voltage fluctuations during interruptions, a proposed term (Py/Vyc) is activated and
added to the dc link voltage control loop to reflect the transitory variation of the GSC
power. The latter can be attributed to the power imbalance between the RSC and GSC
resulting from the surplus rotor power followed by the transient voltage dip which

adversely impacts the dc voltage transient response [14].
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Figure 5.9 GSC conventional control scheme.

5.4.3 Proposed GSC Controller

Voltage sags can give rise to unbalanced grid voltages which may result in
sustained oscillations in the delivered active and reactive power. Whilst it is generally
accepted that traditional SRF dq current controllers are extensively used and
implemented in different applications. Nevertheless, the performance of such
controllers during unbalanced conditions is deficient [16]. Double synchronous
reference frame DSRF for controlling positive and negative sequences using PI

compensators seems to be better solution for unbalanced utilities. In DSRF current
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controllers, two dq synchronous controllers (positive and negative) synchronized with

their respective angular position 6,6 are utilized.

For an unbalanced grid voltage Ut

cos(wit+o" cos(—w i+
Ve as =Vaas t Ve s =V, | ) +V, | | (5.38)
| sin (wst—kqf) sin(—wst —|—<;57)
Where,
0 =wi+o¢ ;0. =—wit+g¢ (5.39)

Similarly, current vector can be described as:

) N cos(wg—l—é*) cos(—wst—i—(S*) (5.40)
i, s =10 Tl =1 +1; 5.40
e el e e sin(wst—ké*) ¢ sin(—wSH—é*)
Figure 5.10 depicts the positive and negative sequence components of the grid

voltage and currents with the respective DSRF. The positive and negative dq current

components can be expressed as:

A l‘% o0 =00+ snfor =) (5.41)
U i) |—igsin(0 =0, )+i,, sin(6, 0, )
determ worm
i, =e " i, = i"g%_ L COS(GS_ _0:>+iq+g Sin(e; _9:> (5.42)
! T i —i,, sin ((9; -0 ) +i,, cos ((9; — Qf)
determ term
Where,
iy =1, cos(é+ —¢+>
=1 sm<6+ —¢+)
i, =1, cos(éf —df) (5.43)
i, =1, sin(éf —¢*)

From expressions (5.41), (5.42), it can be noted that a cross-coupling with

double frequency 2w exists between both axes in the DSRF reference frames. This

cross-coupling results in an overlapping ac term with 2w _on the dq signals on both

frames. Due to the limited PI controllers bandwidth, the steady-state error caused by
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the 2w oscillations can’t be cancelled out completely which degrades the controller

performance [9].

An DSRF dq current controller incorporated with decoupling cells to eliminate

the mutual 2w_ cross-coupled oscillations arising from positive and negative sequence

currents is adopted and dedicated for the control of the GSC which known as DDSRF
dq current controller [16]. Moreover, to make sure that the DDSRF dq controller is
working properly, information about the current tracking error is fed so that if a
current error exists, this dc error is subtracted from the reference value to retain the
exact value of the current magnitude in the respective SRF.

Similar to the decoupling cells approach used for DDSRF-PLL, the resultant

DDSREF dq current controller can be expressed as:

St o L N (O A R ~Aj 5.44
Lage = lagg te lagg — € (ldqg*r'ef Aldqg ( )
~ ~~ - ~— —
AC Term Decoupling cell
- - G A B (A B I N 545
Lage = ldgg +e dgg — € (ldqgfref Aldqg ( )
H—/ ~ —— _
AC Term Decoupling cell

The LPF cut-off frequency w ; which is used for obtaining the mean value of the

current error is selected as w, = w, / \/5 ) rad/s. the DDSRF controller block diagram

which abridges (5.44), (5.45) is shown in Fig. 5.11. The outer controller of the

DDSREF current controller is the same as that in [4].
5.4.4 Conventional RSC Controller

During normal operation, the DFIG stator active and reactive power decoupled
control can be realized through vector control technique with a reference frame
aligned with the stator voltage vector. The RSC control structure is as shown in
Fig. 5.12. The RSC control strategy is implemented in a synchronous reference frame

with the d-axis oriented with the DFIG stator voltage. The RSC is dedicated to attain
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decoupled control of stator side active and reactive powers and also provides the
DFIG with a variable speed operation. The d-axis control loop regulates the stator
active power, P, via regulating the reference rotor active power current component
current ig-.;, Which is generated by the outer control loop that provides variable speed
operation according to the WT MPPT. The g-axis corresponds to the stator reactive
power control which is controlled through the reference rotor reactive power current

component, Z,, ..

The output of the control loops is the RSC input voltage,v - Oncee the

be—
stator voltage dips, the DFIG delivered output power decreases as well. Meanwhile,
the reference input power should be restrained to regain power balance; otherwise,

power imbalance will give rise to higher rotor current and rotor over-speed.

—af —af5
wit+¢*
> (a3 > (8]
—wt+ @
v v
g—ap g—apf

(a) (b)

Figure 5.10 (a) Grid voltage positive/negative sequence components and injected (b)

dg components of the positive/negative sequence current vector.
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Figure 5.11 GSC DDSREF dq current controller.

Under normal operation, the DFIG output power can be defined as:

P=k,w ., (5.46)
Where,
3
o O-SpAbrb Cp—max (5 47)
opt — N33 :
g ‘opt

To suppress the rotor as well as stator currents during contingencies,
whenever, a faulty condition is detected, the MPPT is deactivated and the reference

active power is given by:

2 3
Psfref = krkopt (V;/V;o) wrfref (548>

Where, £, is a reduction factor. Vs, Vs signify the stator voltage pre and during
the fault respectively. Equation (5.48) implies that the rotor active power current

component will be reduced during the fault but pursuing less active power production
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which is recommended by the British and Danish grid codes [1], [17]. With the aid of
the reactive power support scheme, the RSC concurrently injects reactive current
support with the remnant rotor current to fulfill the grid code commitment and restore

the ac voltage.

5.4.5 Proposed RSC Controller

For further improvement of the RSC transient response, proportional integral
resonance PIR current regulators are employed in the RSC controller as shown in Fig.
5.13 [18]. The parallel resonant blocks are tuned at wg, 2ws. w. is the cut-off
frequency and Kk;,. is the proportional gain at the resonant frequency. Hence, the RSC

dq voltage components are set as:

v, =PIR (i, —i,)—wy (Li, +L,i,) (5.49)
v, =PIR(i, ., —i,)+w, (Li, +L,,) (5.50)

Where, i4., i, are the rotor active and reactive current components
respectively. iy, igs are the stator side active and reactive current components. wg) is

the slip frequency. L, L, refer to rotor and magnetizing inductances.
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Figure 5.12 DFIG RSC control strategy.
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5.5 Results and Discussions

This section provides a set of simulation test cases to verify the DFIG dynamic
response using different control schemes and PLL structures under different fault
scenarios. Conventional control method refers to the basic GSC and RSC controllers
and the SRF-PLL. Whereas, control method 1 refers to the GSC DDSRF current
controller and the DDSRF-PLL and control method 2 denotes the GSC controller
using DDSRF current controller, proposed RSC controller and DSOGI-FLL.
Moreover, the system compliance to the grid codes requirements during faulty
conditions is also examined.

Figure 5.14 depicts the test system used for the simulation where a 2 MW
DFIG WT is connected to a weak grid of SCR=3 and X/R=10. The system is
simulated in the MATLAB/SIMULINK platform. As the wind speed is not expected
to encounter significant change during a fault, the simulations are carried out at the

nominal wind speed of the WT (11.4 m/s).

For the safety of system operation, the maximum allowed limit for the DC
voltage is 1.25 p.u. Stator and rotor protection thresholds are set to 1.5 p.u. However,
the RSC can sustain 2 p.u overcurrent for a very short time [16]. Moreover, the pitch

controller will be activated during voltage dips to regulate the rotor speed.
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Figure 5.15 Single line diagram of the test system.
5.5.1 LVRT Operational Scenario

The system response to a symmetrical three-phase fault (X¢/Rf=5) in the
transmission system (see Fig. 5.14) with duration of 0.5 s is depicted in Fig. 5.16
using the different control aspects. During the fault, the stator voltage (Fig. 9.a) falls
down to 95% which corresponds to a severe fault, while the FRT protection is
triggered via the fault detection algorithm for protection purpose. At t=1.2s, the fault
is cleared and later the normal operation is retrieved. At the onset of voltage dip,
higher stator and rotor transient currents are noticed for the different controllers.
Owing to the transient increase of the rotor current, the rotor power transmitted
through the DC link simultaneously increases, which causes higher DC voltage

oscillations due to lower ac voltage at the GSC terminals.

Compared to the proposed control strategies, the DC voltage for the
conventional scheme encounters higher spike (1.32 p.u) and even exceeds the safe
margins as recorded in Fig. 10.16-A whereas, in case of the proposed strategies 1,2,
the DC voltage is effectively regulated in the allowed range with faster response and

lower settling time.

Moreover, it can be seen from the results that the activation of the FRT scheme
in the RSC controller plays a significant role in regulating the power balance
mismatch by reducing the DFIG input power in response to the output power
reduction due to the fault and thus limiting stator as well as rotor currents by the
control methods. Also, due to triggering the pitch control, the rotor over-speed is

limited subsequent to the fault moment.

106



Chapter 5 Fault Ride-through FRT Response for DFIG WT Connected to a Weak Network

According to the grid codes, reactive current support should be resumed with
the voltage dip remnant value below 0.9 p.u. Figure 5.15 also depicts the WT reactive
power current component released in response to the voltage dip via stator and GSC
sides. Obviously, it can be seen that the reactive current in case of the proposed
methods attain its maximum value steadily during the fault period while for the
conventional method, fluctuates and loses the successful reactive current support. This
can be attributed to the loss of the exact vector control orientation as a consequence to
the severe voltage dip with 95% drop due to the fluctuation caused by the lower weak

grid SCR.

On the other hand, Fig 5.16 evidences that the DDSRF-PLL and DSOGI-FLL
are capable of extracting a clean and unaffected synchronization signal with more
damped transient performance at the fault moments which in turn enhances the overall

system performance under such sever fault and also fulfil the grid code requirement.
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Figure 5.15 Response of the DFIG WT system to a symmetrical three-phase fault with
Xi#/R¢=5: (A) Conventional control strategy. (B) Control strategy 1 (C) Control
strategy 2.
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Figure 5.16 Tracking response of the system PLL for a symmetrical 3ph-fault:
(A) SRF-PLL. (B) DDSRF-PLL. (C) DSOGI-FLL.

5.5.2 Asymmetrical Faults Scenario

Asymmetrical faults are widely recurring and accompanied with negative
sequence currents which can result in sustained DC voltage and electromagnetic
torque oscillation. In a broader context, the latter can adversely impact the WT
coupling shaft while the former can damage the WT converters which eventually
might trip the DFIG WT during such faults [3]. The system responses to a phase-to-
ground fault in phase A with 90% voltage dip and a phase-to-phase fault with 50%
voltage dip are shown in Figs. 5.17-18 respectively. The faults occur at t= 0.7 s and

cleared 150 ms later as implied by grid codes [18].

Pre-fault, the dominant rotor current frequency is |s|wg/2m =5 Hz while
during the fault, |2 — s|ws/2m = 105 Hz. With the sequence currents controlled via
the GSC DDSREF current controller, the DC voltage oscillation is mitigated (using
proposed control methods 1,2) compared to that of the conventional method. It can be
noticed from the results that the stator and rotor currents are effectively restrained
below 2 p.u. Moreover, the stator active power and injected reactive current during

both faults are oscillated dramatically due to the limited control capability of the RSC
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[19]- [20]. Nonetheless, the oscillation is less in case of the proposed control strategy
1,2 with better post-fault recovery performance. This is due to the identical control
efforts done by the proposed GSC controller for the sequence currents [6] and
concurrently the robust performance of the DDSRF-PLL and DSOGI-FLL which
extract an unaffected signal irrespective of the unbalanced grid voltage as seen in
Figs. 5.19-20. Furthermore, the distorted stator voltage phase angle and its respective
dq voltage components detected by the SRF-PLL impacts the commonly used vector

control orientation scheme and adversely affect the control objectives.

Comparing the results, it can be concluded that the phase-to-phase fault is
severer as it causes lower ac voltage and larger currents. Accordingly, higher DC link
overshoots of 1.4 p.u are depicted in Fig. 5.18 which is quite far from the allowable
limit under conventional control method. Furthermore, it was found that the rotor
speed was increased slightly (5.5%) due to the activation of the pitch controller in
response to the voltage dip. Besides, as the grid frequency is a more stable variable
compared to the grid voltage phase-angle, DSOGI-FLL retains a robust and smoother
response than the DDSRF-PLL during system transient faults.
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Figure 5.17 Response of the DFIG WT system to a single-phase to ground fault with
X¢#/R¢=5 (A) Conventional control strategy. (B) Control strategy 1 (C) Control
strategy 2.
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Figure 5.19 Tracking response of the system PLL for a single phase-to-ground fault.
(A) SRF-PLL. (B) DDSRF-PLL. (C) DSOGI-FLL.
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Figure 5.20 Tracking response of the system PLL for a phase-to-phase fault.
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5.6 Summary

This chapter has studied the conventional and advanced control and
synchronization techniques for WPPs connected to weak networks for the purpose
improving the overall performance and fulfilling the modern grid codes commitments.
A DDSRF current controller for GSC has been presented to achieve high dynamic
performance, counteract current oscillations and regulate the DC link voltage during
disturbances.

A DDSRF-PLL and DSOGI-FLL to extract a clean, robust synchronization
phase angle irrespective of the grid voltage waveform have been also presented to
enhance the overall system performance under severe voltage dips.

Additional terms have been augmented with the RSC and GSC controllers to
suppress the stator and rotor currents and limit the rotor over-speed during faults.
Besides, a fast decomposition algorithm for rapid fault detection has been discussed.
Diverse simulations have been conducted to assess the impact of the FRT proposed
strategy on the DFIG WT connected to a weak grid. The obtained results assure the
capability of the DFIG WT connected to a weak grid of SCR of 3 to comply with the

grid codes requirements using the proposed control strategies.

Bibliography

[1] M. Mohseni and S. M. Islam, “Review of international grid codes for wind power
integration: diversity, technology and a case for global standard”, Ren. Sustain.

Energy Rev., vol. 16, no. 6, pp. 3876-3890, Aug. 2012.

[2] M. Reyes, et al., “Enhanced decoupled double synchronous reference frame
current controller for unbalanced grid-voltage conditions”, IEEE Trans. Power

Electron., vol. 27, no. 9, pp. 3934-3943, Sep. 2012.

[3] H. Geng, C. Liu and G. Yang, “LVRT capability of DFIG-based WECS under
asymmetrical grid fault condition”, IEEE Trans. Ind. Electron., vol. 60, no. 6, pp.

2495-2509, Jun. 2013.

[4] N. Jelani and M. Molinas, “Mitigation of asymmetrical grid faults in induction
generator-based wind turbines using constant power load”, Energies, vol. 6. pp. 1700-

1717, Mar. 2013.

114



Chapter 5 Fault Ride-through FRT Response for DFIG WT Connected to a Weak Network

[5] S. Abulanwar, Zhe Chen and Florin Iov, “Enhanced LVRT Control Strategy for
DFIG Based WECS in Weak Grid”, in Proc. The International Conference on
Renewable Energy Research and Applications, ICRERA 2013, Madrid, Spain, 2013.

[6] S. Xiao, G. Yang, H. Zhou and H. Geng, “An LVRT control strategy based on flux
linkage tracking for DFIG-based WECS”, IEEE Trans. Ind. Electron., vol. 60, no. 7,
pp- 2820-2832, July. 2013.

[7]1 J. Yao, et al., “Enhanced control of a DFIG-based wind-power generation system
with series grid-side converter under unbalanced grid voltage conditions”, IEEE

Trans. Power Electron., vol. 28, no. 7, pp. 3167-3181, July. 2013.

[8] P. Rodriguez et al., “Decoupled double synchronous reference frame PLL for
power converters control”, IEEE Trans. Power Electron., vol. 22, no. 2, pp. 584-592,

Mar. 2007.

[9] R. Teodorescu, M. Liserre, and P. Rodriguez., “Grid converters for photovoltaic

and wind power systems”, Wiley IEEE Press, 2011.

[10] Chen, Z., Wei, M. “A voltage quality detection method”, The Third International
Conference on Electric Utility Deregulation and Restructuring and Power

Technologies (DRPT 2008), 6-9 April 2008, Nanjing, China.

[11] Wei, M., Chen, Z., “A fast PLL method for power electronic systems connected
to distorted grids”, the 33st Annual Conference of the IEEE Industrial Electronics
Society, IECON 2007, pp 1702-1707.

[12] P. Rodriguez et. al.,, “Advanced grid synchronization system for power
converters under unbalanced and distorted operating conditions”, in Proc IEEE

Industrial Electronics, IECON, Paris, France, 2006 , pp. 5173-5178.

[13] Y. Liang, “A new time domain positive and negative sequence component
decomposition algorithm,” in Proc. Power Eng. Soc. Gen. Meeting, Toronto, ON,
Canada, 2003, vol. 3, pp. 1638-1643.

[14] D. Xie, et al., “A comprehensive LVRT control strategy for DFIG wind turbines
with enhanced reactive power support”, IEEE Trans. Power Sys., vol. 28, no. 3, pp.

3302-3310, Aug. 2013.

115



Chapter 5 Fault Ride-through FRT Response for DFIG WT Connected to a Weak Network

[15] S. Abulanwar, Zhe Chen and Florin Iov, “Improved FRT Control Scheme for
DFIG Wind Turbine Connected to a Weak Grid”, in Proc. IEEE PES Asia-Pacific
Power and Energy Engineering Conference 2013 (IEEE PES APPEEC 2013), Hong
Kong, 2013.

[16] M. Reyes, et al., “Enhanced decoupled double synchronous reference frame
current controller for unbalanced grid-voltage conditions”, IEEE Trans. Power
Electron., vol. 27, no. 9, pp. 3934-3943, Sep. 2012.

[17] Energinet. Technical regulation 3.2.5 for wind power plants with a power output

greater than 11 kW; September 2010. Available at: http://www.energinet.dk.

[18] J. Liang, D. F. Howard, J. A. Restrepo and R. G. Harley, “Feed-forward transient
compensation control for DFIG wind turbines during both balanced and unbalanced

grid disturbances”, IEEE Ind. Apps., vol. 49, no.

[19] X. Yan, G. Venkataramanan, P. S. Flannery, Y. Wang, Q. Dong, and B. Zhang,
“Voltage-sag tolerance of DFIG wind turbine with a series grid side passive-
impedance network”, IEEE Trans. Energy Convers., vol. 25, no. 4, pp. 1048-1056,
Dec. 2010.

[20] R. Sarrias, L. M. Fernadndez, C. A. Garcia, and F. Jurado, “Coordinate operation
of power sources in a doubly-fed induction generator wind turbine/battery hybrid

power system”, Power sources., vol. 205, no. 1, pp. 354-336, May 2012.

116



Chapter 6

Conclusions and Future Work

6.1 Conclusions

Recently, wind energy attracted the attention of many researchers as well as
politicians owing to its steady gross in the global market. The development of wind
power not only represents onshore power plants but also offshore wind farms with a
capacity hundreds of MW. With a remarkable penetration level in many countries, the
integration of wind power into power systems would seriously impact the stability and
operation scenario and therefore brings different technical issues. Such challenges are
more prominent and effective in case of weak power systems that have lower system

strength.

Besides, with the increase of wind power penetration level worldwide, the
transmission system operators issued the so called Grid Codes which impose a set of
regulations on wind power plants WPPs in order to maintain the system stability and
reliability during normal and abnormal conditions. Therefore, WPPs are requested to
provide ancillary services as conventional generators in order to maintain the system
voltage. Such commitment will represent another challenge when considering wind

power plants connected to weak ac grid which already suffers voltage perturbations.

Consequently, this dissertation is dedicated to address some of the technical
issues that impede the efficient integration of wind power into weak power systems
with very low system strength. The study also investigates the fault ride-trough
response of wind power generators that are connected to stiff and weak networks
considering the grid codes regulations. To identify the technical challenges that
confront integration of wind power into weak power systems, a simplified model that
depicts a grid-connected DFIG WT has been studied under a wide range of grid short
circuit capacity ratio SCR and also X/R ratio. Accordingly, the voltage and
active/reactive power constraints of this typical configuration have been identified. It
has been found that, a grid with 1<SCR<4 and/or X/R<I is susceptible to dramatic

voltage perturbations as a consequence to high system impedance which accordingly
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represents a serious limitation for delivering the available wind power. Therefore,
reactive power support is crucial to maintain the system voltage within permissible

limits.

A detailed model representing a typical configuration of a grid-connected
DFIG WT has been also studied to examine the system performance under a wide
range of system strength, and verify the analytical study. A mega-watt level DFIG
which is widely implemented in the wind energy market has been considered because
it employs partial converters and thus its control especially during abnormal
conditions will be more challenging. To provide a unified mitigation facility of the
point of connection POC voltage perturbations during different system strengths, an
adaptive voltage control AVC strategy based system strength and operating point has

been proposed.

In a broader context, the AVC aims at maximizing the wind power penetration
into weak networks. Moreover, a proposed reactive power dispatch algorithm to
manage the reactive power flow from/to the wind generator WG is presented.
Throughout different case studies performed, it has been deduced that the AVC
provides a higher mitigation capability compared to traditional voltage controllers.
Additionally, owing to the limited reactive power capacity of the DFIG, overrating the
grid side converter represents a cost-effective solution to maintain the POC voltage
within allowable limits at very low SCRs. It was found that a GSC with 0.38 p.u.
rating (compared to 0.25 p.u. normal rating) is sufficient to keep the system voltage
within normal limits for the entire range of the studied network parameters. The
overall system stability using safe operation zones was examined using numerous
simulations for 1<SCR<10 and 0.5<X/R<10 in the studied system with the AVC and
the overrated GSC.

It was concluded that, at a given system strength (2<SCR<4 and X/R<0.5), the
operation regions incur insecure areas at higher WT output power. This is because the
higher output power provokes larger voltage deviations which make the demanded
reactive power more vulnerable to the voltage variations especially at very low X/R
ratios. However, the voltage swell decreases again with higher SCR ‘lower
impedance’ as the network with higher SCR is unlikely cause larger voltage
perturbations. Therefore, For SCR>5 even with X/R = 0.5, safe operation is ensured.
Furthermore, except for 0.5<X/R<I1, the DFIG can effectively regulate the voltage
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with the latent reactive power. Accordingly, the GSC effectively manipulates the
reactive power deficit at very low X/R ratios to maintain the voltage.

Typically, two main deficiencies are reported in the literature for the DFIG
which are the higher transient stator and rotor currents at the instant of abrupt voltage
dip as well as DC link overvoltage due to the imbalance between the rotor power and
the delivered GSC power during a fault. The DFIG transient response due to
symmetrical and asymmetrical faults has been investigated for both stiff and weak
networks. For a DFIG WT connected to a stiff network, a nonlinear controller has
been presented for the GSC to achieve high dynamic performance, decoupled control
between the DC link voltage and reactive power and meanwhile injects reactive
power during voltage dips to support the system voltage. Due to the steady voltage of
a stiff network, the obtained output results evidences that using a proper DFIG control
during transients can overcome its former shortcomings. The GSC nonlinear control
results reveal fast response, high dynamic performance and assure the FRT capability
of the proposed control strategy in compliance with the Danish grid code without

additional hardware circuits.

Asymmetrical faults are widely recurring and accompanied with negative
sequence currents which can result in electromagnetic torque oscillation that can
adversely impact the WT drive-train. Also, due to the voltage perturbations caused by
SCR and/or X/R variations, voltage is difficult to control in case of weak networks.
For these reasons, Decoupled double synchronous reference frame phase locked loop
DDSRF-PLL and dual second order generalized integrator based frequency locked
loop DSOGI-FLL synchronization techniques have been implemented for accurate
and clean grid voltage position detection irrespective of the mains conditions. A
decoupled double synchronous reference frame (DDSRF) current controller is adopted
for the design of grid side converter, GSC, controller to counteract negative sequence
double frequency current oscillations raised by unbalanced voltages and tackle the DC

link voltage run-away.

A set of case studies carried out during balanced as well as unbalanced faults
show that the synchronization techniques are capable of extracting a clean voltage
position signal and dq components which accordingly improves the controller

performance and maintain the WT grid connected to the mains to fulfill the grid codes
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requirement. Additionally, the DDSRF GSC current controller keeps the DC voltage
within the permissible limits especially during unbalanced faults compared to

traditional controllers.

6.2 Future Work

Based on the achievement and findings of this dissertation work, several future

research points are suggested in the area of wind power integration as follows.

e The power fluctuations caused by wind speed 3p oscillations needs further
mitigation for improvement of the POC voltage especially during very low

SCR and X/R ratios.

e Advanced control techniques for controlling the positive and negative
sequence components at the RSC can be considered for further improvement

of the system performance during asymmetrical faults.

e The DFIG FRT response needs to be investigated for a wide range of SCR and
X/R variations of a weak grid in order to come up with a unified FRT control

strategy suitable for both stiff and very weak networks.

e The application of energy storage ES is an effective mean to improve the
system voltage performance during normal and abnormal conditions. The
different ES types could be studied using proposed control methods to

overcome voltage variations.

e The proposed AVC significance could be expanded to a wind farm WF level
connected to a weak network to investigate the POC voltage performance with
the different wind turbines. Also, the reactive power dispatch strategy could be

modified due to the reactive power contribution of the whole WF.
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Appendix A

The DFIG Capacity Mathematical Equation

y2 Y X, 2
P)Y +| 0 +3-22 | = V.. Al
(5)+[Q3+ ij (Xé J (41)
Assuming
2
FELIVE X?,] (42)

Rearranging (A.1), yields:

Ol +0,(24V}, )+ 4V, ~ BV, + P =0 (43)

poc poc poc

For the general quadratic equation:
ax* +bx+c=0 (A.4)

The roots of (A.4) can be obtained using the formula:

2
yo ThENDT —dac \'5—4“0 (45)
a

It follows that the roots of (A.1) are:

2 2 2 2
o —2AV}, £\JAAV] —44V] +A4BV] 4P, (46)
S 2 :

From (A.6), it follows that, the maximum generation and absorption capacity can be

expressed as:

Orpimax =BV e — B> = AV, _\/(( X/ X)WV e ) VX, (4.7)

Qsa—max: AV2 __V2 /XS‘ (AS)
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Derivation of POC Voltage Equation

Rearranging (2.2), yields

VoV e =V Ve +(B = Q) (R, + JX,, ) (B.1)

poc’ poc poc
As V. can be defined as

Vo o=

poc

V

poc

e’ =V (cosp+ jsing) (B2)

— 7 poc

Combining (B.1), (B.2), yields:

szoc = I/n Vpoc Cos ¢ + (])tReq + QlXeq ) + j(IDtXeq - QzReq - I/n Vpac Sin (0) (83)
As the LHS of (B.3) is real, it follows that the RHS is also real, then
PX, -OR
sinp=—"-"4_=" 9 “ (3_4)
I/n Vpoc

Using the trigonometric identity

sin @ =+/cos” ¢ —1 (B.S)

Combining (B.4), (B.5) gives:

(v, -(Px, -OR,)
cos @ =\/ - Lo 208 (B.6)
VilV poc
From (B.3), (B.6), yields
V=R, 0x, (1) ~(2X, -0R,) (87)
Rearranging and squaring of (B.7), gives
(72|~ (PR, +QZX64))2 -(7, 7. )2 ~(BX,,~OR,) (B.8)
vi-v?, (Vn2 +2[ PR, +0X,, | +(RL+X2) (P +Q )) -0 (B.9)
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For the general quadratic equation
ax’ +bx+c=0 (B.IO)

The roots of Eqn. (B.10) can be obtained using the formula

b P dac

B.11
X > (B.11)
It follows that the roots of (B.9) are

2
- V?+PR, +0X,, +\/[Vn2+2(}3Req2+Q,Xeqﬂ ~4(P*+Q7)(R: +X2) 512)

After solving (B.12), the POC voltage can be expressed as:

Ve =405V, + 4 (B.13)

Where,

A=PR, +0X, + \/0.25 vi+(PR,+0X,)V:~(PX,-OR,) ®.14

The positive sign only of (B.13) is accepted so that at zero power, the equations is

valid, i.e.,

Ve =V, (B.15)

123



Appendix C

Appendix C

Parameters of the DFIG Variable-Speed Wind Turbine

Parameter Value
Rated power 2 MW
Rated Voltage 0.69 kV
Rated frequency 50 Hz
Stator Resistance 0.00488 p.u.
Stator leakage inductance 0.1656 p.u.
Rotor resistance 0.00549 p.u.
Rotor leakage inductance 0.1763 p.u.
Magnetizing inductance 3.9257 p.u.
Number of pole pairs 2
Lumped inertia constant 45s
Gear box ratio 87
Rated DC link voltage 1200 V
DC link capacitor 16000 pF
Rotor hub elevation 80 m
WT rotor radius 40 m
Wind shear empirical component (o) 0.3
Tower radius (a) 2m
Distance from the blade origin to the 5m
tower midline (x)
Turbulence Intensity 10%
Transformer rated Power 2.5 MVA
Primary winding rated voltage 11 kV
Secondary winding rated voltage 0.69 kV
Short circuit impedance 0.0033+j0.039 p.u.
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Abstract—This paper presents a new decentralized control strategy
to enable a Doubly-fed Induction generator wind turbine, DFIG
WT, to fulfill the Danish grid code requirements during different
perturbations. A nonlinear controller is adopted for the grid side
converter, GSC, to ensure decoupled control of the DC link voltage
and the reactive power, and counteract the DC link voltage run-
away. Moreover, the GSC is dedicated to inject more reactive power
during voltage dips to satisfy the grid code reactive power support
obligation. A conventional PI controller is devoted to control the
rotor side converter, RSC, with additional compensation terms to
reduce the rotor over-speed, and limit the rotor and stator large
transient currents. A diverse set of symmetrical and asymmetrical
voltage excursions are investigated to evaluate the effectiveness of
the proposed method using MATLAB/SIMULINK environment.
The obtained results assure the capability of the proposed control
strategy to satisfy the Danish grid code requirements.

Index Terms-- Asymmetrical faults, Danish grid code, DFIG,
nonlinear control.

1. INTRODUCTION

With the steady increase of decentralized wind power plants
WPP, the transmission system operators, TSO in many countries
have stipulated some regulations to the integration of wind power
plants, WPP which are known as grid codes [1]. Using partial
scale converters, Doubly-fed Induction generator wind turbine,
DFIG WT, still dominate the global market as it acquires more

than 50% of the current installed wind power [2], [3].

Generally speaking, two main drawbacks are reported in the
literature for the DFIG which are the higher transient stator and
rotor currents at the instant of a fault as well as DC link
overvoltage due to the incapability of the grid side converter,
GSC to transmit the rotor circuit power [2]-[5]. Traditionally, a
crowbar is inserted in the rotor circuit and activated during faulty
conditions to address the aforementioned shortcomings.
However, once the crowbar is activated, the rotor side converter,
RSC is disabled and its control is temporarily lost, meanwhile the
machine behaves as an induction motor drawing higher reactive
power [4]. Advanced control strategies for DFIG have proven to
be the optimal solution to ride-through the DFIG drawbacks
during faults [2],[4],[5]. To enhance the Low Voltage Ride-
Through, LVRT of DFIG, [3] proposed a hybrid fault tolerant

978-1-4799-1303-9/13/$31.00 ©2013 IEEE

current controller to the DFIG RSC and GSC. A standard PI
controller is used for normal conditions whereas a vector-based
hysteresis current controller is utilized to overcome LVRT and
High Voltage Ride-Through, HVRT conditions. However, more
asymmetrical fault cases are not investigated.

In [4], a compensation term is added to the conventional
controller of the GSC to overcome the DC link overvoltage
during voltage dips. In addition, the RSC control method
increases the rotor speed during faults to transform the additional
power into kinetic energy and limit current oscillations.
Nevertheless, if the rotor speed is above the rated value (higher
wind speed), the pitch controller will be activated, hence, the
proposed control method will not be highly effective.

This paper presents a new decentralized control strategy for
the control of DFIG WT to ride-through different disturbances as
well as to fulfill the Danish grid code commitments.

A nonlinear feedback controller is proposed for the GSC to
achieve independent control between the DC link voltage and the
reactive power, suppress the DC voltage fluctuations and
concurrently inject reactive power during contingencies to fulfill
the reactive power support requirement. Additional proposed
terms are incorporated with the conventional PI controller of the
RSC, with the target of reducing the rotor and stator currents
during faulty conditions and limiting the rotor over-speed as well.

II.  DANISH GRID CODE REVIEW

Being one of the countries that has significant wind power
share, the transmission system operators (Energinet.dk) in
Denmark has introduced the Danish grid code which is a set of
requirements that wind power plant, WPP has to satisfy in order
to remain connected to the power system [6]. Fig. 1-a shows the
LVRT requirement imposed by the Danish grid code on the WTs
connected to the transmission system [1],[6]. As seen, it implies
three operational modes; (1) The WPP must remain connected to
the power system in area A for voltage higher than 0.9 p.u. (2)
The WPP should not only remain connected to the power system
in area B but also provides reactive power support to the grid as
demanded in Fig. 1-b to help stabilize the voltage with full
reactive current injection in the area B'. (3) The disconnection of
the WPP is allowed in area C. On the other hand, the Danish grid
code has stipulated another requirement for high voltage



operation known as high-voltage ride-through, HVRT as
depicted in Fig. 1-c. Such operating condition may arise due to
disconnecting large load or a grid fault [1].
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Fig. 1 Danish grid code requirements, (a) LVRT, (b) Reactive power support
criterion, (¢) HVRT [16]

III. DFIG WT SYSTEM MODELING

Fig. 2 demonstrates a schematic diagram of a DFIG wind
turbine connected to the main grid through 20 km double
transmission line. The system comprises a 2 MW DFIG WT. The
WT-represented with the rotor as a lumped mass model- is
operated according to the well-known maximum power point
tracking, MPPT to extract the maximum available power at each
wind speed below the rated value and holds a constant power
over the rated wind speed [5]. The DFIG rotor speed is controlled
via the pitch angle controller having a structure as in [4]. The
DFIG is connected to the ac system through two two-level PWM
back-to-back voltage-source converters, VSC namely, RSC and
GSC and a coupling transformer. The transmission line is
attached to the main grid through a high voltage transformer.

IV. DFIG FAULT RIDE-THROUGH FRT CONTROL STRATEGY

A. RSC Control Strategy

The control structure of the RSC side is as shown in Fig. 3.
The RSC control strategy is implemented in a synchronous
reference frame with the d-axis oriented with the DFIG stator
voltage [7]. The RSC is dedicated to ensure decoupled control of
stator side active and reactive powers and also to provide the
DFIG with a variable speed operation (+30% speed range). The
stator active and reactive powers,P;, () are controlled via
controlling the rotor side current components, ig,., %, respectively.
The output of the control loops is the RSC input voltage, U:abc.
During normal operation, the DFIG is controlled to achieve
variable speed operation according to the MPPT while absorbing
the required excitation ( Q;) from the reactive power control
loop [7]. According to the Danish grid code, the supply of react-

2 MW DFIG

2.5 MVA 10 MVA 1.0%
0.69/25 kV 25/120kV  X/R=10
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Fig. 2 Schematic diagram of the DFIG wind turbine grid connected system

ive power has the first priority in area B over the active power
supply. However, a suitable margin of active power must be
retained in proportion to the voltage dip magnitude [1], [6].
Therefore, once a faulty condition is detected, the MPPT is
deactivated and the active power is kept to a minimum value to
help suppress rotor and stator currents as well as to limit rotor
over-speed. Furthermore, the RSC controller can contribute to
additional reactive power support with the remnant reactive
current to satisfy the reactive power support criterion (see Fig. 1-
b, Fig. 3).

B. GSC Control Strategy

The model of the GSC in a dg reference frame whose d-axis is

aligned with the voltage vector _Ug is described by the following
set of differential equations:

dig, /dt - (Rf /Lf )idg Oy, + (Udy Ve )/L/’ M

dz‘tw /dt - (Rf /Lf )iqg LTI (Uq.q - Uqc )/Lf )
Where, subscripts, U,i,w, signify voltage, current, and angular
speed. Subscripts, g,c refer to grid and converter sides. Indexes
d,q stand for direct and quadrature axes of dq reference frame.
Ry, Ly refer to resistance and inductance of the GSC interface
reactor.
The active and reactive power exchange between the GSC and
the grid can be formulated as:

Py =15(Uggig, +Uyyiyy) 3)

Q, = 1.5(Uqu’dg —Udgz'qg) )

The GSC controller is devoted to regulate the DC link voltage,
V4 and control the reactive power flow between the GSC and
the grid. Under normal conditions, the GSC usually operates with
a unity power factor by regulating Qq to zero. The DC link
voltage and reactive power are controlled via regulating the grid
side converter current components 4,7, respectively. The output

of the control loops is the GSC reference voltage U;abc. The GSC

conventional control strategy is illustrated in Fig. 4. Subsequent
to the fault, a large transient rotor current will flow and a surplus



rotor power as well which need to be transmitted by the GSC.
Nonetheless, due to the lack of sufficient ac voltage at the GSC
terminals, the DC link voltage rises quickly [8]. Also, the more
the GSC is incapable of transmitting the power to/from the grid,
the higher the GSC current, which can be destructive to the
converter switches. To overcome this shortcoming, a faster GSC
control method with higher ability to decouple the GSC control
variables should be employed, which is elaborated next.
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Fig. 4 Conventional GSC control scheme

C. GSC Proposed Nonlinear Controller

The conventional PI controllers suffer poor and sluggish
response specially during transients due to the coupling among its
control loops [2]. The nonlinear feedback control is proposed to
ensure better transient performance and decoupled control
between the DC link voltage and the reactive power. Fig. 5 shows
a block diagram of the proposed nonlinear control strategy.
Similar to the conventional GSC controller, the output of the

control loops is the GSC reference voltage, U;abc~ The input
variables of the nonlinear controller are defined as:
Y= Vdc’y2 = Qg (5.a)
The DC link dynamics can be described by:
b= 1/Cdc (idcg N idcr) (5.b)
For lossless GSC,
Pho = Vdcidcg = Pg —Pf (6)

Where, Ppc,P; are the DC link transmitted power and the
power loss through the interface reactor connecting the GSC to
the grid respectively. Cge,igeq;%q0- are the DC link capacitance
and currents respectively. To achieve linearization between the

control algorithm inputs and outputs, “(5)”, is to be differentiated
till a direct relationship between them is obtained as:

yl _ Ol 0 Udc 02
FR A Fa

Vdc )idg

Where,
0y ==(15/0;C4V4. ) Uy,
Cy = (157 1)Uy,
C, =38 / 1,0,V ) = (37, /1, i) By (0, /i) @, +
(157 £,CVa ) U, = (3B, / CoVi Vg + (15 CoVie ) Uyl / =
(3R/ A dc)zquzqg/dt (1/C,)diy, / dt
04:<1‘5/L )U U —(Rf/Lf)Qg+l‘57iquUdg/dt

dg™~ q9
To obtain linear decoupled relationship with good tracking

. . *
performance even with parameter uncertainty, Uy, U, are
expressed as [9]:

+ (3R, / L,C,,

-o P
99

(8.2)
(8.b)

* . I
Ug =1/C, (k1e1 + ky |eydt + kqyéy +ij) —02)

* %
Upe =1/ Cy (yey + by feydt + 35 - €, )

Where, ¢, = yf Y & = y; Y
Substituting, (8) into (7), yields a decoupled system error
model as:

€ + k3é1 + k1é1 + er1 =0
€y +kyéy + k5€2 =0

Where, k,,..., k; are control gains.

V. SIMULATION RESULTS

To investigate the dynamic performance of the proposed
control strategy under different operating conditions according to
the Danish grid code, an intensive set of simulation case studies
are performed for the system under study shown in Fig. 2. The
system is simulated in the MATLAB/SIMULINK environment
using SimPowerSystems toolbox and Simulink for system
modeling and simulation. The system parameters are listed in the
appendix. The simulations are carried out at the nominal wind
speed of the WT (11m/s). Among the different simulation tests,
certain safe limits (marked with dashed lines in the output results)
are imposed on the system variables for protection purpose.

The maximum allowed limit for the DC voltage is 1.25 p.u.,
and 1.3 p.u., for the stator, RSC and GSC currents while 1.3 p.u.,
for the rotor speed.

A. LVRT and Grid Code Compliance

The system response to a three-phase fault in the middle of
one of the transmission lines (see Fig. 2) with duration of 0.5 s is
illustrated in Fig. 6. The fault results in stator voltage dip close to
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0.2 p.u (Fig. 6-a). At the instant of voltage dip, higher stator and
rotor currents are noticed as in Fig. 6-b,c. Owing to the abrupt in-
crease of the rotor current, the rotor power which is fed to the
GSC through the DC link simultaneously increases, which causes
higher DC voltage oscillations due to lower ac voltage at the
GSC terminals.

Higher DC voltage fluctuation in case of the conventional
controller is recorded in Fig. 6-¢ compared with that of the
proposed controller. This can be attributed to the fast injection of
reactive power (Fig. 6-g) which contributes to supporting the ac
voltage and consequently transporting more power through the
GSC, and eventually results in relieving the DC voltage
fluctuations.

Since the voltage drop impedes transferring all the wind
mechanical power, the mismatch between the electromagnetic
and mechanical torques results in rotor over-speed [5], as in Fig.
6-d but remains within the allowed limit. The active power in
Fig. 6-f is reduced at the fault instant to a minimum value to limit
the rotor over-speed and the system currents.

B.  Asymmetrical Faults Response

Asymmetrical faults are recurring faults and lead to negative
sequence currents of double frequencies which usually
accompanied with higher oscillations that propagate in the DC
link and may cause transient overvoltage beyond the limit [10],
[11]. The system responses to a single-phase to ground fault and
a phase-to-phase fault are shown in Figs. 7,8 respectively. The

faults occur at t= 0.5 s and cleared 150 ms later [6] and cause

58% and 37% voltage dip respectively. It is obvious that double

frequency component due to negative sequence currents is
superimposed on the DC link voltage waveform as seen in Figs.
7,8-e. Comparing the results, it can be concluded that the phase-
to-phase fault is severer as it causes higher voltage drop.
Accordingly, higher DC link oscillations close to the limit are
depicted in Fig. 8-e. The proposed controller is superior to its

counterpart in both cases as it encounters lower overshoots,
shorter settling time with damped performance as seen in Fig. 8-
e,f. The rotor speed, stator and rotor currents are maintained
below the limit for both methods.
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C. HVRT Response

Proposed

(&

To validate the HVRT requirement of the Danish grid code
(Fig. 1-c), a double-open circuit fault at the point of common
connection POC for 200 ms is applied and the obtained results
are shown in Fig. 9. The stator voltage magnitude (Fig. 9-b)
fluctuates during the fault and even exceeds the Danish grid code
limit (1.2 p.u.). At the fault onset, the delivered active power
rises which in turn increases the power fed to the GSC and thus



leads to higher DC voltage oscillations. The DC link voltage in
case of conventional controller violates the limit as in Fig. 9-f. To
counteract the voltage swell, the stator and rotor currents start to
decrease to render the active power constant while the active
power fluctuates around the nominal value. Compared with the
conventional controller, the proposed controller has a higher
capability to overcome the voltage swell and significant better
transient performance.
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VI. CONCLUSION

A Nonlinear controller has been presented for the GSC to
achieve high dynamic performance, decoupled control between
the DC link voltage and reactive power and meanwhile injects
more reactive power during voltage dips to support the system
voltage. Additional terms have been augmented with The RSC
controller to suppress the stator and rotor currents and limit the

over-speed of the rotor during faults. Besides, the RSC is
dedicated to release additional reactive power to fulfill the grid
code reactive power support requirement. Intensive simulation
case studies have been carried out to assess the impact of the
proposed control strategy on the FRT of DFIG WT.

The obtained output results reveal fast response with high
dynamic performance for a wide range of operating conditions
and assure the FRT capability of the proposed control strategy in
compliance with the Danish grid code without additional
hardware circuits.

APPENDIX

DFIG rated power, 2 MW; Number of pole pairs, 2; Stator
resistance, 0.00488 p.u.; Stator leakage inductance, 0.1656 p.u.;
Rotor resistance, 0.00549 p.u.; Rotor leakage inductance, 0.1763
p.u.; Mutual inductance, 3.9257 p.u.; Lumped inertia constant, 3
s; Rated rotor speed, 1.1 p.u.; Interface reactor resistance, 0.0063
p-u.; Interface reactor inductance, 1.98 p.u.; Rated DC link
voltage, 1200 V; DC link capacitor, 16000 pF; Transmission line
impedance, 0.11+j0.32 Q/km.
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Abstract—An enhanced coordinated low voltage ride-through,
LVRT, control strategy for a Doubly-fed Induction generator
(DFIG)-based wind energy conversion system, WECS, connected to
a weak grid is presented in this paper. The compliance with the grid
code commitments is also considered. A proposed decoupled double
synchronous reference frame (DDSRF) current controller is adopted
for the design of grid side converter, GSC, controller to counteract
current oscillations during asymmetrical faults and tackle the DC
link voltage run-away. For a precise detection of the grid voltage
position even under severe voltage dips/unbalanced conditions, A
DDSRF-PLL is proposed and analyzed to extract clean
synchronization signal in order to improve the overall system
performance. Moreover, a fast decomposition based positive and
negative sequence algorithm is utilized for rapid fault detection and
to engage the LVRT protection scheme. Furthermore, additional
compensation terms are incorporated with the traditional GSC and
rotor side converter, RSC, controllers to effectively suppress rotor
as well as stator currents and meanwhile regulate the rotor speed. A
diverse set of voltage excursions are conducted to evaluate the
effectiveness of the proposed control strategy using
MATLAB/SIMULINK platform.

Keywords-component; DFIG, LVRT, weak grid, DDSRF, PLL, grid
code.

L INTRODUCTION

Many countries are experiencing a rapid growth of wind
energy, imposing significant stresses on transmission networks.
A significant part of the expected wind energy will be via
offshore wind farms which is usually located at a long distance
from the main grid. Consequently, it is expected that the short
circuit power of power systems will decrease which results in
operation of wind power in weak grids [1]. Integration of wind
power into weak grids can pose serious impacts regarding
voltage fluctuation, post-fault power variation and finite
transmission capacity to accommodate more wind power [2].
Adverse impacts on voltage, frequency and system stability
emerged in China owing to the steady increase of wind power
penetration into weak networks [3]. Due to the progressive
increase of decentralized wind power plants, WPPs, the
transmission system operators, TSO, in many countries have

978-1-4799-1464-7/13/$31.00 ©2013 IEEE
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stipulated stringent regulations to the integration WPP which are
known as grid codes [4]. Fig. 1.a depicts the German, Scottish
and Irish grid code low voltage ride-through, LVRT,
commitment which implies that the wind turbines, WTs, must
remain connected if the terminal voltage within the shaded area
[5]. As seen in Fig. 1.a, E.ON LVRT is onerous as it requests
fault ride-through, FRT, capability for different faults
accompanied with zero voltage dips for 150 ms duration. Irish
grid code requires FRT against faults with remnant voltage of
0.15 p.u for more than 500 ms. According to the grid codes, WTs
not only have to withstand grid excursions but also provide
ancillary service regarding reactive power support as traditional
generators to recover the ac voltage. Fig.l.b illustrates the
Spanish and German reactive power support obligation.
Typically, no reactive power support is demanded for voltage
dips with remnant voltage of 0.9 p.u. Nevertheless, maximum
reactive current support is required for voltage dips below 0.5
p.u. Among different topologies of wind energy conversion
systems, WECS, Doubly-fed Induction generator wind turbine,
DFIG WT, is intensively used due to certain features as variable
speed operation and independent control of active and reactive
power via using partial scale converters rated at 25-30% of rated
power [5]. However, due to the direct connection of its stator to
the grid, DFIG is sensitive to the grid disturbances and thus
prone to different serious defects [6].

Typically, two main deficiencies are reported in the literature
for the DFIG which are the higher transient stator and rotor
currents at the instant of abrupt voltage dip as well as DC link
overvoltage due to the inability of the grid side converter, GSC to
transmit the surplus rotor circuit power [5],[6]. Traditionally, a
crowbar is attached to the rotor circuit and activated during fault
periods to address the aforementioned shortcomings.
Nonetheless, once the crowbar is engaged, the rotor side
converter, RSC is out of control, meanwhile the machine behaves
as conventional induction generator absorbing higher reactive
power [7]. With the aid of advanced control schemes during
faults, DFIG LVRT can be successfully accomplished [3]-[8].

An analytical stability study of a 2 MW permanent magnet
WT connected to ac grid of widely varying strength is presented
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by Nicholas et al. [1]. It has been concluded that operation of
wind power in weak grids for SCRs below 4 is unsatisfactory
unless if an advanced ac voltage controller is adopted. The
impact of gain factor of the injected reactive current to support
the ac voltage following sudden symmetrical voltage dips in
weak grids was investigated by T. Neumann et al. [8]. It was
found that, for weak grids having SCR of 4, WT can provide
reactive power support through fast voltage control without any
additional devices. However, for SCRs between 2 and 3,
additional compensation devices are required to compensate the
voltage level.

This paper presents an enhanced coordinated LVRT control
strategy for DFIG WT operating in weak grid having SCR of 3
under symmetrical as well as asymmetrical faults. Besides, the
proposed control scheme fulfills the grid codes obligations.

A decoupled double synchronous reference frame, DDSRF,
current controller is adopted for the GSC controller to counteract
the 2w current oscillations during unbalanced operating
conditions to regulate the DC link voltage during such cases. In
addition, in order to cleanly extract the fundamental frequency
positive-sequence component of grid voltage under various
faults, a DDSRF based phase-locked loop, DDSRF-PLL is
utilized. Additional proposed terms are incorporated with the
conventional PI compensators of the GSC and RSC, to avoid the
rotor and stator currents swell during voltage interruptions and
limiting the rotor over-speed as well.

II.  DFIG WT SYSTEM DESCRIPTION

Fig. 2 demonstrates a schematic diagram of a DFIG WT
connected to the grid. The system comprises a 2 MW DFIG WT,
drive train and partial converters. The DFIG stator side is directly
connected to the grid while the rotor side is connected via two
two-level back-to-back PWM converters. The WT drive train is
represented with the well-known two mass model. The overall
DFIG WT control system is composed of two level control
schemes, namely, wind turbine controller and DFIG converters
controller. The former controls the WT mechanical output power
via controlling the pitch angle and provides the reference rotor
speed @;_ror corresponding to the maximum power point
tracking, MPPT. The latter, is dedicated to control the DFIG
converters, for regulating WT output active and reactive power
using vector control theory.

III.  GRID SYNCHRONISATION

A. Conventional SRF-PLL

The precise detection of the magnitude and phase angle of
positive-sequence grid voltage is a crucial aspect for reliable
operation of a grid-connected power electronic converter. A
phase-locked loop, PLL, is a synchronization technique used to
synchronize its output signal in phase and frequency with an
input signal. The most widely used PLL within the area of power
electronics and power systems, for positive-sequence detection is

ICRERA 2013

the three-phase, PLL based synchronous reference frame, SRF-
PLL of which structure is depicted in Fig.3 [9]. A reliable PLL
should render a clean phase angle irrespective of the grid voltage
waveform. Under ideal utility conditions, SRF-PLL yields quick
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Figure 2. Schematic diagram of the DFIG wind turbine grid connected system
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and accurate detection of grid voltage position. Whilst, under
distorted/unbalanced grid voltage, SRF-PLL suffers poor
dynamic performance even with reduced bandwidth [9]. Since
grid codes require stringent regulations even with zero voltage
dips, a high efficient PLL capable of extracting clean phase angle
even with highly distorted or zero grid voltage is vital for
achieving the grid code requirements.

B. DDSRF-PLL Structure

An enhanced SRF-PLL using double synchronous reference
frames, DSRF, rotating with positive and negative synchronous
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speeds is known as DSRF-PLL [9]. Augmenting a decoupling
cell allows for cancellation of the reciprocal Zw coupling effect
of positive and negative sequence between both reference frames.
Thereby, precise grid synchronization is possible even under
unbalance utility conditions. Fig. 4 shows a block diagram of the
DDSRF-PLL. The estimated output dg voltage components of
the DDSRF-PLL can be formulated as [9]:

vi= [I;i} = [LPF](vdq_ - [Tdf}fd'*q ) (1)

q

- [‘;1] = [LpPF] (qu - [Tdﬂ 7,1.) )

a

LPF(s) = wwi . 3)
!
2] 917 | cos(2at)  sin(2e,t)
[Td-tl :| B [T‘ZI ] - |:—Sin(2w8t) cos(QwSt):l )

The low pass filter, LPF, cut-off frequency, wy can be
properly set to retain a better damping performance with fast
response (wy = wg/N2) rad/s.

It is worth mentioning that, as the PLL filter is located outside
the control loop, the DDSRF-PLL bandwidth is not affected.

IV. DFIG LVRT CONTROL STRATEGY
A. Fault Detection Algorithm

Fast fault detection is a key point for rapid triggering of the
FRT control strategy and effectively suppress the large transient
currents. A fault detection algorithm, FDA, based positive and
negative sequence component decomposition is adopted here [7].
In a broader context, the detection method is capable of
decomposing the sequence components using the sample data at
two points on the three-phase waveform [7]. Hence, the
decomposition process can be executed after one sampling
period. The stator voltage positive sequence component, Vi, is
used as an indicator for a fault. Whenever, V;* < 0.9 p.u., a fault
is detected and thereby, the proposed FRT control strategy is
activated to tackle the fault.

s—abe

Figure 5. Fault Detection Schematic Diagram

B. GSC Controller

The model of the GSC in a dg reference frame whose d-axis is

aligned with the stator voltage vector V can be described by the
following set of differential equations:

digy fdt ==(R; L, Yigy + @iy + (Ve =V, )/Lf (5)
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digg /dt =T (Rf/Lf )iqy T Oy * (Vqs Vg )/Lf ©)
Where, subscripts, V,i,w, signify voltage, current, and angular
speed. Subscripts, s,g refer to stator and grid sides. Indexes d,q
stand for direct and quadrature axes of dq reference frame. R, , L,
refer to resistance and inductance of the GSC interface reactor.

The active and reactive power exchange between the GSC and
the grid can be formulated as:

Py =15 (Vdsidg + Vqsiqg) )
@y =15 (Vqsidg B Vdsiqg) ®)

The DC link dynamics can be written as:
av?
% (1(:7(/16=P7'_Pg (9)
The GSC controller is dedicated to regulate the DC link
voltage, ¥V, and control the reactive power flow between the
GSC and the grid. During ideal conditions, the GSC usually
operates with a unity power factor by regulating Qg to zero. The

DC link voltage and reactive power are controlled via regulating
the grid side converter active and reactive current components
I4q I4q TESPECtively. The GSC control loops output is the reference
GSC input voltage, V;abc. Fig. 4 shows The GSC conventional
control strategy. Subsequent to a fault, a large transient rotor
current will flow and a surplus rotor power as well which need to
be transmitted by the GSC. Owing to the transient unbalanced
power flow between RSC and GSC, the DC link voltage rises
quickly [5]. Accordingly, a proposed term (Pg / Vdc) is
augmented with the DC link voltage outer control loop during
contingencies to reflect the momentary fluctuation of the GSC
power and hence, enhancing the DC link voltage transient
response. Besides, the GSC is dedicated to contribute to the
reactive current support during voltage interruptions to satisfy the
grid code requirement regarding reactive power support.

Vae i ‘
v - ‘dg—ref dg
de—ref Hé»Jt* tg j— .;.
[Vl 0

.
s
DN
dec

Figure 6. Conventional GSC control scheme

C. Proposed GSC Controller

Voltage sags can give rise to unbalanced grid voltages which
may result in sustained oscillations in the delivered active and
reactive power. Whilst it is generally accepted that traditional SRF
dg current controllers are extensively used and implemented in
different applications. Nevertheless, the performance of such
controllers during unbalanced conditions is deficient [10]. DSRF
for controlling positive and negative sequences using PI
compensators seems to be better solution for unbalanced utilities.
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An DSRF dg current controller incorporated with decoupling cells
to eliminate the mutual 2w cross-coupled oscillations arising from
positive and negative sequence currents is adopted and dedicated
for the control of the GSC which known as DDSRF dg current
controller [10].

Similar to the decoupling cells approach used for DDSRF-
PLL, the resultant DDSRF dg current controller can be expressed
as:

gt -ie-e) .~ _ -i0-6) (.- A
Yy—dg T Yy-dg te g-dg € Yagg—ref Aldqg

e - ~ —

AC Term Decoupling cell (10)
- _ - -i(6-6) + _ -i0-0) [+ AT
Yy—dg = Yg—dg te Yy—dg ~ € dqg—ref Aqu.v
A ~ J —
AC Term Decoupling cell

The LPF cut-off frequency w; is selected as (wy = w,/ V2)
rad/s. the DDSRF controller block diagram which abridges (10) is
shown in Fig.7. The outer controller of the DDSRF current
controller is the same as that in [11].
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Figure 7. GSC DDSRF dq current controller

D. RSC Controller

In normal operation, the DFIG stator active and reactive
power decoupled control can be realized through vector control
technique with a reference frame aligned with the stator voltage
vector. The RSC control structure is as shown in Fig. 8. The RSC
control strategy is implemented in a synchronous reference frame
with the d-axis oriented with the DFIG stator voltage. The RSC is
dedicated to attain decoupled control of stator side active and
reactive powers and also provides the DFIG with a variable speed
operation. The d-axis control loop regulates the stator active
power, P, via regulating the reference rotor active power current
component, iy, .., Which is generated by the outer control loop
that provides variable speed operation according to the WT
MPPT. The g-axis corresponds to the stator reactive power
control which is controlled through the reference rotor reactive

power current component, i,, .. The output of the control loops
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is the RSC input voltage, V... Once the stator voltage dips, the
DFIG delivered output power decreases as well. Meanwhile, the
reference input power should be restrained to regain power
balance, otherwise, power imbalance will give rise to higher rotor
current and rotor over-speed. Under normal operation, the DFIG
output power can be defined as:

_ 3
Pt - kopt wrfref
Wh ArdC (11
ere, B 0.5pA4m p—max (12)
opt N33
g "opt

To suppress the rotor as well as stator currents during
contingencies, whenever, a faulty condition is detected, the MPPT
is deactivated and the reference active power is given by [12]:

]Ds—rf%f - kpk'?]’t (Vg/vw )2 wTS_TP'/ (13)

Where, k, is a reduction factor. Vy,, V; signify the stator
voltage pre and during the fault respectively. Equation “13”
implies that the rotor active power current component will be
reduced during the fault but pursuing less active power production
which is recommended by the British and Danish grid codes [5],
[12]. Furthermore, the RSC controller concurrently releases
reactive current support with the remnant rotor current to satisfy
the grid code reactive power support commitment.

v, MPPT

+L

& i)

Uip (L J

Tdr

Figure 8. RSC control scheme
V.  SIMULATION VERIFICATIONS

To clarify the effectiveness of the proposed control strategy
under diverse excursions, a set of simulations are conducted for a
2 MW DFIG WT system shown in Fig. 9. The system is simulated
in the MATLAB/SIMULINK platform. The simulations are
carried out at the nominal wind speed of the WT (11.4m/s).

For the safety of system operation, the maximum allowed
limit for the DC voltage is 1.25 p.u. Stator and rotor protection
thresholds are set to 1.5 p.u. However, the RSC can sustain 2 p.u
overcurrent for a very short time [8]. Moreover, the pitch
controller will be activated during voltage dips to regulate the
rotor speed. To hold a fair comparison, the fault detection
algorithm and the FRT additional terms for RSC and GSC will be
added to the conventional control strategy within the simulations.
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A. LVRT Operational Scenario

The system response to a symmetrical 3¢ fault (X;/Ry = 5)
in the transmission system (see Fig. 9) with duration of 0.5 s is
depicted in Fig. 10. During the fault, the stator voltage (Fig. 10.a)
falls down to 95% which corresponds to a severe fault, while the
FRT protection is triggered via the FDA for protection purpose.
At t=1.2s, the fault is cleared and later the normal operation is
retrieved. At the onset of voltage dip, higher stator and rotor
transient currents are noticed in Fig. 10.c-f. Owing to the abrupt
increase of the rotor current, the rotor power fed to the GSC
through the DC link simultaneously increases, which causes
higher DC voltage oscillations due to lower ac voltage at the
GSC terminals.

Compared with the proposed control strategy, the DC voltage
for the conventional scheme encounters higher spike (1.32 p.u)
and even exceeds the safe margins as recorded in Fig.10.1
whereas, in case of the proposed strategy, the DC voltage is
effectively regulated in the allowed range with faster response
and lower settling time, see Fig.10.k.

Moreover, it can be seen from the results (Fig.10.m,n) that the
activation of the FRT scheme in the RSC controller plays a
significant role in regulating the power balance mismatch by
reducing the DFIG input power in response to the output power
reduction due to the fault and thus limiting stator as well as rotor
currents (Fig.10.c-f) by both control methods.

The rotor over-speed is also limited subsequent to triggering
the pitch control, see Fig 10.i,j. According to the grid code
(Fig.1.b), reactive current support should be resumed with the
voltage dip remnant value below 0.9 p.u. Fig.10.0,p demonstrates
the WT reactive power current component released in response to
the voltage dip via stator and GSC sides. Obviously, it can be
seen that the reactive current in case of the proposed method
attain its maximum value steadily during the fault while for the
conventional method, fluctuates and loses the successful reactive
current support. This can be attributed to the loss of the exact
vector control orientation as a consequence to the severe voltage
dip with 95% drop due to the fluctuation caused by the lower
weak grid SCR as noticed in Fig.11.b,d. On the other hand,
Fig.11.a,c evidences that The DDSRF-PLL extracts a clean and
unaffected synchronization signal which in turn enhances the
overall system performance under such sever fault and also fulfill
the grid code requirement.

B.  Asymmetrical Faults Response

Asymmetrical faults are widely recurring and accompanied
with negative sequence currents which can result in sustained DC
voltage and electromagnetic torque oscillations. In a broader
context, the latter can adversely impact the WT coupling shaft
while the former can damage the WT converters which
eventually might trip the DFIG WT during such faults [6]. The
system responses to a ¢ — g fault in phase A with 90% voltage
dip and a 2¢ fault with 50% voltage dip are shown in Figs. 12,13
respectively. The faults occur at t= 0.7 s and cleared 150 ms later.
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Pre-fault, the dominant rotor current frequency is |s|w,/2m =
5 Hz while during the fault, |2 — s|w,/2m = 105 Hz. With the
sequence currents controlled via the GSC proposed method, the
DC voltage oscillation is mitigated (Figs.12,13.k) compared with
that of the conventional method (Figs.12,13.1). It can be noticed
from the results that the stator and rotor currents are effectively
restrained below 2 p.u. It is worth mentioning that, the stator
active power and injected reactive current (Fig.12,13.m-p) during
both faults are oscillated dramatically due to the limited control
capability of the RSC [6]. Nonetheless, the oscillation is less in
case of the proposed control strategy with better post-fault
recovery performance (Figs.12,13.m-p). This is due to the
identical control efforts done by the proposed GSC controller for
the sequence currents [6] and concurrently the robust
performance of the DDSRF-PLL which extracts an unaffected
signal irrespective of the unbalanced grid voltage as seen in
Fig.11.4,0. Moreover, the distorted stator voltage phase angle
(Fig.11.j,p) and its respective dg voltage components (Fig.11.1,r)
detected by the SRF-PLL impacts the commonly used vector
control orientation scheme and adversely affects the control
objectives.

Comparing the results, it can be concluded that the 2¢ fault is
severer as it causes lower voltage and larger currents.
Accordingly, higher DC link overshoots of 1.4 p.u are depicted in
Fig. 13.1 which is quite far from the limit under conventional
GSC control method. Furthermore, it was found that the rotor
speed was increased slightly (5.5%) due to the activation of the
pitch controller in response to the voltage dip.

Grid 50 Hz 120/25 kV 40 km T.L 25/0.69 kV

[#[F =]

GSC  RSC
Figure 9. Single line diagram of the studied system

Tlme s
(A) (B)

Figure 10. Response of the DFIG WT system to a symmetrical 3¢ fault with
X¢/Rs =5 (A) proposed control strategy (B) Conventional control strategy.
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VI. CONCLUSION

W W Wop Wop oV Wop
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) ] o Ay 1—4" @ m | J,- o 1 e 2L m “ achieve high dynamic performance, counteract current
- e e 4 :7"‘1": ‘:ﬂ I - TR oscillations and regulate the DC link voltage during disturbances.
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Figure 11. Tracking response of the PLL for 3¢, ¢ — g and 2¢ faults The obtained results assure the capability of the DFIG WT

respectively. (Al-A3) DDSRF-PLL. (B1-B3) SRF-PLL connected to a weak grid of SCR of 3 to comply with the grid

codes requirements using the proposed control strategy.
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Abstract— This paper presents an improved coordinated fault ride-
through (FRT) control strategy for a doubly fed induction generator
(DFIG) based wind turbine, (WT), in a weak grid. A technique for
grid synchronization against voltage excursions, i.e., a Dual Second
Order Generalized Integrator — Frequency Locked Loop (DSOGI-
FLL) is utilized to extract a robust grid voltage synchronization
signal irrespective of the mains condition to enhance the overall
system performance. Besides, a decoupled double synchronous
reference frame (DDSRF) dq current controller is devoted for the
grid side converter, (GSC), controller to counteract current ripples
and tackle the DC link voltage fluctuations. Also, a reactive power
support scheme to manage the DFIG reactive power during
contingencies and fulfill the grid codes obligations is presented.
Moreover, additional control terms are employed with the DFIG
converters controllers to counteract rotor as well as stator currents
and regulate the rotor speed. Simulation results which assure the
effectiveness of the proposed control scheme is presented.

Index Terms— DFIG, DSOGI-FLL, FRT, grid code, weak grid.

1. INTRODUCTION

Wind energy conversion systems (WECS) are typically
located in remote zones and connected to the grid via long
feeders with lower short circuit ratios (SCRs). In the areas which
geographically rich in wind energy, the transmission of huge
amount of wind power to the power grid is restricted due to the
transmission network weak structure [1]. In a weak grid, a
change in active and/or reactive power can pose considerable
voltage variation which can be a limiting factor for the
integration of more wind power [2]. Besides, the impact of WT
output power on the voltage quality can be another limiting
factor which necessitates the incorporation of enhanced control
systems to address such defects [2], [3].

Owing to the steady growth of decentralized wind power
plants, (WPPs) many countries have imposed stringent
regulations to the (WPPs) integration which known as grid codes
[3]-[5]. Fig. 1.a shows the low voltage ride-through (LVRT)
regulation for the German, Scottish and Irish grid code in which
the wind turbines (WTs) must stay connected when the terminal
voltage lies in or above the shaded area [3]. As illustrated in Fig.
l.a, E.ON LVRT demands fault ride-through (FRT) for voltage
levels down to zero with 150 ms duration. Moreover, WTs
should release reactive power support as traditional generators to
boost and recover the ac voltage. Fig.1.b depicts the German and

978-1-4799-2522-3/13/$31.00 ©2013 IEEE

Spanish reactive power support requirement. Basically, reactive
current support is substantial for voltage dips with remnant
voltage less than 0.9 p.u., while full reactive current support is
necessary for severe voltage dips with remnant voltage lower
than 0.5 p.u [3], [4]. DFIG WTs, are extensively preferred due to
variable speed operation using partial scale converters rated at
25-30% that allows for independent control of active and reactive
power [4]. Nevertheless, DFIG is sensitive to the grid faults and
thus prone to various serious issues due to the direct connection
of its stator to the grid [2]-[4].

Subsequent to a fault, the rotor side and grid side converters,
RSC, GSC respectively are prone to overcurrents and
overvoltage unless an additional protection is incorporated.
Usually, a crowbar circuit is inserted in the rotor side and
activated upon fault detection to mitigate the above-mentioned
shortcomings. However, triggering the crowbar results in
blocking the RSC, meanwhile the machine absorbs higher
reactive power as a conventional induction generator [3]. Using
advanced control strategies, DFIG LVRT can be dramatically
achieved [2]-[5].

In [5], a stability study for a permanent magnet WT connected
to a weak grid is presented. It was shown that the operation of
WTs in weak grids with SCRs below 4 is viable by means of
advanced ac voltage controllers. The influence of the injected
reactive current control to support the ac voltage due to
symmetrical faults in a weak grid is investigated in [6]. It has
been concluded that, DFIG WT can readily provide reactive
power support via fast voltage control for weak grids with SCR
of 4. Despite this, further compensation circuits are necessary to
support the terminal voltage for SCRs between 2 and 3.

This paper provides an improved coordinated FRT control
scheme for DFIG WT connected to a weak grid of SCR of 3
under different contingencies to fulfill the grid code
requirements.

Typically, classical synchronous reference frame (SRF) dq
current controllers render deficient performance during
unbalanced utility conditions. To overcome such shortcoming, a
decoupled double synchronous reference frame, (DDSRF)
current controller is dedicated to control the GSC to tackle the
double-frequency current oscillations and regulate the dc link
voltage during disturbances. A reactive power support control
scheme is presented to effectively satisfy the grid codes reactive



power boost obligation. Besides, a Dual Second Order
Generalized Integrator — Frequency Locked Loop (DSOGI-FLL)
is utilized so as to furnish a robust grid voltage synchronization
signal against various perturbations.

For better regulation of the transient rotor currents,
proportional integral plus resonant, PIR controllers are employed
in the RSC controller. Additional proposed blocks are integrated
with the DFIG converters controllers, to mitigate the rotor and
stator overcurrents during voltage interruptions.

II. DFIG WT CAPABILITY LIMITS

The capability limits of a 2 MW DFIG considering stator and
rotor currents heating constraints due to Joule’s losses, maximum
and minimum active and reactive power is shown in Fig.2 [1].
Identifying the control abilities of the DFIG aims at optimally
design the DFIG control system in order to improve the system
operation. More details about such capability limits can be found
in [2].

II. GRID SYNCHRONIZATION

A. SRF-PLL Synchronization

Among the different aspects for the control of the grid-
connected converters, is the exact synchronization with the utility
voltage. Phase Locked Loop, PLL based synchronous reference
frame, SRF-PLL is the most intensively used technique for
detecting the magnitude and position of the positive-sequence
grid voltage.

The basic structure of SRF-PLL is shown in Fig.3. Despite its
good behaviour under normal conditions, SRF-PLL provides
poor dynamic response under unbalanced grid conditions even
with reduced bandwidth [7].

B. DSOGI-FLL Synchronization

Fulfilling the grid codes requirements and keeping the WT
connected during contingencies entails the usage of alternative
synchronization technique. Dual Second Order Generalized
Integrator, DSOGI based Frequency Locked Loop, DSOGI-FLL
is an insensitive frequency-adaptive synchronization mechanism
which benefits the instantaneous symmetrical component
analysis considering adaptive filters [7]. Being frequency-based,
DSOGI-FLL can efficiently ride-through the grid perturbations,
provides a clean synchronization signal and attenuates grid
voltage high-frequency components [8]. Fig. 4 illustrates the
DSOGI-FLL structure. Further details about DSOGI-FLL can be
obtained from [7], [8]. Performance comparison between SRF-
PLL and DSOGI-FLL will be presented through the simulation.

IV. PROPOSED DFIG FRT CONTROL SCHEME

This section provides an insight into the coordinated DFIG
FRT control strategy used to improve the system performance
and meanwhile satisfy the grid codes requirements.
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A. Reactive Power Support Control Scheme

A cascaded reactive power control scheme (see Fig.5) devoted
to manage the reactive power sharing via DFIG stator as well
GSC sides is adopted here [3]. The priority for the reactive power
aid is given to the DFIG stator side -which processed via the
RSC control- followed by the GSC side whenever the stator side
attains the limit - due to severe faults - which pre-defined through
the DFIG capability limit mentioned in section II. The reactive
power support is initiated once the rms stator voltage, V; slips
more than 0.1 p.u (see Fig.1) out of the reference value, V;_,.f.
Typical limiters are incorporated to ensure that the released
reactive power does not overtake the respective capability limits
of stator and GSC each. Such management scheme is efficient as
the GSC reactive power support starts subsequent to the stator
side injection which allows for active power transmission at the
fault onset and thus mitigating the unwanted transient DC voltage
fluctuations.

B. RSC Control Scheme

The stator side active and reactive powers, P;, Qs can be
regulated via acting on the respective rotor dg voltage
components. The RSC applied control scheme is demonstrated in
Fig.6. The RSC controller is implemented in a reference frame of
which d-axis is aligned with the stator voltage vector.

For further improvement of the RSC transient response, PIR
current regulators are employed in the RSC controller as shown in
Fig. 7 [9]. The parallel resonant blocks are tuned at ws, 2w;. w, is
the cut-off frequency and k;. is the proportional gain at the
resonant frequency. Hence, the RSC dg voltage components are
set as:

Yir = PIR (idrfref o Z‘dr) — Yslip (Lriqr + Lmiqs)

vq?‘ = PIR (Z’qr—ref o Z.qr) + wslip (Lridr + Lm Z'ds)

Where, i4,,i, are the rotor active and reactive current
components respectively. iz, igs are the stator side active and
reactive current components. gy, is the slip frequency. Ly, Ly,
refer to rotor and magnetizing inductances.

The stator active and reactive powers, P, @ can be regulated
via the RSC currents, iy, i5- and subsequently rotor dg voltage
COMpONEnts, Vg, Vgy-

Whenever the stator voltage dips, the DFIG output power
decreases as well. Accordingly, to tackle the transient rotor as

well as stator currents and maintain the power balance, the MPPT
is deactivated and the reference active power is set as [10]:

(1.2)
(1.b)

2
3
Ps—ref = kpkopt (Vs/vso) wr—ref (2)
3 3y3
kopt = 0'5pAbrb Cpfmax /Ng)\opt (3)

Where, k, is a gain factor. V,, V; refer to the stator voltage
before and during the fault respectively and w,_,r is the

reference rotor speed. With “2”, tiny active power supply is
sustained during severe faults as recommended by the British and
Danish grid codes [3], [10]. With the aid of the reactive power
support scheme, the RSC concurrently injects reactive current
support with the remnant rotor current to fulfill the grid code
commitment and restore the ac voltage.
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C. Conventional GSC Control Scheme

Likewise, the GSC controller is applied in a reference frame
whose d-axis is oriented with the stator Voltage(vqs = 0). The dc
link voltage, V;. and the reactive power exchanged between the
grid and the GSC sides,Q, can be controlled through acting on
the dg GSC voltage components which can be expressed as:
dg = Va5 T Ly, — Ly dig, [dt — Ry, “)
Vg = ~wyLyig, — Ly di, [dt = Ry, )

Where, subscripts, v,i,0, stand for voltage, current, and
angular speed. Subscripts, s,¢g signify stator and grid sides.
Indexes d,g stand for direct and quadrature axes of dgq reference
frame. R, ,L; refer to GSC interface reactor resistance and
inductance.

The active and reactive power flow between the GSC and the
grid can be written as:

v

P, = 150,44, (©6)
Q, = —1.5v,,, (7
The DC link dynamics is given by:
2
Lo, Wie _p _p (8)

2 de g T
In normal conditions, the GSC typically operates with a unity
power factor, Qg =0 . Fig. 8 illustrates The GSC traditional
control scheme. To mitigate the dc voltage fluctuations during
interruptions, a proposed term (Pg/ Vdc) is activated and added to



the dc link voltage control loop to reflect the transitory variation
of the GSC power. The latter can be attributed to the power
imbalance between the RSC and GSC resulting from the surplus
rotor power followed by the transient voltage dip which
adversely impacts the dc voltage transient response [3].
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Figure 8. Conventional GSC control scheme

D. Proposed GSC Controller

Undoubtedly, LVRT and the associated DFIG WT converters
control is a key point to satisfy the grid code requirements.
Unbalanced grid voltages emerging from asymmetrical voltage
dips can certainly cause sustained oscillations in the DFIG
generated active and reactive power. Though this demerit can be
overcome via injecting appropriate unbalanced currents by
negative sequence controllers, the conventional SRF dg current
controllers cannot accurately accomplish such objective due to
sluggish dynamic performance [11].

Using DDSREF based PI regulators for controlling positive and
negative sequences has been intensively implemented and thus
can meet the target under such unbalanced grid conditions. Fig.9
shows the DDSRF respective positive and negative reference
frames (dq*,dq™) rotating with the synchronous speed (+ws)
with angular positions (+0') respectively. In this regard,
decoupling cells to eliminate the reciprocal double-frequency
cross-coupled ripples affecting both SRFs are added to enhance
the controller performance during unbalanced conditions [10].

Thereby, the resultant DDSRF dg current controller can be
expressed as [11]:

g+t =0, =6") .- =300 =07) [~ —
Zg—dq - Zg—dq + : Zg—dq - : qug—’rcf - Azdfﬁ) (9)
Y~ - ~ Y
AC Term Decoupling Term
— - -i0.-6") o+ _ -i(6-6) [+ Z At
Yg-dq = Yg-dg T € Y-dg ~ € (qug—ref Aqug) (10)
— —— g
AC Term Decoupling Term

The cut-off frequency of the LPF, w; is selected as

(0 = w5/ v2) rad/s. A schematic diagram that abridges (9-10)
for the GSC DDSREF dq current controller is shown in Fig.10. The

outer controller of the DDSRF current controller is the same as
that in [12].
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Figure 10. GSC DDSREF dq current controller

V. SIMULATION VERIFICATIONS

A 2 MW, 0.69kV DFIG WT system used for the simulation is
shown in Fig.11. The system is modeled and simulated in
MATLAB/SIMULINK environment to evaluate the effectiveness
of the proposed control strategy under various excursions. The
simulations tests are performed at the nominal WT wind speed
(11.4m/s). Whenever, a voltage dip is detected, the FRT
protection strategy is enabled to safeguard the DFIG WT and the
associated converters. Throughout the simulations, the maximum
allowed dc voltage is set as 1.25 p.u. Stator and rotor currents
protection maxima are set to 1.5 p.u. Nonetheless, the DFIG
system converters, i.e., RSC and GSC can sustain 2 p.u
overcurrent for a transitory time [4]. Furthermore, the pitch
controller will be triggered in case of severe voltage dips to
handle the rotor speed.

Grid 50 Hz 120/25 kV 40 km T.L 25/0.69 kV

GSC  RSC
Figure 11. Schematic diagram of the system under study
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A.  Symmetrical Fault Response

Initially, the DFIG WT is supplying the rated output power
while the delivered reactive power is set to zero (Qs, Qg = 0). The
corresponding DFIG rotor speed is w, = 1.1 p.u. At t=0.7s, the
system is subjected to a severe symmetrical 3¢ fault
(X¢/Ry = 5) in the transmission line (see Fig. 11). The fault lasts



for 500 ms and cleared at 1.2s while normal operation is
retrieved later as depicted in Fig. 12. The stator voltage
(Fig. 12.a) drops to 95% during the fault, meanwhile the FRT
protection is activated via a fault detection algorithm as that in
[4]. Subsequent to the voltage dip, higher stator and rotor
transient currents are noticed in Fig. 12.c-f. As a consequence to
the transient rotor current growth, the GSC absorbed power -via
the RSC side- rises instantaneously, which results in higher dc
voltage fluctuations. However, the proposed control strategy is
superior to its counterpart in maintaining the dc link voltage
within the allowed limits as seen in Figs.12.k,1.

Besides, the adopted RSC fault ride-through, FRT, strategy in
in both control schemes (see Figs.12.m,n) proved to regulate the
power imbalance via curtailing the DFIG input power based on
“2” in response to the reduction of the DFIG active power caused
by the voltage dip and accordingly restricting stator as well as
rotor overcurrents (Fig.12.c-f). Moreover, the pitch controller is
engaged during the fault so as to regulate the rotor speed as seen
in Figs. 12.1,j which still below the threshold limit (1.3 p.u.).

As reactive current aid should be released as a consequence to
the stator voltage dip as stipulated by the grid codes (see Fig.1.b),
the aforementioned reactive power scheme (see Fig.5) is
activated to achieve this target in response to the stator voltage
dip. The reactive current support led by the WT is shown in
Figs.12.0,p. Though adopting the same reactive power scheme, it
can be obviously noted from Fig.12.0 that the proposed control
method holds steadily the maximum reactive current support
during the fault whereas, the conventional control method
experiences unsuccessful reactive current support as depicted in
Fig.12.p. The latter can be assigned to the loss of the accurate
PLL synchronization and vector control orientation, VCO,
caused by the severe symmetrical fault with 95% dip besides the
voltage fluctuation led by the grid lower SCR. Fig.13.a,b show
the synchronization signal detected by the DSOGI-FLL and
SRF-PLL respectively. Compared with the SRF-PLL detected
signal, the DSOGI-FLL extracts unaffected equidistant
synchronization signal which correspondingly improves the
overall system performance and satisfies the grid code
obligations.

B.  Asymmetrical Faults Response

Being accompanied with negative sequence currents,
asymmetrical faults lead to dc voltage and electromagnetic
torque ripples which influence the system converters and the
coupling shaft of the WT and might eventually trip the DFIG WT
[13]. Under the same pre-fault conditions assumed in the
preceding test, the system response to asymmetrical faults is also
examined. Figs. 14,15 show the system response to 150 ms,
90% voltage dip ¢ — g fault and 50% voltage dip 2¢ fault
respectively. Thanks to the control of the sequence currents via
the GSC DDSRF current controller, the dc voltage ripples is well
mitigated (Figs.14,15.k) compared with that of the conventional
method (Figs.14,15.1) which exceeded the pre-defined limit with

1.32 p.u., voltage overshoot. Also, the transient stator and rotor
currents are efficiently regulated below 2 p.u. Moreover, the
DFIG delivered active power and injected reactive current
(Figs.14,15.n,p) during both faults significantly fluctuate due to
the limited RSC control capability [13]. On the other hand, lower
oscillations are depicted in Figs.14,15.m,0 by means of the
proposed control strategy with better response. The superior
performance of the proposed controller (Fig.14,15-A) over the
conventional one, (Fig.14,15-B) is due to the comparative GSC
DDSREF control effort exerted to regulate the sequence currents
[13] and concurrently the excellent performance of the DSOGI-
FLL of rendering a robust and clean synchronization signal
compared with that of the conventional SRF-PLL regardless of
the unbalanced mains as seen in Fig.13.c-f.
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Figure 12. Simulated transient response of the studied system to a symmetrical 3¢
fault (X /Ry = 5) (A) proposed control scheme (B) Conventional control scheme.
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VI. CONCLUSIONS

A proposed coordinated control strategy has been presented to
enable a DFIG WT to operate in a weak grid under different
contingencies. A DDSRF dq current controller is devoted to
control the GSC to mitigate the dc link voltage fluctuations and
tackle current ripples.

A DSOGI-FLL is dedicated not only to render robust and
clean synchronization signal detection irrespective of the utility
condition, but also improve the overall system performance
under severe disturbances.

A reactive power control scheme is used to manage reactive
power injection during faults to satisfy the grid code obligation.
Besides, extra terms are employed with RSC and GSC
controllers to suppress the transient stator and rotor currents and
regulate the rotor speed. The obtained results revealed the
superiority of the proposed strategy that effectively enabled the
DFIG WT to satisfy the grid code commitments in a weak grid.
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Abstract—This article thoroughly investigates the challenges and
constraints raised by the integration of a Doubly-fed Induction
generator wind turbine, DFIG WT, into an ac network of
extensively varying parameters and very weak conditions. The
objective is to mitigate the voltage variations at the point of common
coupling, PCC, and maximize the wind power penetration into weak
networks. As a basis of investigation, a simplified system model is
utilized and the respective PCC voltage, active and reactive power
stability issues are identified. Besides, a steady-state study for DFIG
WT connected to a weak grid is presented and qualitative
conclusions about the system inherent interactions and typical
restraints are presented and discussed. The impact of the wind
power feed-in and the reactive power flow on the PCC voltage is
assessed under widely varying system parameters. Results
verification is performed via MATLAB/SIMULINK platform to
assure the obtained steady-state study conclusions.

Index Terms— DFIG WT, PCC voltage, weak networks, wind power
penetration.

L INTRODUCTION

Owing to the energy deficiency and environmental concerns
arising from fossil fuels, fostering the renewable energy
resources became imperative. The adopted pro-active policies
posed by several countries led to large-scale exploitation and
evolution of the wind energy to be the fastest mounting
renewable energy technology around the world [1]. Wind farms,
WFs, are geographically suited in areas with rich wind resources
which is typically distant from the main grid [2]. The
infrastructure of such remote areas is rather weak which poses
serious constraints on the effective utilization of the available
wind energy [3]. The short circuit ratio, SCR, as well as the
feeder X/R exemplify a main index for the grid characterization
[2]. With weak grid (higher impedance of the network feeders),
wind energy conversion systems, WECS, at the point of common
coupling, PCC, cause significant voltage fluctuations as well as
power stability issues. Virtually, a weak grid is susceptible to
considerable voltage deviation as a consequence to a change in
either active and/or reactive power within the grid thus
worsening the voltage quality and entailing reactive power
compensation [3-5]. Hence, the wind power integration can be

978-1-4799-6415-4/14/$31.00 ©2014 IEEE

dramatically limited according to the network structure. Despite
the rapid growth of the wind energy market in China in the recent
years, almost 10 % of the generated wind power is curtailed due
to the finite network capacity to accommodate the captured wind
power [4]. The latter can be attributed to the weak network
structure which is located at a distance from the load centers.
Furthermore, the efficient integration of wind power was
impaired due to further impacts on voltage, frequency and system
stability [1,4].

With the steady increase of the wind power penetration into
the distribution networks, the fault ride-through, FRT, of the
wind turbines, WTs, will be more challenging particularly in
weak networks due to the reactive power regulation and voltage
control issues. Moreover, the grid codes, GCs, regulations
stipulated by the transmission system operators, TSOs, in
different countries will demand more precise control systems
and/or network reinforcement to overcome the voltage
fluctuations and maximize the wind power generation [6]. As the
doubly-fed induction generator wind turbine, DFIG WT, is the
prominent topology among the different WECS, the
aforementioned concerns can be even more exacerbating. This is
because of the limited capacity of the partial scale converters of
this topology.

This paper is dedicated to investigate the diverse technical
challenges experienced by integrating a DFIG WT into a weak
grid of widely changing parameters. First of all, a simplified
model is utilized to develop the assessment criterion to evaluate
the impact of the active and reactive power feed-in on the PCC
voltage under different conditions. The active and reactive power
limitations according to the capability limits of the DFIG WT is
also considered. Moreover, the impact of the PCC voltage
deviation on the in-feed active and reactive power and also on the
power factor of the system is presented. Finally, simulations
investigations to verify the obtained results at different network
strength are carried out.

II.  SYSTEM DESCRIPTION AND MODELING

Fig.1 illustrates the structure of the grid-connected DFIG WT
system. This simplified system is devoted to provide an insight



into the different impacts posed by integrating a DFIG WT to a
weak network, i.e., voltage-quality and active and reactive power
constraints. The system comprises a 2 MW DFIG WT connected
at the PCC to the host “stiff” power system with constant
voltage, V, via a long feeder with high impedance, Z7;. The PCC
bus voltage, V.. can vary depending on the SCR and X/R seen at
this bus. The SCR is defined as the ratio between the short circuit
power seen at the PCC bus to the maximum apparent power of
the wind generator. In the literature, inconsistency about a
conclusive definition for a weak grid exists. However, a grid with
SCR below 10 is considered as a weak grid [6]. In addition,
another key indicator that denotes the grid impedance angle or
the ratio between the grid reactance to its resistance is the X/R.
For a certain SCR, the PCC voltage can encounter increment or
decrement based on the X/R value [2]. To develop the analytical
model that represents the system dynamics, the DFIG active and
reactive power capability limits are first identified.
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Fig. 1 Grid-connected DFIG WT system

A. DFIG WT Capability Limit

The capability limits of a 2 MW DFIG considering stator and
rotor currents heating constraints due to Joule’s losses, maximum
and minimum active and reactive power is shown in Fig. 2 [3].

The total active power limit is given by:

P = (1= 5)P, (M

The DFIG maximum and minimum reactive power limits can
be given as:

Qo = \/((Xm/ x i) - -vix @

Qi = VX, 3)

Where, symbols, V,P,0Q,1, signify voltage, active power, reactive
power and current respectively. Subscripts, t¢,s,7,w,m refer to
total, stator, rotor, wind and magnetizing respectively. R, X,s refer
to resistance, reactance and slip respectively.
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Fig. 2 DFIG WT Capability limit

B. Analytical Model
Considering the system shown in Fig.l, an analytical
expression for the voltage, V.. can be obtained. The PCC

voltage, V. can be expressed as:

V=V, 41,2, =V +I (R+ X (4)

The WT total apparent power, S;, can be defined as:
St = Vpcc]w (5)
Where, V. =V ¢/ (6)
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Where, ¢ is the PCC voltage phase angle.
Combining (4)-(6), yields:

Vi VR (2(RP + XQ)+ V2 )+ (R 4+ X7 (B2 +2) =0
@)

Equation (7), describes the PCC voltage in terms of of the WT
delivered active and reactive power and the feeder resistance and
reactance which is dictated by the SCR and X/R ratios [2].

III.  VOLTAGE/POWER CONSTRAINTS

In the following section, the conceivable impacts of the DFIG
generated power on the PCC voltage profile under a wide range
of SCR and X/R and also at different power factor scenarios are
discussed.

A. Impact of System Parameters

Fig. 3 demonstrates the PCC steady-state voltage profile in
response to the SCR and X/R variations carried out at the rated
DFIG generated power. The results are performed at different
power factor scenarios to assess the influence of the reactive
power flow on the PCC voltage. Clearly, it can be seen that the
PCC voltage varies dramatically with the system strength. Based
on the SCR and X/R, the voltage can encounter higher or lower
voltage deviations. At very lower SCRs “very weak grid”, i.e.,
below 3, the PCC voltage can readily cause higher deviations. In
addition, according to the X/R wvalue, the deviations can
decline/exceed the nominal voltage.

The grid emulates an ohmic behavior at lower X/R ratio,
particularly below 1, as larger voltage drop is caused by higher
resistance and thereby the PCC voltage rises. While in case of
higher X/R ratios, the inductive nature is the dominant and the
voltage decreases. Also, it can be noticed that for leading power
factor operating scenario, the PCC voltage causes higher
increment at lower system strength as the wind generator injects
reactive power rather than consuming to regulate the PCC
voltage [2].

B. Impact of In-Feed Wind Power

Owing to the intermittent nature of wind speed, the WT
produces unsteady active power which affects the PCC bus
voltage connected to a weak network. Figs .4,5 depict the PCC
voltage response versus active power variation under different
SCR and X/R operating points.
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Fig. 5 PCC voltage behavior against in-feed wind power (a) SCR= 10 (b) SCR=2
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As seen in Figs. 4.ab, the PCC voltage rises with
the active power growth at lower X/R, while the
scenario is reversed at higher one. Such results can be explained
with the help of Fig. 2 besides the following expressions.

The DFIG stator active and reactive powers can be given by:

P, =15V,1,,
Q =-15V,I,,

®)
)

Where, V,, 1,,, I, are the d-component stator voltage, d and

g-axes WT current components respectively.
The feeder voltage deviation magnitude formula:

AV, =1, (R+jX)= (led - Xlwq>+ j(XI ) (10)

As shown in Fig. 4.a, at minimum real power delivery, the
voltage deviation is minimal due to the low reactance while
increases with the increase of the real power supply. On contrary,
the PCC voltage decreases with the growth of the wind power
due to the high reactance (Fig. 4.b). On the other hand, the PCC
voltage is slightly influenced by the wind power injection even
with reduced X/R values in case of a strong network with higher
SCR as illustrated in Fig. 5.a. Furthermore, the PCC voltage can
readily overtakes the safe margins for a weak grid “low SCR” as
described by Fig. 5.b especially at high wind speed conditions.
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C. Active and Reactive Power Constrains

To evaluate the active and reactive power constraints imposed
on the wind generator as a consequence to the weak grid SCR
and X/R variations, (7) is solved for the reactive power and the
result is shown in Fig. 6. The condition is to maintain a constant
PCC voltage.
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Fig. 6 DFIG PQ limitation due to SCR and X/R variation (a) SCR=10 (b) X/R=10

In Fig. 6.a, with a resistive grid (low X/R), V.. rises and
thereby higher reactive power consumption is vital to maintain
the voltage [S]. Nevertheless, due to stability consideration, the
DFIG has reactive power consumption limitation. Consequently,
operation beyond this boundary is unfeasible. Otherwise, for
inductive grid (high X/R), Fig. 6.b, at higher SCR values, the
DFIG can attain any active power to the grid with little reactive
power consumption. Nonetheless, the lower the SCR, the reactive
power support is larger due to the higher inductive part which
tends to lower the PCC voltage. Hence, without exogenous
reactive power compensation, the curtailment of the harvested
wind power is imperative - due to the total capability limit of the
DFIG WT - to allow for safe operation. The latter will
significantly increase the wind energy loss [1,4] and adversely
affect the grid codes commitments as discussed later.
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D. Grid Codes Compliance

In addition to complying with the general GC requirements,
wind power plants, WPPs, must be controlled in such a way that
the operating point lies somewhere in the hatched area of Fig. 7
to retain a specific range of power factor operation [7]. Assuming
that the DFIG WT in Fig. 1 is attached to the host grid via a pure
inductive feeder with lower SCR=2, hence, the delivered active
and reactive power at the PCC bus can be written as:

P+ (Qt +v2/x )2 = VeV, /X )2 (1)

The PQ capability of the DFIG WT can be calculated in this
case from (11). Fig. 7 shows the PQ capability regions for
different PCC voltage example values which correspond to the
allowable voltage margin along with the respective Energinet and
E.ON grid codes requirements [7].

1
1 / » : \ \ —_ VpcC =0.9p.u.
4 {
; —V =1.0pu.
o8 / y; ! e P
VpcC =1.1pu.
3 086 — Energinet
= { — E.ON
~ 04 f {
.I.
0.2 f \ 1
| =l /o
-Q.ﬁ -0'_5 -0.228 0 0.228 0?5 1

Q,, p-u.

Fig.7 Grid codes compliance under PCC voltage deviation

Obviously, from Fig. 7 it can be seen that subsequent to the
PCC voltage deviation, the DFIG WT is no longer capable of
fulfilling the grid code requirements - set by either Energinet or
E.ON - regarding reactive power/power factor regulation
particularly when delivering the rated real power.

E. Reactive Power/Power factor Regulation

To counteract the PCC voltage significant perturbations and
allow for higher wind power integration into weak networks and
concurrently fulfill the grid code requirements regarding power
factor operation, the reactive power regulation is inevitable [2,5].
The amount of reactive power consumption/generation to tackle
the voltage swell/dip which depends upon the network strength
can be calculated from (7) as:

1
R+ X

Qz‘,:
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v Xwa (V2 vomp)[ R ) -2+ 2 v R

(12)

Using (12), the reactive power consumption/generation as
well as the corresponding power factor associated with +10%
PCC voltage variation at different network SCR and X/R are
demonstrated in Fig. 8. Generally speaking, the amount of

reactive power depends on PCC voltage variation, SCR and X/R
operating range as seen in Fig. 8. Moreover, the associated power
factor can be significantly affected due to the higher reactive
power supplied/consumed (Fig. 8.b2-d2). As mentioned before,
the PCC voltage cannot be regulated through higher consumption
of reactive power via the DFIG WT due to the minimum reactive
power capability limitation. Therefore, fostering the system with
extra FACTS/Energy storage can be an effective alternative
[6,8].

Furthermore, the higher the SCR, the larger the demanded
absorbed/injected reactive power to maintain constant PCC
voltage specially at lower X/R values (see Fig. 8.cl,dl).
However, such issue might be insignificant as a grid with high
SCR is unlikely to cause higher PCC voltage variation [2]. Also,
it is worth noting that the slope of the O, surface is getting
steeper the higher the SCR as obvious from Fig. 8.

Fig. 9 demonstrates the behavior of the O, slope against the
voltage deviation for different network parameters, which clearly
shows that the higher the SCR, the rapid the rate of change of the
reactive power. This can also be deduced from (12) due to the
lower impedance at high SCRs.
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Fig.8 Reactive power/power factor regulation under PCC voltage deviation




Fig.9 Rate of change of O, under different network parameters

IV. SIMULATION VERIFICATION

A set of simulation test cases is carried out to verify the
aforementioned steady-state study. The system shown in Fig. 1 is
used to conduct the test cases. A 2 MW DFIG WT is connected
to a strong network with constant voltage, V,, 690 V, via a long
feeder which mimics a weak network. The control of the DFIG
WT is out of the scope of this paper. However, modeling and
control of the DFIG WT is the same as in [2]. The investigations
will be performed at different network strength, i.e., different
SCRs and X/Rs. Besides, a power factor control will be
employed in the DFIG control system during the simulation to
assess the impact of the reactive power flow through the system
under weak conditions. The considered power factor operating
points are 0.975 lag, unity and 0.975 lead respectively.
Throughout the simulations, the system is subjected to a realistic
wind speed profile to evaluate the PCC voltage response and the
obtained results are depicted in Fig. 10. From the results, it can
be deduced that the PCC voltage is significantly influenced by
the real power feed-in especially at worst weak conditions (Fig.
10.A) where the PCC voltage exceeds the safe boundaries. Also,
the reactive power flow (power factor) can contribute to further
impact on the PCC voltage according to the system strength.
Despite, the wind power curtailment can contribute to enhancing
the PCC voltage, it represents a cost-ineffective action that
results in huge wind power loss and misuse of the wind energy
resources. Moreover, the results emphasize that additional
compensation techniques are to be embedded to mitigate the PCC
voltage fluctuations and facilitate higher wind power penetration
into such weak networks.

V. CONCLUSION

A steady-state study for a DFIG WT attached to a weak ac
network under different network strength has been presented.
The various technical aspects and constraints imposed on the
PCC voltage, real and reactive power have been assessed and
discussed. The reactive power consumption/generation
demanded to regulate the PCC voltage under different operating
conditions has been investigated. A simulation study is
conducted to wverify the obtained steady-state results.
Furthermore, the simulations results assure the analytical study
and emphasize the requirement for extra compensation
reinforcements to foster more wind power penetration, effective
usage of wind energy resources and attain satisfactorily PCC
voltage profile for different network conditions.
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Abstract: Significant voltage fluctuations and power quality issues pose considerable constraints on the efficient
integration of remotely located wind turbines into weak networks. Besides, 3p oscillations arising from the wind shear
and tower shadow effects induce further voltage perturbations during continuous operation. This study investigates
and analyses the repercussions raised by integrating a doubly-fed induction generator wind turbine into an ac network
of different parameters and very weak conditions. An adaptive voltage control (AVC) strategy is proposed to retain
voltage constancy and smoothness at the point of connection (POC) in order to maximise the wind power penetration
into such networks. Intensive simulation case studies under different network topology and wind speed ranges reveal
the effectiveness of the AVC scheme to effectively suppress the POC voltage variations particularly at very weak grid

conditions during normal operation.

1 Introduction

With 282.5 GW installed capacity in 2012 compared with 94 GW in
2007, wind energy is potentially one of the fastest emerging
renewable energy technology worldwide [1]. Motivated by the
desire to reduce fossil fuel emissions, policy makers implement
incentives for increasing investment in wind energy worldwide
[2]. By the end of 2013, China possessed 91.4 GW cumulative
capacity fostering its rank in the global wind market [1]. Wind
farms (WFs) are geographically constructed in remotely located
areas with favourable wind speed conditions [3, 4]. The structure
of such locations is rather weak with lower fault level due to long
feeders’ (high impedance) connections. Moreover, significant
voltage fluctuations and power quality/stability challenges pose
substantial constraints on the efficient integration of wind power
into weak networks. On the other hand, even relatively strong
networks might also encounter markedly grid impedance change
owing to load variations and/or lines tripping [5]. Typically, a
weak network is liable to remarkable voltage deviation as a result
of active and/or reactive power changes, worsening the point of
connection (POC) voltage quality. Furthermore, wind power
vagaries due to wind speed variations and 3p oscillations
resulting from tower shadow and wind shear effects exacerbate
voltage perturbations and power quality as well [6, 7].
Consequently, weak network connections impose dramatic wind
power limitations in terms of grid structure and wind turbine
(WT) output power [4-7]. In addition, voltage fluctuations
provoke flicker emissions which represent a serious drawback
impacting power quality and restrict the captured wind power [6—
9]. Several serious concerns regarding voltage, frequency and
system stability manifested recently due to connecting wind
power plants (WPPs) to weak networks which irritated the
proliferation of wind power. Despite the steady growth, onerous
challenges impede wind power development in China. Owing to
long distances between territories with high-density of wind
power and load centres, curtailment rate reached about 15-25% in
Northern China during 2012 [10]. The latter resulted in $1.6
billion nationwide economic loss in the same year. Additionally,
voltage violations to some of the transmission networks have
been detected in different regions due to the steady growth of
wind power penetration [4].
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Denmark looks forward to ~50% wind power penetration by 2020
which exemplifies additional burdens on transmission as well as
distribution networks [11]. A significant portion of the Danish
energy consumption is speculated via offshore WFs in the long
term. Thereby, operation of wind power into weak networks is
seen as an expected operating scenario in the near future in Denmark.

Traditionally, variable-speed WTs (VSWTs) are operated under
fixed power factor control mode as stipulated by enforced grid
codes. However, such operational mode shows pronounced
limitation in case of weak grid scenario [8]. Fixed reactive power
and voltage control (VC) are the two favourable operational modes
in the literature for the control of VSWTs [3, 5-8]. Apart from
entailing active/reactive power dispatch [§], reactive power control
mode becomes insignificant when adopted for very weak
networks. Virtually, VC is the increasingly desirable weaker grid
to alleviate the POC voltage/power quality issues [5]. Besides,
with the prominent wind power penetration development, ancillary
services such as VC provided by VSWTs become exigent [12].
Furthermore, VC allows for maximum reactive power
compensation (RPC) during utility contingencies.

This paper is first dedicated to provide an insight into the diverse
technical issues raised by integration of megawatt-level variable
speed doubly-fed induction generator (DFIG) into a weak network
in light of network characteristics, operational limits and wind
speed variations. Other authors have investigated weak networks
in terms of short-circuit capacity ratio (SCR, the ratio between the
POC short circuit power to the maximum apparent power of the
wind generator) but with fixed feeder X/R ratio (the ratio between
the grid reactance to its resistance, viz., stands for the grid
impedance angle) [5]. Besides, the design of the relevant VC relies
on fixed adaptive gains to improve the POC voltage performance.
The novelty of this paper lies in a proposed adaptive VC (AVC)
scheme reliant on network parameters to continually mitigate POC
voltage variations for very weak networks with widely varying
SCR as well as X/R ratios under different operating conditions. A
reactive power dispatch strategy to manage the reactive power flow
from/to the wind generator (WG) is proposed. Additionally, the
paper not only quantifies the system reactive power associated
with the network parameters change but also the reactive power
sharing inside the WG and identifies the proper grid side converter
(GSC) rating to tackle the voltage perturbations at the conceivable
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system strengths and operating point. Furthermore, the overall
system stability is investigated using AVC via identifying the safe
operating regions for a wide range of system parameters. In a
broader context, the proposed AVC aims at facilitating wind power
penetration into weak power systems. The RPC is realised
primarily via the DFIG inherent stator reactive power as well as an
over-sized GSC which manipulates the reactive power deficit to
address voltage disturbances. Moreover, a reactive power dispatch
strategy to manage the reactive power coordination between the
DFIG and the GSC is also presented.

2 System description and modelling

Fig. 1a illustrates a schematic representation of the DFIG WT test
system model. The model comprises a VSWT, drive train, gear
box, DFIG and two back-to-back AC-DC-AC partial converters,
namely, GSC and generator-side (rotor side) converter (RSC). The
WT is connected at the POC to the host network by means of an
interface transformer and transmission line. A typical two-level
control scheme is devoted to control the DFIG WT system. A WT
control is utilised to regulate WT mechanical output power
through appropriately adjusting both the pitch angle and the rotor
speed according to the maximum power point tracking (MPPT)
tracking. The blade pitch angle BPA controller model used in this
paper is the same as that in [13].

2.1 DFIG wind generator

The voltage equations of the DFIG generator stator and rotor circuits
can be expressed using a rotating dq reference frame at synchronous
speed as [13]

=R, — — S 1
Ugs slds wslpqs + o, dr ( )
1 dy,
=Rii ——F 2
uqs slqs + ws‘rllds + o, dr ( )
. 1 diy,
Ugy = erdr - (ws - wr)‘/jqr + a dl‘d (3)
. 1 dyy,
Uy = erqr + (ws - wr)ll’dr + a dlq (4)

where Ugs, Ugs, Ugrs Ugrs idsa iqsa idra iqr and l/jdsa ‘/qu, l/’dn {pqr are the dq
stator and rotor voltages, currents and flux linkages. R, R, are stator
and rotor winding resistances, L, L,, L, are stator, rotor and mutual
inductances, respectively. s, @;, @, are stator, rotor and base angular
frequencies, respectively. The RSC is controlled in a synchronously
rotating dg reference frame with the d-axis oriented along the stator
flux position. Hence, the DFIG electromagnetic torque 7, and stator
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Fig. 1 Schematic representation of the DFIG WT test system model

a Block diagram of a grid-connected DFIG WT test system
b Grid-connected DFIG WT equivalent system
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active and reactive powers Pg, Qg can be given as [7]

3L,
Tem = Epz lpslqr (5)
3 L.
Ps:_iusL_slqr (6)
3 3 L
Qs:_ﬂus__u‘_midr (7)

where i, us are the stator flux and voltage magnitudes, p is the
number of pole pairs. As implied from (6) and (7), stator active
and reactive powers can be dictated via rotor currents, i, g,
respectively.

2.2 DFIG operation limits

Identification of the WT active/reactive power operational limits is
vital for realisation of the rewarded RPC. During steady state, the
capability limits of the DFIG can be obtained considering stator
and rotor currents which respond to stator as well as rotor heating
constraints due to Joule’s losses [14]. The -capacity limit

encompasses DFIG maximum active and reactive restrains. The
DFIG delivered active power capacity is given by

P = (1 -9k ®)

The stator maximum reactive power (generation and absorption)

limits are
X . 2 V2
ng-max = \/(()(r:) Vpoclr> - Pg - %‘:C (9)

2
_Vpoc/X; (10)

Qsa—max =

where s is the rotor slip, i, is the rotor current and X,,, X, are the
magnetising and stator reactance, respectively. Further details
about such operational limits can be found in [14].

2.3  WT aerodynamic model

As the aim of this paper is to investigate the interaction between the
WG and the host power system, a simplified aecrodynamic model can
therefore be sufficient to reflect the behaviour of the WT [6]. The
DFIG WT aerodynamic torque can be expressed by the following
formula

G (B.Y)

1
Tw =5 :‘”TR3 ngs A

5 (1)
where T, is the WT extracted aerodynamic torque in N m, p is the air
density in kg/m3 , R is the WT rotor radius in m, vy is the equivalent
wind speed in m/s, § is the rotor pitch angle (deg), A =@ R/vys is the
tip speed ratio, w, is the WT rotor speed in rad/s and C,, is the rotor
aerodynamic efficiency.

The 3p torque speed oscillations developed in [6], is applied here
where the equivalent wind speed v, is expressed as

Vws = VH + veq-WS + veq-TS (12)
Veq-ws = Vi [W (R/H)2 + W (R/H)3 cos 3[3]
(13)
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mvy o [ da* In (stinzﬁb . 1) 24°R? i|
2

% =— -
eq—TS 2 22 ) 2
3R> |sin" B, x R2sin“ B, + x

(14)

where vy, Veq-ws and veq.rs are the hub-height, the wind shear and
the tower shadow wind speed components (m/s), respectively. o is
the empirical component of wind shear, H is the rotor hub
elevation (m), S is the blade azimuthal angle (deg), S, is the
azimuthal angle of each blade (deg), « is the tower radius (m), x is
the distance from the tower midline to the blade origin (m) and
m=[1+a(a— 1R*(8H?), is a WT coefficient.

2.4 Equivalent system model

Nowadays, WPPs are enforced to spontaneously manage reactive
power to render a stable grid voltage and maintain grid connection
in order to satisfy the onerous grid code commitments [12, 15].
Nevertheless, connecting an intermittent and stochastic WG to a
weak power system with widely varying parameters aggravates the
RPC. Voltage perturbations at the POC are directly related to
different aspects, among which is the typology of the WT with the
respective generator and embedded supervisory system [16]. Wind
speed turbulences and profile also represents an important factor.
Moreover, network characteristics, that is, SCR and feeders X/R
ratio is a major aspect.

In this regard, an analytical study is conducted to assess the
impacts of connecting a WT to a weak network under a range of
different parameters and evaluate the associated voltage/power
quality issues. Fig. 1b demonstrates an equivalent model of a
grid-connected DFIG WT attached to a weak bus at the POC. The
host utility denotes a stiff network with constant voltage, V;. The
equivalent impedance of the connection line and the coupling
transformer is denoted by Z.,. Large WPPs are usually connected
to highly inductive transmission networks with X/R ratios between
1.4 and 11.4, whereas it can be around 0.5 in case of small WTs
attached to distribution networks [8, 17]. Typically, SCR of 10 is
perceived as a boundary below which the attached network is
weak [5].

For the below analysis, reactive power at the POC is handled by
the DFIG stator side only. Assuming that the WT produces line
current /I, an expression for the POC voltage magnitude can be
described by the following equation

Vpoc = Vn + th (Req +leq) (15)

Pr _jQr
Vo

poc

Ve =V, + (Req + leq) (16)

V:oc - (2 Vsoc (PtReq + QtXeq + Vr%)_(qu +X62q> (Pt2 + Qtz)) =0
17
Solving (16), yields
Vpoc =0.5V2+4 (18)
where

4= PtReq + QtXeq

+ \/ 025V + (PReg + OXeg ) V2 = (PXeq = QtReq)2 (19)

The relation between the POC voltage, WT total delivered active and
reactive powers, P, O as well as equivalent impedance parameters,
Req Xeq which directly influence SCR and X/R ratio is described by
(17)—(19). 1t is worth to mentioning that some studies suppose that
the POC voltage magnitude is mostly determined by the real term
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Fig. 2 Actual (solid) and approximate (dashed) POC voltage versus SCR

contribution of (16) which yields [8]

vy oy DR T 0K

poc n *
Vpoc

(20)

Fig. 2 compares actual and approximate POC voltage profile
obtained using (18), (20) corresponding to the rated WT output
power and 0.975 leading power factor. Clearly, it can be seen that
(20) can be fair only for stiff distribution networks characterised
by SCR>10. Nevertheless, for weak networks of lower SCRs,
(18) is essential to accurately represent system behaviour.
Thereafter, (18) is used to characterise the POC voltage.

3 Assessment of voltage and power constraints

This section investigates the diverse impacts posed by connecting a
DFIG WT to a weak network. An emphasis is put on voltage quality,
active and reactive power constraints under a wide range of SCR and
X/R ratio variations.

3.1 Voltage constraints

The European Standard EN 50160 has been issued to limit the
voltage variations and maintain voltage quality by imposing
statistical limits in such a way that a time limited deviation
exceeding them is allowable [18].

The POC voltage behaviour in response to SCR and X/R ratio
variations is depicted in Fig. 3a. The WT is presumed to deliver
the rated output power. In addition, different power factor (PF)
scenarios are investigated to evaluate the impact of reactive power
exchange on the POC voltage. The considered PF operating
scenarios are 0.975 leading, 0.975 lagging and unity power factor
(UPF) as recommended by the Danish grid code for WPPs with
output power >1.5 MW [19]. As implied by Fig. 3a, the POC
voltage evokes dramatic perturbations as a consequence to the
system parameters change. At a certain SCR, the POC voltage
can overtake the nominal value or even decrease according to the
X/R ratio or alternatively, the network impedance angle.
Moreover, it is worth noting that for 1 <SCR <4 and X/R <2,
higher voltage spikes unfolded which indicates very weak
network. In particular, weak grids suffer significant parameters
change with the SCR and/or X/R ratio variations. The lower the
SCR, the higher the network impedance and the voltage deviation
too. Besides, the grid features a resistive characteristic in the
lower X/R ratio, specially below 2 as indicated above which
can readily induce considerable voltage fluctuations as illustrated
in Fig. 3a.

Additionally, the recorded POC voltage spikes vary according to
reactive power flow or the power factor operating scenario. The
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leading PF scenario resulted in the maximum voltage increment as
the WT releases reactive power rather than absorbing to regulate
the voltage. Owing to the intermittence of wind speed, the
variability of WT output power provokes POC voltage deviations
[16].

Fig. 3b shows the POC voltage behaviour in response to the WT
delivered output power and SCR change at different feeder X/R
ratios calculated using (18). The WT output reactive power O,
corresponds to 0.975 leading PF. With higher SCR and X/R ratio
‘stiff network’, the POC voltage is slightly influenced by the
active power growth. Compared with X/R of 10, the voltage rises
quickly at X/R of 0.5 particularly at very lower SCRs and thereby
exceeds the acceptable limits, which is chosen as % —5% ~ +5%
in this paper. The result emphasises on the impact of the feeder X/
R ratio and the associated effect on the voltage-quality even at
relatively higher SCRs.

3.2 Active/reactive power constrains
To quantify the reactive power required to retain rated POC voltage

for the entire range of delivered active power and network
parameters, (17) is solved for Q, which results in

1 2
=— (V. X, — \/E) 21
Qt qu Yqu ( poc“teq ( )

where

poctteq

22)

2
2 2 2 2 2 ( p2 2 4 p2
B = Vpoo(V2 4+ 2PReg ) (R +X2) = PRy +X2) = VR

Fig. 3¢ demonstrates the desired reactive power targeted at
obtaining zero voltage deviation at the POC bus. It can be
obviously seen that due to the DFIG capacity/stability limitations
(discussed in Section 2), infeasible operation in the entire active
power range is depicted in Fig. 3c¢ either for consumption or
injection aspects especially at very low SCR and X/R ratio.
Although wind power curtailment can sustain system normal
operation, significant power loss is consequent. In an attempt to
address the aforementioned shortcomings and allow for higher
wind power expansion, exogenous reactive power reinforcement
is imperative.

3.3 Reactive power regulation
RPC is a key factor to maintain the voltage quality of weak

grid-connected DFIG WT systems [20]. Nonetheless, the
effectiveness of RPC varies according to the network
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Fig. 3 POC voltage behaviour in response to SCR and X/R ratio variations

a POC voltage against grid parameters and power factor
b POC voltage response against in-feed wind power and grid parameters
¢ DFIG active/reactive power limitation due to SCR and X/R variation

characteristics. Equation (21) can be used to explore the in-feed
reactive power desired for maintaining POC voltage deviation
within the permissible levels AVp,.=+5%, under various system
strengths. The relevant results for the demanded reactive power are
depicted in Figs. 4a—f Generally speaking, reactive power
dramatically varies with the magnitude of voltage deviation, SCR
and X/R ranges. Moreover, the reactive power consumed/supplied
via DFIG can be a cost-effective option to handle the POC voltage
deviation at certain SCR and X/R ranges. Yet, at very low SCR
and X/R ratios, the DFIG cannot be solely utilised to regulate the
POC voltage due to the imposed reactive power operational limits.
Furthermore, higher reactive power demand is requested to attain
voltage constancy the higher the SCR. This is because Q, is more
sensitive to the voltage deviation at the higher SCR value which
can be also recognised from (21).

Fig. 4g shows the sensitivity of O, to the voltage deviation versus
+5% POC voltage variation at different network parameters. The O,
surface area is getting steeper, the higher the SCR with higher
demand and the lower the X/R ratio ‘resistive network’.
Therewith, it is worth to mentioning that a network with higher
SCR improbably evoke such significant voltage deviations [21].
Therefore, minimal reactive power can readily adjust the POC
voltage at higher SCRs.

To sum up, significant voltage fluctuations are induced owing to
weak networks with lower SCR and/or X/R ratio that WTs are
connected to which impose remarkable limitation on effective
integration of WT generated output power. Besides, wind speed
variations worsen voltage fluctuations which entails accurate VC
to constantly regulate voltage waveform to address the
aforementioned shortcomings which is presented in the next
section.
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4 Proposed adaptive voltage control strategy

This section focuses on the basic DFIG WT control scheme and
elaborates the proposed AVC strategy for the mitigation of the
POC voltage disturbances.

4.1 DFIG vector control

Vector control techniques have been extensively studied for
grid-connected DFIG WT systems. Two respective control
schemes are employed for the control of the back-to-back
converters as shown in Fig. 5. In order to achieve independent
control of the exchanged active and reactive power between the
GSC and the grid, the converter controller (Fig. 5a) is operated in
a synchronously rotating reference frame with the d-axis aligned
with the grid voltage. The vector control of the GSC is dedicated
to ensure a constant dc-link voltage irrespective of the transmitted
power magnitude or direction and meanwhile provides sinusoidal
currents [6]. In addition, controls the reactive power exchange O,
between the converter and the grid side through adjusting Qg_rer to
attain UPF or support the voltage during contingencies [13]. The
objective of the RSC vector control is to provide the DFIG with a
variable speed operation with decoupled control of stator side
active and reactive powers. Likewise, to attain independent control
of electromagnetic and rotor excitation current components, the
DFIG is controlled in a stator flux oriented reference frame where
its d-axis is aligned with the stator flux vector. The RSC control
scheme is depicted in Fig. 5b. The reference stator active power
Ps_er is normally derived from the rotor speed controller. The
DFIG reference rotor speed o, is processed via a lookup table in
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fSCR=10
g Sensitivity of Q, for £5% POC voltage deviation

order to ensure the optimal tip speed ratio Ay Normally, grid-side
and stator side reactive power set-points Qg rep, | Os-rer are fixed to
zero to achieve UPF operation. However, in this paper these
reference values are dispatched through the proposed AVC scheme
to continually regulate the POC voltage.

4.2 Adaptive voltage control AVC
In contrast to the operating point, variation of network parameters can

adversely impact system dynamics. Few papers address VC issue of
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WTs attached to weak networks with remarkably changing
parameters. More specifically, Strachan et al. in [5] conducted an
analytical eigenvalues stability study for a VSWT, with back-to-back
full power converter attached to a weak network. Additionally, VC
with modified fixed open-loop gain was suggested to improve the
system stability under lower SCRs. Despite the modified control
showed enhanced voltage response for lower SCR (10—4), system
robustness to further network parameters deteriorated. Besides, the
impact of variable X/R ratio was not investigated.

As a continuation of the work of Strachan and Jovcic [5], a
proposed AVC approach reliant on operating condition and
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Fig. 5 DFIG converters controllers

a GSC controller
b RSC controller

network parameters is implemented in this paper. Although AVC is a
pure control method which will not increase the system cost
compared with conventional control techniques, however, its
technical performance is superior. The latter can be attributed to
the fact that AVC can adjust controller performance according to
the grid strength and WT output power which assures keeping the
POC voltage within allowable limits especially during very weak
conditions. The proposed AVC scheme is demonstrated in Fig. 6a.
The reference reactive power demand Q. is derived via the
deviation from a reference voltage set-point Vp,crr. Basically,
the priority of the RPC is devoted to the DFIG Q; followed by the
GSC contribution Q, when (Q, attains the operational limit.
Furthermore, the DFIG QO and GSC Q, are dispatched according
to Oirer and the DFIG capacity limit which will be discussed later.
The system parameters are assumed to be measurable. The reactive
power distribution of the whole DFIG system with the over-sized
GSC under entire range of network parameters is explored here.
Moreover, the significance of the proposed AVC under variable
wind speed is also presented.

To increase the system stability and enhance the VC performance
especially for very weak conditions, the open-loop gain & will be
constantly adjusted in order to optimise the VC. To ensure that the
overall system performance is compromised for the typical range
of network parameters, the rewarded AVC would mimic the latent
behaviour of the system.

The AVC open-loop gain k; would thus be scheduled according to
the formula

(23)

where ko is a design factor which can be selected to optimise the
AVC. The significance of the selected adaptive gain k, formula
can be inferred from (18), (19) where the VC can be reluctant to
the change of the system variants, that is P, R.q Xeq (Which
significantly affect the performance of the VC) through adjusting
the reference compensated reactive power O, in such a way to
minimise the impacts of the terms PR.q + OXeq, PXeq — OiReq for
the entire range of network parameters so that the level of POC
voltage variation is minimised, viz.

A~05Viand V., ~V, (24)

poc

In this sense, the reactive power set-point QO _..r constantly responds
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according to these variations to smooth the POC voltage under all
conceivable operating conditions. To further increase the system
robustness against system parameters change, a differential gain ky
is adaptively designed as

ky = kk, 25)

where £ is a design factor. Additionally, the differential term includes
filtering in order to suppress high-frequency noise extension [5].

4.3 Reactive power dispatch

A proposed reactive power dispatch strategy to manage reactive
power coordination between the DFIG O, and the GSC Q, is
illustrated in the flowchart shown in Fig. 6b. Have the POC voltage
deviated from the reference set-point; the VC correspondingly
adapts the reactive power Qs to regulate the voltage. This reactive
power is compensated through the DFIG Qs which is processed via
the RSC Q-control as long as it lies within DFIG reactive power
capacity, that is Qss-max < Qirer < Osg-max- On the other hand, if the
POC voltage overtakes the allowable margins % —5% ~ +5% and
meanwhile Q¢ exceeds the DFIG Q; limits identified in Section 2,
the excess reactive power is dictated by the GSC Q, while the
DFIG Qs is accordingly set to the maximum absorption or injection
capacity, Qss-max Osg-max> respectively, to benefit the DFIG reactive
power and optimise the GSC size.

To verify the effectiveness of the adaptive control terms embedded
in the AVC scheme, the system of Fig. 1a is simulated at a very weak
grid condition, that is SCR of 1 and X/R of 0.5 with sporadically wind
speed profile. A 10 m/s average wind speed with 0.1 turbulence
intensity is used here which is the highest one given by WT
manufacturer International Electrotechnical Commission (IEC)
flicker test [8]. The 3p oscillation model of [6] is also employed. As
the WT rotational speed varies, the 3p oscillations frequency would
correspondingly change. Fig. 7 shows the POC voltage response
under three distinct control aspects, ‘CVC’ for conventional (PI)
VC, ‘AVC-WOD’ for adaptive VC without differential (WOD)
term (ks only) while ‘AVC’ signifies adaptive VC (ks k).

Compared with conventional voltage control (CVC), the AVC
scheme with two adaptive parts effectively alleviates the POC
voltage fluctuations particularly at higher wind speed conditions
(higher WT output power). Moreover, for low to moderate wind
speeds, the AVC satisfactorily suppresses 3p voltage oscillations.
Furthermore, the adaptive differential term contributes to further
damped performance.
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5 Simulation results and discussions

5.1 Effectiveness of AVC strategy

To verify the significance and robustness of the proposed AVC, a
detailed system model in MATLAB/SIMULINK  software
environment is implemented while the test system is examined at
wide range of SCR and X/R variations. The hardware
specifications of the computer used to conduct the study is Intel
(R) Xeon (R) CPU E5-2650 v2@2.6 GHz with 64 GB installed
memory. The 2 MW DFIG WT test system parameters are listed in
appendix 1. Fig. 8a illustrates a long-term system response to a
very weak grid condition which corresponds to SCR of 1 and X/R
of 0.5. As it shows, POC voltage fluctuations are induced due to
higher network impedance, wind speed variations and also 3p
oscillations. Consequently, higher reactive power absorption Q; is
required in this case to compensate the voltage as seen in Fig. 8a.
Being over the DFIG Qs capacity, QO can be fully compensated by
virtue of an over-sized GSC which can absorb a maximum Q, of
0.17 pu to regulate the voltage while the DFIG ( is attaining the
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maximum permissible absorption capacity Qs,.max defined by (10).
Normally, GSC is rated at 25% of the DFIG rated power (0.5
MVA). Yet, 6% overrated GSC (0.53 MVA rating) is adequate in
this case to drive the POC voltage within safe limits.

Being acting on minifying the impact of system variants change to
counteract voltage variations, the AVC scheme causes minimal
voltage oscillations with better damped performance compared
with CVC as depicted in Fig. 8a particularly for high-wind speed
due to high-WT output power which contributes to higher voltage
fluctuations. The significant CVC oscillations are accordingly
reflected on the system reactive power as depicted from Q;, O and
0, waveforms. Besides, the system is examined at another weak
network condition with SCR of 2 and X/R of 0.7 and the relevant
results are demonstrated in Fig. 8b. As mentioned before in
Section 3, the demanded reactive power (; becomes more
sensitive to the voltage deviation the higher the SCR (see Fig. 4g).
Therefore, O;=0.63 pu is essential to adjust the voltage which is
beyond the DFIG Qq capability. Hence, a GSC with Q,=0.26 pu
(0.66 MVA rating) can absorb the deficit reactive power, as seen
in Fig. 8. Moreover, the AVC provides higher voltage fluctuation
mitigation capability which is also reflected on the DFIG Qs signal
as seen in the depicted figure. Fig. 8¢ shows the system response
for SCR of 7 and X/R of 5. As the network features an inductive
characteristic (higher X/R), less amount of reactive power can
regulate the voltage which can be fully dictated by the DFIG Q.
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Fig. 9 Safe operation zones are investigated under various conditions

a Safe operation zones for the entire range of network parameters
b POC voltage response with the eventual GSC rating for X/R of 0.5

Compared with the former case, the system requires less Q; in case
of SCR and X/R of 10 (relatively strong network) as depicted in
Fig. 8d. In this manner, DFIG releases QO;=0.022 pu to ensure
voltage constancy. Despite, the relatively strong network
conditions (Figs. 8c,d), the AVC preserves satisfactory
performance and enhanced POC voltage profile.

5.2 Safe operation zones

To further evaluate the effectiveness of the proposed AVC strategy, the
safe operation zones are investigated under various conditions, as shown
in Fig. 9a. The safe operation zones are examined under variable wind
speed profile as such in Fig. 7a. Furthermore, the examination is carried
out for the entire range of SCR and X/R variations. Note that the safe
regions are shown only for X/R from 0.5 to 1.0 which denotes the
worst conditions whilst, the study has been carried out for the X/R
range from 0.5 to 10. In the shown figures, the white-coloured
regions refer to scenarios with safe operation, that is the POC voltage
is maintained within acceptable limits, £5% while the grey-coloured
ones signify the voltage violation scenarios.

The obtained results are carried out by executing numerous
simulations to the system of Fig. la using the proposed AVC
strategy. Besides, for the shown figure, the adopted X/R ratio step
change is 0.1. As it shows, at a given SCR, the operation regions
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Table 1 Maximum detected POC voltage

SCR 2 3 4 5

Viaxs PU 1.054 1.066 1.057 1.048

incur insecure areas particularly at very low X/R ratio and higher
output power. This is because the higher output power provoke
larger voltage deviations which makes the demanded reactive
power more vulnerable to the voltage variations especially at very
low X/R ratios. It is worth to mentioning that the GSC is
additionally overrated to O, =0.38 pu (0.86 MVA rating) to tackle
the voltage swell for the entire range of SCR with the lowest X/R
ratio of 0.5. Subsequently, the POC voltage profile associated with
this investigation with the eventual GSC rating is demonstrated in
Fig. 9b. At SCR=1‘high-network impedance’, a significant
reactive power drawn by the WT ensures safe operation. However,
due to the system sensitivity to higher SCRs, the voltage exceeds
the allowable margin for 2 < SCR <4 as a result of the DFIG and
GSC reactive power limitation with maximum voltage detected of
1.066 pu at SCR of 3. Furthermore, the voltage swell decreases
again with higher SCR ‘lower impedance’ as the network with
higher SCR is wunlikely cause larger voltage perturbations.
Therefore, for SCR>5 even with X/R=0.5, safe operation is
ensured. The corresponding maximum voltage values are tabulated
in Table 1.

5.3 Reactive power sharing

To demonstrate the actual reactive power demand to regulate the
voltage for the entire range of network parameters and also sharing
among the DFIG O, and the GSC Q, with the AVC scheme,
Fig. 9c¢ is presented. The figure depicts the maximum reactive
power dictated by Qs and/or Q, to compensate the voltage in
response to the reactive power dispatch under different network
parameters and wind speed. The results conform to that in Fig. 4 of
the analytical study, as larger reactive power is essential to
compensate the voltage at very low X/R ratios which necessitates
additional GSC (, contribution. Except for some specific
conditions such as very low X/R ratios (0.5 to 1), the DFIG can
effectively regulate the voltage with the inherent reactive power.
Accordingly, the GSC effectively manipulates the reactive power
deficit at very low X/R ratios to maintain the voltage as can be
seen from the figure.

6 Conclusions

This paper presents an AVC strategy for a DFIG VSWT connected to
widely varying weak network parameters. As a basis of
investigation, an equivalent system model is utilised to realise the
voltage and active/reactive power constraints raised by integration
of a wind generator to a weak host network. The associated
interactions between the wind generator and the host network
under different network strengths are presented. Intensive
simulation case studies have been carried out to verify the
effectiveness of the proposed AVC scheme. The AVC strategy
showed pronounced mitigation capability with better damped
performance particularly at very weak grid condition.
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8 Appendices
8.1 Appendix 1

See Table 2.

Table 2 Parameters of the DFIG VSWT

Parameter Value
rated power 2 MW
rated voltage 0.69 kV
rated frequency 50 Hz
stator resistance 0.00488 pu
stator leakage inductance 0.1656 pu
rotor resistance 0.00549 pu
rotor leakage inductance 0.1763 pu
magnetising inductance 3.9257 pu
number of pole pairs 2
lumped inertia constant 45s
gear box ratio 87
rated DC-link voltage 1200 V
DC-link capacitor 16,000 uF
rotor hub elevation 80m
WT rotor radius 40m
wind shear empirical component (o) 0.3
tower radius (a) 2m
distance from the blade origin to the 5m
tower midline (x)

turbulence intensity 10%
transformer rated power 2.5 MVA
primary winding rated voltage 11 kV
secondary winding rated voltage 0.69 kV

short circuit impedance 0.0033 +0.039 pu
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8.2 Appendix 2: derivation of POC voltage equation
The voltage V. is defined as

Ve = | Ve € (26)

Substituting (26) into (15) results in

iy

poc

V,cos @+ PtReq + QtXeq

V sin qo) 7

’ Vpoc

+(PXeg = OReg = [Voos

As the LHS of (27) is real, it follows that the R.H.S is also real which
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yields

PXy — OReq — ’Vpoc Vsing =0

From (28), and using trigonometric identity, we obtain

n) (P om.)

V,cos@= \/(‘ Vpoc

By combining (27) and (29), (13) can be derived.

‘ v

poc

(28

29
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