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Abstract—Sufficient fault ride-through (FRT) of large wind
power plants (WPPs) is essential for the operation security of
transmission system. The majority of studies on FRT do not in-
clude all disturbances originating in the transmission system or
the disturbances irrelevant to the operation security. Based on
the knowledge of power quality, this paper provides a guide to
stakeholders in different aspects of FRT for wind turbines
(WTs) and WPPs. This paper details the characteristics of the
most common disturbances originated in the transmission sys-
tem, how they propagate to the WT terminals, and how they
impact the dynamic behavior of a large WPP. This paper shows
that the details of the voltage disturbances, not only in the
transmission system, but also at the WT terminals, should be
taken into consideration. Moreover, a detailed representation or
characterization of voltage dips is important for FRT studies,
despite that the simplified models used in the literature are in-
sufficient. This paper strongly recommends that distinct events
and additional characteristics such as the phase-angle jump and
oscillations in the transition segments should be considered in
FRT analysis.

Index Terms—Wind power generation, wind farm, power
quality, fault ride-through (FRT), low voltage ride-through
(LVRT).

1. INTRODUCTION

HE high reliability of power transmission system is to a
large extent obtained through the wide application of
the N—1 criterion in the operation and planning [1]. There
are some variations to this principle, especially in planning,
but the basic rule is that no loss of a single component
should result in the loss of supply to a bulk supply point.
While ensuring that the N—1 criterion holds, it is impor-
tant to consider not only the loss of a major transmission
line, but also other consequences of faults that result in the
loss. The faults of the transmission system have numerous
consequences with potentially adverse effects such as equip-
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ment damage and instability, which are generally handled by
the protection.

The fault of the transmission system also results in volt-
age dip over a large geographical area. A consequence be-
yond the control of the transmission system operator is the
behavior of the connected equipment due to the voltage dip.
The most serious concern of this paper is the loss of a large
amount of production during the fault. Apart from the loss
of the faulted transmission line, which is correctly removed
by the protection, the power system will also lose produc-
tion (incorrect operation of the generation plant protection).
This could make it difficult to maintain sufficient operation
reserves for the N—1 criterion. The loss of a large amount
of production could be the loss of a large power plant or nu-
merous small production units such as wind turbines (WTs)
and wind power plants (WPPs).

Fault ride-through (FRT) generally refers to the ability of
production units to remain connected during and after the
voltage dip at the transmission level. The term is equivalent
to voltage-dip immunity or voltage tolerance that describes
the ability of consuming equipment to ride through voltage
dips. Also, low voltage ride-through (LVRT) is used to em-
phasize that not only faults might lead to low voltage at the
WT terminals, but other events at the transmission level
such as transformer energizing could also result in a short-
term reduction of voltage magnitude.

With the significant penetration of wind power, the grid
codes require that the WTs remain connected and support
the grid during and after voltage dips. In the late 1990s and
early 2000s, each transmission system operator (TSO) intro-
duced its own FRT requirement. Reference [2] compares the
FRT requirements for TSOs in Denmark [3], [4], Sweden
[5], Germany [6], Scotland [7], and Ireland [8] until 2004.
In order to permit WT manufacturers to provide more man-
ageable and cost-effective solutions to meet the requirements
of grid codes, there is a need for grid code harmonization
among TSOs. The national compliance of the FRT require-
ments has been established in countries with more than one
TSO such as Denmark, where Eltra and Elkraft provided a
common FRT requirement in 2004 [9]. In 2005, the Federal
Energy Regulatory Commission (FERC) in the U.S. included
FRT requirements in the interconnection standard FERC-661
[10]. Nordic countries (Sweden, Denmark, Norway, Finland,
and Iceland) introduced a common code [11] in 2007 to
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achieve the adequate operation of the Nordic power system.
Moreover, the European Network of Transmission System
Operators for Electricity (ENTSO-E) [12] released a harmo-
nized grid code among TSOs from 36 countries in 2012.

The requirements that are considered particularly relevant
to large WPPs by ENTSO-E [12] are presented in Fig. 1,
and its parameters are given in Table 1. These requirements
are dependent on the voltage level of the connection point
and the size of installation. Table I is applicable to the type
D, which is defined by ENTSO-E as power park modules
connected at 110 kV or above power grid. A WPP is of type
D if its maximum capacity is at or above a threshold speci-
fied for each European area: 75 MW for continental Europe
and Great Britain, 30 MW for Nordic countries, 10 MW for
Ireland and Northern Ireland, and 15 MW for Baltic coun-
tries. In general, if the voltage at the connection point is
above the curve, the WPP should remain connected and pro-
vide reactive power support. On the other hand, the WPP
can be disconnected from the main grid if the voltage at the
connection point is below the curve. In Table I, U, is the re-
tained voltage at the connection point during a fault; 7, is
the instant when the fault has been cleared; U, is the volt-
age at 1,5 U, U, Lo L., and ¢, specify certain
points of the voltage recovery curve after fault clearance.
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Fig. 1. FRT profile of a power generation module according to ENTSO-E.

TABLE I
PARAMETERS OR FRT CAPABILITY OF WIND PARK MODULES FOR TYPE D

Parameter Variable Value
Urt‘l 0
Uclear Urm

Voltage parameter
U Ustear
U.. 0.85 p.u.
L otoar 0.14-0.15 s*
t/m 1 tz'l('m‘
Time parameter

tmzZ trc( 1
tos 1.5-3.0s

Note: * means 0.14-0.25 s if system protection and secure operation require
S0.

The WT manufacturers are required to follow the interna-
tional standard IEC 61400-21 [13] to test the dynamic re-
sponse of WTs subjected to voltage dips. The test only con-
siders magnitude, duration, and two types of voltage dips:
one symmetrical and another asymmetrical due to a two-
phase-to-ground fault. Similarly, IEC 61400-27-1 [14] pre-
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scribes a generic set of voltage dips to test the models of
WTs in simulation studies.

The FRT requirements and the dynamic response tests are
generally limited to two characteristics of voltage dips: mag-
nitude and duration. In real applications, voltage dips present
additional characteristics, which are extensively studied in
the field of power quality. Such knowledge should be consid-
ered in FRT studies. The joint working group C4.110(a) by
CIGRE, CIRED, and UIE has proposed a detailed checklist
[15] with different properties and characteristics of voltage
dips. This checklist divides the voltage waveform into pre-
dip, during-dip, and recovery segments. Special emphasis
has been placed on the three-phase and occasional non-rect-
angular characteristics of voltage dips. Similarly, IEEE Stan-
dard 1668-2017 [16] defines the minimum voltage dip immu-
nity requirements based on a detailed analysis of real volt-
age dips. Additional characteristics proposed in [16] include
point-on-wave, phase-angle jump, and dip-type.

Although the details of voltage dip characterization have
been well-developed in the field of power quality, most stud-
ies on FRT consider basic or even incorrect models of volt-
age dips. Moreover, FRT studies are mostly limited to volt-
age dips caused by faults. Based on the available knowledge
of voltage dip in the field of power quality, this paper pro-
vides guidance and recommendations for the research com-
munity and other stakeholders on FRT analysis. This paper
lists the most common disturbances originated in the trans-
mission system, which should be considered in FRT studies
of WPPs, and then considers voltage dips and transients due
to various origins such as electrical faults, transformer ener-
gizing, capacitor switching, cable switching, loss of major
lines or cables, and geomagnetically-induced currents
(GICs). Frequency variations are out of scope in this paper.
The main contributions are summarized as follows.

1) Disturbances at the WT terminals have a significantly
different waveform from those in the transmission system.
The former can be more or less severe depending on the dis-
turbance type, the connection to the transmission system,
and the collection grid.

2) Detailed representation or characterization of voltage
dips and transients is necessary to study their impact on
WTs, including additional characteristics such as oscillations
at the beginning and the end of the disturbances, phase-angle
jumps, and short-term harmonic distortions.

3) It is necessary to provide a more complete set of volt-
age disturbances based on real power quality measurements,
and a set of characteristics and their values, to study and ver-
ify the FRT of WTs.

The remainder of this paper is structured as follows. Sec-
tions II and III continue the introduction to LVRT, while
each section introduces a distinct content. Section II de-
scribes the models of voltage dips and disturbances devel-
oped in the literature. Section III gives recommendations on
the measurement and analysis of voltage dips in and around
wind power installations. Section IV gives a detailed over-
view of the disturbances to be considered in FRT studies, in-
cluding the recommendations of disturbances and details to
be considered in FRT studies. Section V presents the dynam-
ic behavior of a WPP with 42 WTs exposed to the distur-
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bances in Section IV. It is shown that the details of the volt-
age disturbances can have a significant impact. Section VI
presents recommendations for FRT requirements in grid
codes and connection agreements. Section VII presents rec-
ommendations for the research community. Finally, Section
VIII concludes this paper.

II. STATE-OF-THE-ART IN RESEARCH AND DEVELOPMENT OF
LVRT orF WPPs

Several works have addressed the FRT of WPPs by volt-
age dips due to electrical faults. An overview of the types of
voltage dips that can be expected at the WT terminals is giv-
en in [17]. An analysis of the dynamic behavior of doubly-
fed inductor generator (DFIG) with symmetrical and asym-
metrical voltage dips is presented in [18] and [19], respec-
tively. References [20]-[22] apply the theory of [17] and
study the impact of additional dip characteristics caused by
faults. It is concluded in [19]-[22] that the dips caused by
symmetric faults lead to overvoltages at the DC-link of the
converter and overcurrents in the rotor, both at the beginning
of the disturbance, while the dips caused by asymmetric
faults could also produce harmonic distortion in the rotor
current, in addition to causing overvoltages and overcurrents.

Although [19]-[22] have brought important knowledge re-
garding the dynamic behavior of WTs with voltage dips,
they have not considered the propagation of voltage dips
from the transmission level to the WT terminals. The propa-
gation of voltage dips is also not considered in most works
related to FRT control strategies. In both dynamic behavior
and FRT control studies, there are four methods used to gen-
erate voltage dips: (D reducing voltage at the WT terminals
[19]-[29]; @ applying faults directly to the terminals [30]-
[34]; 3 applying faults in the collection grid [35]-[45]; and

considering the propagation from the transmission grid to
WT terminals [46]-[52]. There are two different limitations
in those models. Some dip types applied to the WTs will
never occur in reality at the WT terminals. Some of the fault
locations studied do not fall in the realm of FRT but in the
realm of the local power system protection. Using overly-
simplified or even incorrect models may lead to incorrect
conclusions. WPPs may be less tolerant to the faults of the
transmission system than expected. Alternatively, WTs may
be over-dimensioned and therewith too expensive.

Most works [19]-[45], [47]-[52] only consider electrical
faults for FRT analysis. Reference [17] recommends testing
the WTs for different origins of disturbances such as trans-
former energizing and capacitor switching. However, few
works evaluate the dynamic behaviors of wind power instal-
lations due to events other than faults. Reference [45] has
studied the transient behavior of a WPP due to the capacitor
switching. Reference [52] discusses the impact of GIC. The
transformer energizing is discussed in [53], but only the in-
ternal transformers of the WPP are considered. As the WTs
are exposed to all types of disturbances from the transmis-
sion system, the voltage dips and transients due to other
causes should also be studied to guarantee sufficient opera-
tion security of the transmission system.
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III. MEASUREMENT AND ANALYSIS OF VOLTAGE DIPS AND
TRANSIENTS IN AND AROUND WIND POWER INSTALLATIONS

Detailed recordings should be obtained for voltage dips
and voltage transients at different locations in WPP. The
event at the WT terminals has a significantly different wave-
form from that in the transmission system. Most studies do
not consider this transfer partly due to the lack of available
measurement data.

In relation to the recording of voltage dips and other volt-
age disturbances, data should be collected on the perfor-
mance of WTs and protection relays in and nearby the WPP.
Examples of such data include the voltages during and after
voltage dips at the DC side of power-electronic converters,
the currents on both sides of the converters, and the values
of internal signals that are compared with trip thresholds for
the protection relays. These data can be used to extrapolate
and model the FTR of a WPP and its WTs during severe
voltage dips.

Methods should be developed and agreed internationally,
e.g., in CIGRE, IEC or, IEEE context, for a number of addi-
tional voltage dip characteristics beyond residual voltage and
duration. The following characteristics have been identified
starting from the checklist proposed by joint working group
(JWG) C4.110 [15]: D phase-angle jump (between voltages
before and during the dip); @ voltage imbalance during the
dip; @ point-on-wave of dip initiation; 4 point-on-wave of
voltage recovery, including the multi-step recovery for dips
due to two-phase-to-ground and three-phase faults; (5 char-
acteristics such as magnitude and frequency of the oscilla-
tions in voltage at the beginning and end of the voltage dip;
© characteristics for increased waveform distortion during
and after the dip.

The proposals for the first two characteristics can be
found in [54] and [55]. The proposals have also been submit-
ted to both IEC and IEEE working groups. The other charac-
teristics require more development and even basic research
in some cases [56]. Studies towards broadly acceptable char-
acteristics should be prioritized.

An alternative approach is to create a comprehensive data-
base of voltage dips as they have occurred or may occur at
the WT terminals. Such recordings and statistics on the char-
acteristics can be used to verify the FRT at the early design
stage of WTs.

IV. RELEVANT DISTURBANCES

Sufficient FRT of production units is an essential condi-
tion for ensuring the operation security of transmission sys-
tem. The emphasis should be put on the events that affect or
potentially affect multiple WPPs or large individual WPPs
and those originating in parts of the grid where the N—1 cri-
terion holds. This section describes each disturbance in the
155 kV transmission system, and how they propagate to the
33 kV collection grid and the 0.9 kV WT terminals. Section
V will present the dynamic behavior of the equivalent WPP
with each disturbance.

A. Illustrative WPP with 42 WTs

The disturbances to be considered for FRT, as introduced
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in the next sections, are applied to the WPP with 42 WTs in
Fig. 2. The DFIG-based WPP consists of 42 WTs of 6.5
MVA connected to the public grid through four 220 MVA
(155 kV/33 kV) transformers. Each WT is connected to 33
kV through a 6 MVA transformer. The detailed data of this
WPP is available in [57]. The method proposed in [58] to
obtain an equivalent of the WPP has been applied to the
WPP shown in Fig. 3, where V_,, R, and L, are the
equivalents of the public grid for voltage, resistance, and in-
ductance, respectively; R,, L,, and C, are the equivalents of
the collection grid for resistance, inductance, and capaci-
tance, respectively; R, and L, are the equivalent resistance
and inductance of collection grid transformer, respectively;
R,, L,, and C, are the equivalents of the WPP internal grid
for resistance, inductance, and capacitance, respectively; R,
and L,, are the equivalents of resistance and inductance of
WT transformers, respectively; R,, L, and C,. are the equiva-
lents of resistance, inductance, and capacitance of the WT fil-
ters, respectively; R, L, are the resistance and inductance of
DFIG generator, respectively; and » is the number of tur-
bines. Figure 3 shows the equivalent model. The complete
model and the equivalent model are compared and they
show the same resonant frequency. Appendix A Table Al
shows the equivalent parameters for the wind park. The pub-
lic grid is modeled by its Thévenin equivalent.

Public grid
1

155 kV
| 2 3
$4 33kvﬁp: 4 T 5 P33kV_ 5
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6 ' |10 ° 16 * [19° 27 * 377 41% 1457
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7 F N1t 17% |20 (247 28 % 1133 °°F 387 427 146 7
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Fig. 2. DFIG-based WPP with 42 WTs.
WPP
155 kV Ry Ly 33Ky Ry L 0.9kV

Fig. 3.

Equivalent models of transmission system and WPP in Fig. 2.

The DFIG consists of a wound rotor induction generator
and an AC/DC/AC based on insulated-gate bipolar transistor
(IGBT) pulse width modulation (PWM) converter. The con-
trol system uses a torque controller to maintain the speed at
1.2 p.u.. The reactive power produced by the WT is regulat-
ed at 0 Mvar. The var/volt control system is based on the
model presented in [59]. According to [59], the control func-
tions are segregated into two closed-loop and open-loop con-
trollers. The closed-loop controller includes voltage regula-
tion and power factor control functions. The open-loop con-
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troller responds to large disturbances and includes the impor-
tant protective functions related to the electrical aspects of
the WT. A principal feature of the converter is the maximum
current of grid-side converter. In this model, the grid-side
current is limited to 0.8 p.u. of the nominal current of WT
generator. The controllers certainly vary between manufactur-
ers and the details of the controllers are often unavailable.
However, the controller used in [59] is a typical controller
which is applied in WT. The aim of this paper is not to
study the impact of voltage dips on a specific controller,
WT, or LVRT technique. Instead, this paper aims to show
that the magnitude and duration alone are insufficient when
studying the FRT of WTs. The control parameters for the
converter are detailed in Appendix A Table All

B. Voltage Dips due to Symmetrical Faults in Transmission
System

Symmetrical faults occurring at transmission level result
in the same voltage drop in all the three phasors. An exam-
ple of a symmetrical voltage dip is shown in Fig. 4, which
presents the waveforms and the corresponding root-mean-
square (RMS) voltage for the three voltage levels: 155 kV,
33 kV, and 0.9 kV.
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Fig. 4. Symmetrical voltage dip due to a fault at 155 kV. (a) Waveforms

measured at 155 kV. (b) RMS voltages measured at 155 kV. (¢) Waveforms
measured at 33 kV. (d) RMS voltages measured at 33 kV. (e) Waveforms
measured at 0.9 kV. (f) RMS voltages measured at 0.9 kV.

The initial voltage drop corresponds to fault initiation.
The start of the dip shows a transient caused by the equiva-
lent capacitances and inductances in the transmission sys-
tem. The transient is amplified and lasts longer after being
propagated to lower voltage levels. The amplification is due
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to the resonant frequency of the collection grid which is ex-
cited by the transient.

The type of voltage dip does not change and its magni-
tude is almost the same at the three voltage levels. The volt-
age recovery after the fault is not instantaneous due to load
effects, re-energizing of capacitance, and saturation of trans-
former.

C. Voltage Dips due to Asymmetrical Faults in Transmission
System

Asymmetrical faults at transmission level result in unbal-
anced dips. The dip characteristics such as type or magni-
tude change when the dip propagates towards the collection
grid and WT terminals. An example of an asymmetrical volt-
age dip caused by a phase-to-ground fault is shown in Fig.
5. The voltage dip of type B at the transmission level chang-
es to type C at the collection grid, and to type D at the WT
terminals.
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Fig. 5. Asymmetrical voltage dip due to a fault at 155 kV. (a) Waveforms

measured at 155 kV. (b) RMS voltages measured at 155 kV. (¢) Waveforms
measured at 33 kV. (d) RMS voltages measured at 33 kV. (¢) Waveforms
measured at 0.9 kV. (f) RMS voltages measured at 0.9 kV.

D. Multistage Voltage Dips

During multistage voltage dips, the RMS voltage shows
sudden changes. Those changes are related to changes in the
fault (developing faults) or changes in the system (fault
clearing). A fault on a transmission line is cleared by open-
ing the breakers on both sides of the faulted line. In most
cases, this will not happen at exactly the same instant. The
result is that the voltage recovery takes place in two stages.
This two-stage recovery is very common for the faults in the
transmission system. An example of a multistage voltage dip
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is shown in Fig. 6.
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Fig. 6. Multistage voltage dip due to a fault at 155 kV. (a) Waveforms

measured at 155 kV. (b) RMS voltages measured at 155 kV. (c) Waveforms
measured at 33 kV. (d) RMS voltages measured at 33 kV. (e¢) Waveforms
measured at 0.9 kV. (f) RMS voltages measured at 0.9 kV.

E. Loss of Major Transmission Lines or Cables

The loss of a major transmission line or cable can result
in a redirection of power flow and a phase-angle-jump in the
voltage. Such a phase-angle-jump is not associated with a
voltage dip. Figure 7 shows the propagation of this event
from the transmission system to the WT terminals. The loss
of the line causes a minor reduction in the RMS voltage,
which recovers slowly. The redirection of power flow causes
a significant negative phase-angle jump in this case, as
shown in Fig. 8(a). The phase-angle jump can also be posi-
tive for the loss of another major transmission line as shown
in Fig. 8(b).

F. Voltage Dips due to Transformer Energizing

Power transformer energizing can create large flux asym-
metries and saturation of the winding cores of transformers,
which results in voltage dips with sudden voltage drop and
slow voltage recovery. An example of such a voltage dip is
shown in Fig. 9.

Each phase experiences a different switching angle in a
three-phase transformer, resulting in distinct levels of satura-
tion in each phase. Thus, the drop is different in each phase,
resulting in an asymmetrical dip. Similar to the asymmetri-
cal dips caused by faults, the voltage dip changes when it
propagates towards the collection grid and WT terminals.
The voltage dip due to transformer energizing is associated
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with high levels of harmonic distortion, where the levels for
even harmonics are much higher than usual. Resonances in
the transmission system or between the transmission sytem
and the WT terminals can result in even higher levels of har-

monic distortion at the WT terminals [60], [61].
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Fig. 7. Loss of a major line at 155 kV. (a) Waveforms measured at 155
kV. (b) RMS voltages measured at 155 kV. (c) Waveforms measured at 33
kV. (d) RMS voltages measured at 33 kV. (e) Waveforms measured at 0.9
kV. (f) RMS voltages measured at 0.9 kV.
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G. Voltage Transients Due to Capacitor Switching

Voltage transients in power systems are caused mainly by
switching actions. The most severe transients are caused by
capacitor energizing, while capacitor de-energizing normally
only causes a minor transient. Non-synchronized capacitor
energizing is worse than the synchronized one. Non-synchro-
nized capacitor energizing at the transmission level results in
an oscillation with a frequency in the range of 300-1000 Hz.
This oscillation can be amplified by the resonance frequency
of the collection grid and/or of the connection between the
collection grid and the transmission system. For synchronized
switching, the magnitude of the transient is significantly low-
er, but resonances may still result in dangerous situations.
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kV. (d) RMS voltages measured at 33 kV. (e) Waveforms measured at 0.9
kV. (f) RMS voltages measured at 0.9 kV.

An example of a voltage transient caused by capacitor
switching at the transmission level is shown in Fig. 10. Due
to the interaction with the capacitance of the collection grid,
the transient originating in the transmission system is ampli-
fied towards the WT terminals.

H. Voltage Transients due to Cable Switching

Cable switching also results in a voltage transient [62],
[63]. Similar to capacitor energizing, its amplitude depends
on the moment at which the cable is connected. There is al-
most no overvoltage transient if the circuit breaker is closed
when the voltage is zero at its terminals, but if the connec-
tion takes place at peak voltage, the overvoltage is the maxi-
mum.

The transient due to cable switching has similar character-
istics to the one due to the capacitor switching. For long AC
cables at the transmission level, the resonant frequency may
be as low as 150 Hz. The cable switching and/or a capacitor
switching with other cables located nearby will result in a
back-to-back energizing transient. During such a transient,
high overvoltage can occur, which can be further amplified
by resonances.

Figure 11 presents an example of a voltage transient
caused by cable switching. Similar to the transient caused by
capacitor switching, the transient due to cable switching is
amplified towards the WT terminals.
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1 Voltage Dips due to GIC

A GIC event is originated from the interaction between
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the cloud of charged particles produced by a coronal mass
ejection from a solar storm and the magnetic field of the
earth [64]. When the coronal mass ejection reaches the
Earth’s magnetosphere, it affects the geomagnetic field at
the Earth’s surface. The changes in the geomagnetic field in-
duce slowly varying currents in the conductors of overhead
transmission lines, i.e., GICs [65].

GICs can result in transformer saturation and high levels
of waveform distortion. The spectrum is expected to be simi-
lar to the voltage spectrum during transformer energizing
with some differences. The waveform distortion during a
GIC event could be much higher as several transformers are
saturated at the same time. The waveform distortion may al-
so last much longer. Figure 12 presents an example of a volt-
age dip due to GIC.
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Fig. 12. Voltage dip caused by GIC. (a) Waveforms measured at 155 kV.
(b) RMS voltages measured at 155 kV. (c) Waveforms measured at 33 kV.
(d) RMS voltages measured at 33 kV. (e) Waveforms measured at 0.9 kV.
(f) RMS voltages measured at 0.9 kV.

J. Overview and Considerations for Different Voltage Distur-
bances

The following points should be considered for different
voltage disturbances originating in the transmission system.

1) The voltage dip occurs at the WT terminals, and is not
the same as that in the transmission system. The latter is con-
sidered in the grid code. The dip at the WT terminals is typi-
cally less severe for WTs than that in the transmission sys-
tem. Oscillations at the beginning and end of the dip related
to the resonant frequency of the collection grid, for example,
may make the dip more severe at the WT terminals.

2) There is no standard dip for the faults of transmission
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system or no standard way of dip propagation from the trans-
mission system to the WT terminals. It is recommended to
consider a range of cases with different transmission sys-
tems, collection grids, and connections of those collection
grids to the transmission system.

3) The phase-angle jumps associated with voltage dips are
limited in size for the dips in transmission system consisting
of overhead lines. The chosen asymmetrical dips, multistage
dips, and transformer-energizing do not present any notice-
able phase-angle jump, because these events occur in trans-
mission system consisting of overhead lines.

4) The faults in or near long AC cables at transmission
level may result in serious phase-angle jumps that may af-
fect the WT performance. It is the case of the presented sym-
metrical voltage dip.

5) In addition to the phase-angle jump, during a fault in a
cable-dominated grid, there are transients related to the ca-
pacitance of the cables. When the dips propagate to the
WTs, this transient can be amplified accordingly to the reso-
nance frequency of the collection grid. Because of this, the
dips show these high-frequency oscillations at the end of the
dips.

6) The point-on-wave of dip initiation can have any value.

7) The point-on-wave of voltage recovery is limited to the
values just before the maximum or minimum voltage (due to
the reactive characteristics of the transmission system). Volt-
age recovery takes place in two steps for the dips due to
two-phase-to-ground faults and for the dips due to three-
phase faults without ground connection. The recovery takes
place in three stages for three-phase-to-ground faults.

8) Oscillations may take place in the voltage at the begin-
ning and end of a dip.

9) High levels of voltage distortion, including high levels
of even harmonics, can occur after voltage recovery.

V. VERIFYING FRT OF WIND POWER INSTALLATIONS

This section presents the dynamic behavior of the equiva-
lent WPP with 42 WTs shown in Figs. 2 and 3. The voltage
dips and transients from Section IV have been applied to the
equivalent WPP. We apply the measurements to bus 1 in
Fig. 2, which represents the public grid at 155 kV. This way,
it is considered that the event is measured at 155 kV, which
is independent of the event location in the transmission sys-
tem. The dynamic behavior for different events is assessed
in terms of active power, DC-link voltage, and rotor current.

A. Voltage Dips due to Symmetrical Faults

During a symmetrical voltage dip, the stator voltage drops
proportionally to the dip magnitude. The stator flux cannot
be discontinuous because it is a state variable. After the start
of the voltage dip, its magnitude is immediately equal to its
previous value and then decreases exponentially with the sta-
tor time constant. This results in a rotor overvoltage during
the dip initiation. Further, the active power of the grid-side
inverter is decreased, and the rotor overcurrent leads to a
transient in the DC-link voltage. This transient might be an
overvoltage or an undervoltage depending on the phase-an-
gle jump associated with the dip.
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Figure 13 shows the dynamic behavior of the equivalent
WPP during a symmetrical voltage dip caused by a cable
fault from Fig. 4.
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Fig. 13. Dynamic behavior of equivalent WPP during a symmetrical volt-
age dip caused by a cable fault. (a) Phase-angle jump. (b) DC-link voltage.
(c) Rotor current. (d) Active power.

At the beginning of the voltage dip, the DC link shows an
undervoltage due to the phase-angle jump associated with
the voltage dip. In this specific case, the fault in a transmis-
sion cable causes a negative phase-angle jump. An overvolt-
age is expected for the case with a positive phase-angle
jump. At the same instant, there is an overshoot in the rotor
current and the active power. The overcurrent in the rotor
and the overshoot in the active power reach up to 4 p.u. and
1.6 p.u., respectively.

During the voltage dip, the DC-link voltage is lower than
that at the beginning of the dip. The active power is reduced
to around 0.4 p.u., proportional to the magnitude of dip. The
rotor current shows the waveform distortion during the dip.

During the voltage recovery, the DC-link voltage shows
oscillations and it does not reach the pre-dip value immedi-
ately. The rotor current is also distorted during recovery. The
active power returns to a value close to the pre-dip one.

B. Voltage Dips due to Asymmetrical Faults

During an asymmetrical dip, the negative sequence volt-
age causes oscillations with a frequency corresponding to
the double of the electrical angular velocity of the synchro-
nous reference frame. The rotor voltage component induced
by the negative-sequence component of stator flux results in
large ripples in the rotor current. This way, the induced rotor
voltage could exceed the maximum tolerable voltage of the
converter, and the converter could lose control of the rotor
current resulting in overcurrent and DC-link overvoltage.
The unbalanced voltage dip results in heavy harmonic distor-
tion of rotor current.

Figure 14 presents the results for the dynamic behavior of
the equivalent WPP during the asymmetrical dip from Fig.
5. The DC-link voltage shows an undervoltage of 0.8 p.u. at
the beginning of the voltage dip. However, the DC-link volt-
age shows an overvoltage during the voltage dip close to 1.1
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p.u.. In the segments during the voltage dip until the recovery,
the DC-link voltage oscillates between 0.7 p.u and 1.1 p.u..
The DC-link voltage returns to the pre-dip value after the re-
covery. The rotor current presents an overcurrent close to 2
p.u. at the beginning of the voltage dip. In addition to the
overcurrent, the rotor current shows a high harmonic distor-
tion during the voltage dip. The high distortion and overcur-
rent disappear after the recovery. The active power presents
an overshoot at the beginning of the voltage dip, which
reaches 1.1 p.u.. During the dip, the minimum value of the
active power is close to 0.9 p.u.. During the recovery, the ac-
tive power is between 0.9 p.u. and 1 p.u..
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Fig. 14. Dynamic behavior of equivalent WPP during an asymmetrical

voltage dip. (a) DC-link voltage. (b) Rotor current. (c) Active power.

C. Multistage Dips

Figure 15 shows the dynamic behavior of the equivalent
WPP during a multistage voltage dip from Fig. 6.
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Fig. 15. Dynamic behavior of equivalent WPP during a multistage voltage
dip. (a) DC-link voltage. (b) Rotor current. (c) Active power.

The DC-link voltage presents two distinct stages during
this multistage dip. At the first stage, it oscillates between
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0.4 p.u. and 1 p.u.; at the second stage, it oscillates between
0.7 p.u. and 1 p.u.. The DC-link voltage still shows oscilla-
tions after the recovery.

The rotor current shows an overcurrent at the beginning
of the voltage dip, which reaches 4 p.u.. During the voltage
dip, the rotor current is distorted and shows an overcurrent.
The overcurrent is higher at the first stage than that at the
second stage. The rotor current is less distorted, but it still
shows a harmonic distortion after the voltage recovery.

The active power presents an overshoot close to 1.5 p.u.
at the beginning of the voltage dip. During the voltage dip,
the active power is reduced proportionally to the magnitude
of the dip. As the multistage voltage dip presents two dis-
tinct magnitude values during the event, the active power al-
so presents two levels of reduction. During the recovery, the
active power oscillates around 1 p.u..

D. Loss of Major Transmission Lines or Cables

Figure 16(a), (c), and (e) presents the results for the dy-
namic behavior of the equivalent WPP during the loss of a
line presented in Fig. 7.
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Fig. 16. Dynamic behavior of equivalent WPP during loss of a line. (a)

DC-link voltage with negative phase-angle jump. (b) DC-link voltage with
positive phase-angle jump. (c) Rotor current with negative phase-angle
jump. (d) Rotor current with positive phase-angle jump. (e) Active power
with negative phase-angle jump. (f) Active power with positive phase-angle
jump.

In this case, the phase-angle jump is negative, which leads
to an undervoltage of 0.8 p.u. at the beginning of this event.
The voltage increases from 0.8 p.u. to 0.95 p.u. between
2.52 s and 2.58 s. The rotor current shows an overcurrent of
2 p.u. in the negative peak and 1.3 p.u. in the positive peak
immediately after the loss of the line, respectively. The rotor
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currents return to the pre-event value after the event. The ac-
tive power shows an overshoot close to 1.7 p.u. at the begin-
ning of the event. After the loss of the line, the active power
goes to 0.9 p.u..

Figure 16(b), (d), and (f) shows the results for the loss of
a line, which leads to a positive phase-angle jump. In this
case, the DC-link voltage shows an overvoltage of 1.2 p.u.
at the beginning of this event, and the voltage recovers from
0.8 p.u. to 0.95 p.u. between 2.52 s and 2.58 s. The rotor
current shows an undercurrent immediately after the loss of
the line and returns to the pre-event value after the event. It
causes an undershoot in active power of 0.5 p.u.. After the
loss of the line, the active power returns to a value close to
unity.

E. Voltage Dips due to Transformer Energizing

Figure 17 presents the dynamic behavior of the equivalent
WPP during the transformer energizing from Fig. 9.
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Fig. 17. Dynamic behavior of equivalent WPP during transformer energiz-

ing. (a) DC-link voltage. (b) Rotor current. (c) Active power.

The DC-link voltage shows an oscillation between 0.8 p.u.
and 1.05 p.u. during the voltage dip. Similar to the asymmet-
rical dips caused by faults, the cause of this oscillation is re-
lated to the imbalance among the phases. However, the DC-
voltage oscillation differs from the asymmetrical dip caused
by a fault, because the DC-link voltage follows the “envel-
op” of the RMS voltage dip. In other words, the DC-link os-
cillation is related to the slow recovery of the transformer en-
ergizing.

The rotor voltage component induced by the negative-se-
quence voltage component also results in large current rip-
ples through the rotor windings. In this case, the rotor cur-
rent presents an overshoot of 1.5 p.u.. The heavy harmonic
distortion is also visible in the rotor current. In this case, the
waveform is more distorted in the peaks, which is a com-
mon effect of even harmonics.

The active power shows an overshoot of 1.05 p.u. at the
beginning of the voltage dip. During the dip, the active pow-
er is reduced proportionally to the dip magnitude (around
0.87 p.u.). As the recovery process for the transformer ener-
gizing is slow, the DFIG takes more time to recover to the
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pre-dip values.

F. Voltage Transients due to Capacitor Switching

Figure 18 presents the dynamic behavior of the equivalent
WPP during the capacitor switching from Fig. 10.
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Fig. 18. Dynamic behavior of equivalent WPP during capacitor switching.

(a) DC-link voltage. (b) Rotor current. (c) Active power.

As the transient from the transmission system is ampli-
fied, the DC-link voltage shows an overshoot during the ca-
pacitor switching. In this case, the overvoltage of the DC
link reaches 1.2 p.u.. The duration of this overvoltage is the
same as that of the transient. The rotor current shows an
overcurrent and a transient during the capacitor bank switch-
ing. The active power shows three stages during the tran-
sient: overshoot of 1.05 p.u., reduction to 0.95 p.u., and re-
covery to the pre-transient power.

G. Voltage Transients due to Cable Switching

Figure 19 presents the dynamic behavior of the equivalent
WPP during the cable switching from Fig. 11.

Similar to the capacitor bank switching, the DC-link volt-
age shows an overshoot at the beginning of the transient,
which is proportional to the overvoltage at the WT termi-
nals. The rotor current also shows a transient during the ca-
ble switching. The active power presents small oscillations
related to the voltage transient. In this case, the active power
oscillates between 0.99 p.u. and 1.02 p.u.. The active power
after the transient does not return exactly to the pre-transient
value, because the voltage magnitude is slightly higher after
the cable switching.

H. Voltage Dips due to GIC

Figure 20 presents the dynamic behavior of the equivalent
WPP during the GIC from Fig. 6. The dynamic behavior is
similar to the behavior during transformer energizing. The
DC-link voltage shows an oscillation with an “envelop”
shape following the transformer saturation. The rotor current
shows an increased value and harmonic distortion, especially
during the peaks. Besides, the active power changes accord-
ingly to the voltage at the WT terminals.
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However, the GIC has a long duration and its effects are
still noted in the equivalent time of recovery during the
transformer energizing. The reason is that the voltage after
2.8 s for the GIC is still unbalanced. This way, after 2.8 s,
the DC-link voltage still shows a small oscillation, the rotor
current still contains harmonics, and the active power reach-
es a value lower than the pre-event value, which is lower
than that during the transformer energizing.

VI. FRT REQUIREMENTS IN GRID CODES AND CONNECTION
AGREEMENTS

Voltage dips, as defined in the FRT requirements, are a
simplified version of the voltage dips as they occur in reali-
ty. There are additional characteristics of voltage dips that
need to be considered in FRT studies and compliance verifi-

cation. Those characteristics vary strongly between locations.
Besides, the dip characteristic can differ at a same location
at different moments in time. It is not always obvious which
value of a characteristic should be considered as the worst
case.

Including all these additional characteristics in the FRT re-
quirements would make the requirements too complicated or
even non-applicable. Therefore, we do not recommend add-
ing additional characteristics to the actual requirements.

However, we strongly recommend adding additional guid-
ance and recommendations to the documents containing the
FRT requirements. Such guidance and recommendations
should aid the wind power manufacturers in verifying and
improving the FRT of WTs and WPPs.

Next to the FRT requirements for voltage dip, the grid
codes should also contain requirements (including guidance
and recommendations) on the FRT during other types of volt-
age disturbances, which include: (D voltage dips due to
transformer energizing; ) transients due to switching of ca-
pacitor banks; (3 transients due to switching of long AC
transmission cables; (4) phase-angle jumps without a voltage
dip due to the loss of a major transmission connection; and
& high levels of voltage distortion due to GIC.

VII. RECOMMENDATIONS FOR RESEARCH COMMUNITY

When studying the FRT of WTs, it is very important to
consider that the voltage dip as defined in the grid codes is
simplified. In reality, the dip can strongly deviate from this
simplified one for two reasons:

1) The voltage dip in the transmission system is not a
“rectangular dip”; instead, oscillations may occur at the be-
ginning and end of the dip, and the voltage recovery may oc-
cur in two or three steps.

2) The voltage waveform can change a lot during the
propagation from the transmission system to the WT termi-
nals.

More knowledge is needed on how the protection in WPP
is impacted by a number of phenomena that occur in associa-
tion with the voltage dip due to a fault, including: (D oscilla-
tions at the beginning of a voltage dip; @ oscillations at the
end of a voltage dip; @ harmonic distortion during a volt-
age dip; and (4 harmonic distortion after a voltage dip.

As the WPP has to ride through the voltage dip, according
to the FRT requirements in the grid codes, the protection in
the WPP should not trip due to any of these phenomena.

Standardized definitions are needed for voltage-dip charac-
teristics beyond the residual voltage and duration. Complete
proposals are available for phase-angle jump and imbalance
during the dip. Further research is needed for other character-
istics. Special emphasis should be placed on the details of
dip initiation and voltage recovery.

More studies are needed after the propagation of voltage
dips from the transmission system to the WT terminals in
large WPPs. A wide range of resulting dips could occur
based on the properties of the collection grid and the way it
is connected to the transmission system. FRT studies should
therefore be conducted for a range of WPPs and connections
to the grid. The individual behavior of WT in distinct WPPs
should also be explored. Moreover, the impact on the trans-
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mission system protection should be studied.

A specific case to study is the propagation of voltage dips
through an HVDC link towards a WPP. The study can cover
HVDC based on thyristor or on voltage source converters
(VSCs).

Studies are needed on: () waveform distortion due to
transformer saturation under geomagnetically induced cur-
rents; (2 the occurrence of phase-angle jumps without volt-
age dips due to the loss of a major transmission link; 3 the
mapping of extreme transient events and the way in which
they may affect WTs and WPPs.

The simulations and modelling in this paper and in other
studies on FRT consider rather typical faults and voltage
dips. Common dips due to faults in the transmission system
are of short duration, typically within 100 ms. The dips that
are the base for the requirements on FRT are of longer dura-
tion, which is 250 ms and more. The assumption typically
made is that those dips will be the same as the typical ones,
but of longer duration. Insufficient knowledge is available to
determine whether this assumption is correct. Studies are
needed to find out which scenarios in the transmission sys-
tem will result in the dimensioning dips under the FRT re-
quirements. Next, studies are needed to find out the details
of the resulting dips.

VIII. CONCLUSION

Not only voltage dips caused by electrical faults should be
considered while assessing the FRT of WPP, but the voltage
dips caused by transformer energizing, transients caused by
capacitor switching, cable switching, and GIC should also be
considered.

The models of voltage disturbances without considering
the transfer to WTs terminals are not suitable for detailed
studies. The disturbances originating inside the WPP do not
fall under the realm of FRT but under the realm of power
system protection.

The voltage dips caused by electrical faults are not rectan-
gular. There are oscillations at the beginning and the end of
the voltage dips. The transients at the beginning of the volt-
age dip can be amplified and last longer when propagating
to the WT terminals accordingly to the resonance frequency
of the collection grid. There is a need to explore in details
the propagation of dips with transients in cable-dominated
system.

The voltage recovery for voltage dips caused by faults
may occur in more than one step. The two-stage recovery is
very common in transmission systems and therefore essential
to be considered in FRT studies. Each stage can impact the
behavior of a WPP distinctly. The voltage recovery for volt-
age dips due to transformer energizing and GIC is slower
than that for the fault-caused dips. The slow recovery leads
to prolonged restoration of the dynamic variables of the con-
verters and the generators.

Asymmetrical voltage dips change their types and magni-
tudes when propagating from the transmission system to-
wards the WT terminals. Ignoring this fact might lead to an
overestimation of the severity of the dynamic behavior. In
contrast, for capacitor switching and cable switching, it
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might lead to underestimation of the severity of the overvolt-
age at the WT terminals. More studies are needed to quanti-
fy the impact of the changes in characteristics during the
transfer on the severity of the dynamic behavior.

Voltage dips caused by faults, transformer-energizing, and
GIC events are associated with high harmonic content. Espe-
cially, in the cases of transformer energizing and GIC, the
even harmonic content is much higher than normal. Reso-
nances in the transmission system and/or between the trans-
mission system and the WT terminals might result in even
higher levels of harmonic distortion. More studies are need-
ed to understand the impact of these short-term harmonics
on the internal protection of WPP and the power converters.

Phase-angle jumps caused by faults in the transmission ca-
bles or due to the loss of major lines/cables lead to a distinct
performance of WT. Both positive and negative phase-angle
jumps can occur and have a different impact on the WT,
which need to be considered. More studies are needed to
model the impact of phase-angle jumps on the dynamic be-
havior of large WPP.

This paper regards WTs as part of large WPPs and should
be repeated for other equipment. The major importance for
the operation security of the transmission system is the im-
munity of large individual installations and large numbers of
small devices. This paper considers the large solar power in-
stallations, large numbers of small solar power installations,
large numbers of small charging installations for electric ve-
hicles, HVDC links, and protection of major transmission
lines.

APPENDIX A

TABLE Al
PARAMETERS OF EQUIVALENT WPP

Equipment Parameter Value
R, () 0.5760
Grid L., (mH) 0.0183
S (MVA) 2500
R, (Q) 0.434
Cable 1 L, (mH) 3.46
C,/2 (uF) 5.90
R, (Q) 0.035
Transformer 1 L, (mH) 1
Power (MVA) 4x220
R, (mQ) 13.27
Cable 2 L, (uH) 75.4
C,/2 (uF) 4.25
R, (mQ) 1.4
Transformer 2 L, (uH) 190
Power (MVA) 42x6.5
R, (Q) 8.64
Filter L, (mH) 1.63
Cy. (nF) 5.74
WT generator Re (pu) 238 10::
L; (p.u.) 2.38x10
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TABLE All
CONTROL PARAMETERS OF WTS

Control parameter Value
DC bus voltage regulator gains K,=8, K;=1000
Grid-side converter current regulator gains K,=0.83, K;=5
Rotor-side converter current regulator gains K,=0.6, K;=8
Q and V regulator gains K,,=0.05 K, ,=20
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