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ARTICLE INFO ABSTRACT

Article history: This paper presents a comprehensive review of various techniques employed to enhance the low voltage
Received 7 February 2015 ride through (LVRT) capability of the fixed-speed induction generators (FSIGs)-based wind turbines
Received in revised form (WTs), which has a non-negligible 20% contribution of the existing wind energy in the world. As the
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FSIG-based WT system is directly connected to the grid with no power electronic interfaces, terminal
Accepted 12 November 2015

voltage or reactive power output may not be precisely controlled. Thus, various LVRT strategies based on
installation of the additional supporting technologies have been proposed in the literature. Although the
Keywords: various individual technologies are well documented, a comparative study of existing approaches has not
Economic feasibility been reported so far. This paper attempts to fill this void by providing a comprehensive analysis of these
E:ﬁd\;;izegi L?g;ctz?:uging\j;?;)s (FSIGs) LVRT methods for FSIG-based WTs in terms of dynamic performance, controller complexity, and eco-
Wind turbines (WTs) nomic feasibility. A novel feature of this paper is to categorize LVRT capability enhancement approaches

into three main groups depending on the connection configuration: series, shunt, and series-shunt
(hybrid) connections and then discuss their advantages and limitations in detail. For verification pur-
poses, several simulations are presented in MATLAB software to demonstrate and compare the reviewed
LVRT schemes. Based on the simulated results, series connection dynamic voltage restorer (DVR) and
shunt connection static synchronous compensators (STATCOM) are the highly efficient LVRT capability
enhancement approaches.
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Contents

B OO oL oY« LT (o o I 824
2. FSIG-based Wind tUIDINe. . . . . ...t et e e et e e e e e e e e 825
D7 B T Ta A A L0 0 <) = T ) o VP 825

2.2, Transient-State OPEIAtION . . . ..ottt t it ettt e et ettt et e et e e e e e e e e e e e 826

3. Low voltage ride-through strategies for FSIG-based WTs . . . . ... ittt e ettt ettt et et ettt ettt e e 826
3.1.  Review of series-connected SOIULIONS. . . . ... .ottt et e et e e e e e e e e e e e e e e 826
311 Thyristor-controlled series compensation (TCSC). . ..o v vttt ittt et e et e e ettt et e et et ettt e eans 826

3.1.2. Dynamic voltage restorer (DVR) .. ..ottt ittt ittt e e e e e e e 827

3.1.3. Series dynamic braking resistor (SDBR) . . .. ..ottt ittt e e e e e 828

3.14. Magnetic energy recovery switCh (IMERS ) .. .. ... i it e et e ettt e e e e 828

3.1.5. Fault current miter (FCL). . . ..ottt ettt e et et et e et et e et ettt e et et ettt et et et e 829

3.2.  Review on shunt-connected SOIULIONS . . . . ...ttt ittt e et et e e e e e e e e e e e e e e ettt ettt 830
3.2.1. Static var COMPENSALOr (SVC) . .ottt ettt et e et et e e e e e e e e e 831

3.2.2.  Static synchronous compensator (STATCOM) . . ..ttt t ittt e et et e e ettt e et ettt ettt eeaens 831

3.2.3.  Superconducting dynamic synchronous condenser (SDSC) . . . ...ttt ittt ittt e ettt e 831

3.3.  Review on hybrid-connected SOIULIONS. . . . . .. .ottt ettt et et et e 832

4. Technical-economical evaluation study of the LVRT Methods . .. ......... ittt et et et ettt et e e e 832

* Correspondence to: Florida International University (FIU), 10555 West Flagler Street, EC 3913 Miami, FL 33174, USA. Tel.: +1 305 348 2935 (Lab).
E-mail address: amogh004@fiu.edu (A. Moghadasi).

http://dx.doi.org/10.1016/j.rser.2015.11.020
1364-0321/© 2015 Elsevier Ltd. All rights reserved.


www.sciencedirect.com/science/journal/13640321
www.elsevier.com/locate/rser
http://dx.doi.org/10.1016/j.rser.2015.11.020
http://dx.doi.org/10.1016/j.rser.2015.11.020
http://dx.doi.org/10.1016/j.rser.2015.11.020
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2015.11.020&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2015.11.020&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.rser.2015.11.020&domain=pdf
mailto:amogh004@fiu.edu
http://dx.doi.org/10.1016/j.rser.2015.11.020

824 A. Moghadasi et al. /| Renewable and Sustainable Energy Reviews 55 (2016) 823-839

41.  Technical compParative StUAY. . . .. ...ttt ettt et e et et e e e e e e e 833

4.2.  Economical COMPATAtIVE STUAY . . . o ot vttt et ettt et ettt e e e e et et e et e e e et e et et e e et e 834

42.1. Wind POWET ZENETAtiON COST. . . v v\ vttt ettt et ettt et e et et et e e et e e ettt et e ettt et et 834

42.2. Economic feasibility of LVRT SOIULIONS . . . . . oottt ettt et e e et e e e et ettt e 834

5. Simulation results and performances COMPATISON. . . .. ..ttt ittt ettt e et ettt e et e e e ettt et et et ettt e 835
[ @) Tol L1 o) PP 836
ADDENAIX A, oot teeeeeeeeeee  eeea 836
RO O OIICES . . . . ettt e e e e e e e e e e e e e e e e e 837

1. Introduction

Fortunately, the goal of reducing green-house gas emissions is
aligned, to a significant extent, with the evolution and penetration
of renewable energy sources (RES) [1]. The attempts to reduce the
continued pollution are promising in view of the recent dramatic
increase of installed wind turbines’ (WTs) capacity [2-4]. However,
grid integration of large WTs can pose serious adverse effects in
weak or faulty grids [5]. The trend towards the integration of more
WTs contributes to the increase in the fault current levels, as well
as voltage reductions at the terminals of wind generators, which
may lead to the disconnection of WTs, and consequently affects
power system stability during and after fault clearance [6-8].

Recently, many power system operators in Europe and other
regions of the world have begun expanding and modifying their
interconnection requirements for wind farms through technical
standards, known as grid codes [9,10]. One of the critical
requirements concerning the grid voltage support is the low vol-
tage ride-through (LVRT) capability, which is included in many
new grid codes [11-15]. Fig. 1(a) shows a practical example of the
LVRT curve defined by the Danish system operator (Energinet.dk)
for WTs connected to the grid [16]. Based on this regulation, if the
voltage remains at a level greater than 20% of nominal value for a
period of less than 0.5s, the WT should remain connected to
the grid.

WTs are only allowed to disconnect from the grid when the
voltage profile falls into Area B. Besides the LVRT requirements,
some grid codes require large WTs to contribute to the voltage
restoration of the power system by injecting the reactive power
during the fault and the recovery period [17,18], while maintaining
the operating point above the area of Fig. 1(b). A literature review
on international grid codes for wind power integration has been
discussed and summarized in [19-23].

Although most wind turbine generators manufactured today

are doubly-fed induction generators (DFIGs) [24,25] and
a
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permanent-magnet synchronous generators (PMSGs) [26], a non-
negligible 20% of the existing wind energy in Europe is still
employing fixed-speed induction generators (FSIGs) due to their
simple structure and lower maintenance cost [27,28]. Thus, the
fault-ride through characteristics of FSIG-based wind turbines still
need to be analyzed. However, this technology is unable to fulfill
new grid code requirements since they have no power electronic
converters to control terminal voltage and reactive power output.
In this case, induction generators may suffer from a voltage
instability problem, which is becoming a significant concern with
large-scale wind farm penetration. Therefore, technical solutions
must be developed in order to ensure that those wind farms fulfill
grid code requirements for their operations.

In the recent literature, various studies have been individually
documented in terms of installing additional supporting technol-
ogies to enhance the LVRT capability of the FSIGs-based WTs,
which need to be properly reviewed and discussed.

Although there are a few valuable review papers of LVRT
enhancement strategies for DFIGs and PMSGs-based WTs [29-31],
up to the present time, as far as the authors are aware, there has
been no comprehensive report, fully considering LVRT improve-
ment methods of FSIGs based WTs. Ref. [32] only presented a brief
review and comparison of the series compensators for LVRT
enhancement of a wind generator system based on FSIGs.

The main contributions of this paper are organized into the
following sections: after describing the operation of the FSIG-
based WT under normal and faulty conditions in Section 2, the
comprehensive review of the recently LVRT capability improve-
ment approaches is discussed in Section 3. The reviewed meth-
odologies are classified into the three main groups, namely, (i)
series-connected solutions (i.e., thyristor-controlled series com-
pensation (TCSC), dynamic voltage restore (DVR), series dynamic
braking resistor (SDBR), magnetic energy recovery switch (MERS),
and fault current limiter (FCL)); (ii) shunt-connected solutions (i.e.,
static var compensator (SVC), static synchronous compensator
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Fig. 1. Danish grid codes. (a) LVRT requirement. (b) Reactive power support requirement.
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