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Abstract: In the context of energy decarbonization, wind farms with type IV wind turbines from various
manufacturers are being massively put into operation. These wind turbines comply with the requirements of
the grid codes of the countries where they are designed and/or manufactured, but do not factor in the specific
features of the distribution networks of other countries to which they are connected. The study at issue involves
a comparative analysis of the requirements of grid codes of different countries for the stable operation of wind
turbines under standard disturbances. The Low Voltage Ride Through (LVRT) characteristic implemented in
type IV wind turbine inverters makes it possible to prevent wind turbine shutdowns in case of short-term
voltage dips of a given depth and duration. The calculations of transient processes indicate that wind turbines
may not meet the requirements of the grid code of a particular country for their stable operation. As a result,
standard disturbances will block the reactive current injection and the wind turbine will be switched off. This
is often caused by the relay protection devices with a time delay of 1-2 s, which are used in distribution
networks and implement the functions of long-range redundancy. Excessive shutdowns of wind turbines lead
to emergency rise in the load for the generating units of conventional power plants, aggravating the post-
accident conditions and disconnecting consumers of electricity. The paper presents a method for checking the
LVRT characteristic settings for compliance with the technical requirements for wind turbines. To prevent wind
turbine outages, one should either change the configuration of the LVRT characteristic, or upgrade the relay
protection devices in the distribution network adjacent to the wind farm, or implement group or individual
technical solutions at the wind farm. The performance of the proposed technical solutions is confirmed by the
calculations of transient processes.

Keywords: wind farm; wind turbine; inverter; low voltage ride through characteristic; standard disturbance;
voltage dip; relay protection

1. Introduction

The growing number of generation facilities based on renewable energy sources (RES) and their
increasing total capacity in the structure of generating capacities set new goals for the global energy
community to ensure their stable operation and manage electric power systems [1,2].

The intensive development of generation based on renewable energy sources is due to its high
energy and environmental efficiency; the intention to reduce dependence on gas, oil, and coal imports
from other countries; and a decrease in specific capital costs for their construction [3,4].

The reports by Bloomberg NEF and the United Nations Environment Program note that over
the past 10 years the number of generating capacities commissioned at wind farms and solar power
plants exceeds the number of those at any other energy sources [5].

Forecasts of the development rates of electricity generation based on renewable energy sources
show that their share in electricity generation will increase to 27.1 % by 2030 and to 48.8 % by 2050.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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In 2030, wind farms will prevail in the generation mix based on renewables and will make up 70 %,
but by 2050 their share will go down to 47 % due to a rise in the share of solar power plants with
highly efficient photovoltaic modules [6]. Some countries of the world are planning to complete
transition to the electricity supply of consumers from renewable energy generation, for example, in
Sweden by 2040 [7], in Canada by 2050 [8].

The connection of type IV wind turbines to the wind farm collection network is carried out
through inverters. They implement all the functions of automatic control and protection of wind
turbines from unacceptable emergency and abnormal conditions. These protections act to turn off the
wind turbine circuit breaker at a voltage of 690 V, which allows saving power for the wind turbine
auxiliaries, for measuring circuits, and the synchronization unit. According to practical experience,
the inverter protection settings comply with the requirements of the grid codes of the countries where
they are designed and/or manufactured [9,10].

An analysis of the causes of wind turbine shutdowns suggests that in case of short circuits (SC)
in the distribution network, accompanied by voltage dips, which are cleared by the action of backup
protections with time delays of 1-2s, wind turbines are turned off. This leads to a decrease in the
power generated by wind farms to “zero,” increasing the load of the generating units of traditional
power plants, power transmission lines (TL) and power transformers, as well as disconnection of
electricity consumers [11-13].

The grid codes of different countries contain a requirement to ensure the stable operation of
wind turbines during short-term voltage dips on any or all phases, in accordance with the voltage-
time characteristic Low Voltage Ride Through (LVRT). This makes it possible to prevent unnecessary
shutdowns of wind turbines with the correct operation of relay protection devices in distribution
networks [14,15].

The study aims to analyze the causes of excessive shutdowns of wind turbines during standard
disturbances in distribution networks and to present a methodology for checking the settings of the
LVRT characteristic for compliance with the requirements for wind turbines. The paper provides a
list of measures to modernize relay protection devices in the distribution network, and group and
individual technical solutions at wind farms, with an analysis of their performance.

2. Analysis of the requirements for stable operation of wind farms

A significant growth in the number of wind farms and their total capacity leads to an increase
in their influence on operating conditions of distribution networks, to which they are connected, and
power grid as a whole [16,17].

One of the mandatory requirements for generating plants of various types is the regulation of
their response to standard disturbances in the power system, accompanied by short-term voltage
dips [18]. This requirement also applies to type IV wind turbines used in modern wind farms.

International experience shows that over the past decade, the requirements for the connection
and operation of wind farms as part of power systems have been gradually tightened [19,20]. The
main objective was to ensure the reliable operation of energy systems in the face of an increase in the
share of wind farms in the structure of generating capacities [21,22].

Consider the main stages of evolutionary changes in the requirements for choosing wind turbine
protection settings as exemplified by the countries with a large number and total capacity of wind
farms (Germany, Denmark, Belgium):

1. Ensure that the wind turbines are turned off in case of voltage dips with their subsequent turning on after

a short circuit in the distribution network is eliminated.

This was necessary to exclude the impact of wind turbines on the operating conditions of
distribution networks and relay protection devices in them while reducing the residual voltage (Ures)
at the wind turbine terminals to 85% Urated and below [23].

With an increase in the share of wind farms up to 15-20% in the structure of generating
capacities, it was necessary to tighten the requirements for protection settings. This is because the
shutdown of high-capacity wind farms during the clearance of a short circuit in the distribution
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network by the correct operation of the relay protection devices aggravates the post-accident
conditions [24,25].

2. Prevent wind turbine shutdowns in case of voltage dips of a given depth and duration.

Some countries have developed requirements to ensure the stable operation of wind farms as
part of power systems, in accordance with a given voltage-time characteristic LVRT. The LVRT
characteristic is calculated in each country individually, given the types of relay protection devices
used, their operation algorithms and settings, as well as high-voltage circuit breakers. If the voltage
dip is below a given depth and longer in duration, the wind turbines can be disconnected from the
grid. This is undesirable, but with the correct calculation of the LVRT characteristic, wind turbine
outages will occur quite rarely.

3. Ensure stable operation of the wind turbine within the limits of LVRT characteristic with the reactive

current injection at a given rate of rise.

This function is necessary to ensure reliable operation of relay protection devices in the
distribution network, increase the stability of power systems and boost the speed of voltage recovery
after short circuit clearance.

The requirements for wind turbines were made stricter due to the need to prevent the system-
wide accidents and their development with the disconnection of electricity consumers [26]. To
continue the operation of wind farms after the introduction of new requirements, it was necessary to
re-certify all wind turbines.

The LVRT characteristic is set by the wind turbine manufacturer in the inverter. A simplified
single-line diagram of a type IV wind turbine is shown in Figure 1 to explain the principle of
implementing the LVRT characteristic.

Voltage |
measurements fOl'
LVRT
. . 35kV
Wind turbine Converter collection
~ = network
— M

690V 35kV

Figure 1. Simplified single-line diagram of type IV wind turbines.

The LVRT characteristic is implemented in the wind turbine as follows:

e line (interphase) voltage (Uas, Usc, Uca) is measured at the inverter output (690 V);

e inverter protection is triggered when any of the line voltages drops below the specified setting
in terms of the voltage dip depth and longer in terms of its duration, in accordance with the
voltage-time LVRT characteristic;

e  when the inverter protection is triggered, the wind turbine circuit breaker is switched off at a
voltage of 690 V [27].

Experience of wind turbine operation suggests that the reactive current injection function can be
incorrectly set, and in some cases disabled, to meet the requirements of the grid codes of some
countries.

The E.ON grid code sets out the following requirements for the implementation of the reactive
current injection function during external faults:

e  control voltage within no more than 20 ms after fixing the voltage dip by injecting a reactive
current of at least 2 % of Iraed for every 1% of the voltage dip;
e  ensure the maximum value of the output reactive current, but not less than 100% of Irated [28].

The graph of the relationship between the value of the injection of the wind turbine reactive
current and the depth of the voltage dip during a short circuit in the distribution network is shown
in Figure 2.
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Figure 2. Graph of the relationship between the value of injection of the wind turbine reactive current
and the depth of voltage dip during short circuit.

The dead zone (dotted lines in Figure 2) can be set from 0 p.u. to the required value. In Figure 2,
reactive current injection starts at a voltage dip (AU) of 0.1 p.u. The reactive current injection
increment coefficient (K) can vary from 0 to 10, according to the E.ON requirements K = Alreact/ AU =
2. In the automatic control system (ACS) of inverters, one can set the priority of active or reactive
power supply (combination in proportion). Moreover, the value of the injected reactive current can
be added to that in the pre-accident conditions, but not more than 1.024 Iraes [29].

According to the E.ON requirements, the time for fixing a voltage dip should be less than 10 ms,
and the time for stopping the supply of active power should not exceed 10 ms from the time the short
circuit began. The maximum time before the start of reactive current injection should be no more than
10.1 ms, and the maximum time until the reactive current reaches 0.9 (0.95) Irated should be no more
than 50 (55) ms. The time for the reactive current to reach the set steady-state value in the range of
+20%/-10% should be no more than 80 ms. The maximum short-term excess of the reactive current
over the steady-state value should not exceed 0.1 Imws. All time intervals are counted from the
beginning of the voltage dip at the output of the wind turbine inverter during a short circuit.

The Ures value at the output of wind turbine inverters in the case of standard disturbances in the
distribution network also depends on the wind farm connection scheme. As a rule, one of the three
schemes shown in Figure 3 is used to connect a wind farm to the 69 kV network.
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Figure 3. Simplified single-line schemes of wind farm connection to the distribution network: a —
input-output”; b — "a branch from power transmission line" with "line-transformer” block; c — "line-
transformer” block with connection to the substation busbars.

There is a high probability of wind turbine outages in case of standard disturbances near the
busbars of substation (SS), to which the wind farm is connected according to the scheme in Figures
3a, 3c. The probability of wind turbine shutdowns is lower when a wind farm is connected according
to the scheme in Figure 3b. This is because a disturbance on power transmission line with a branch
line to the wind farm is not subject to consideration according to the requirements of some grid codes.

3. Materials and methods

Transients in the distribution network to which the wind farm is connected were calculated
using the PowerFactory software.

The computational model of the power system contains 920 nodes, 53 generators, 225
transmission lines with a voltage of 35 kV and above, as well as 227 power transformers and
autotransformers.

The computational model of a wind farm includes collection network; verified models of wind
turbines with an inverter and ACS; common wind farm controller; wind turbine controllers;
protection of wind turbine inverters, including the LVRT capability.

In the computational model, the collection network of the wind farm is represented by the
technical characteristics (R, X, B) of the cable transmission lines that are used to connect the wind
turbines to each other and that are connected to the 35 kV switchgear of step-up power transformers
and the wind farm auxiliary load [30].

The verified wind farm model contains a large number of technical characteristics. The
“Protection” module is used as part of the dynamic model of the wind turbine generator (Figure 4)
to set the parameters for the LVRT characteristic settings.

The structure of the "Protection” module is shown in Figure 5, which includes an "Over-Under
Voltage" block. It contains logical elements that compare the measured voltage value (magnitude)
and the duration of the voltage dip at the output of the wind turbine inverter with the specified
settings for the LVRT characteristic. With a greater depth and duration of the voltage dip, the "Over-
Under Voltage" block generates a command to turn off the 690 V wind turbine circuit breaker.
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Figure 5. The structure of the “Protection” module.

The list of standard disturbances in 110-220 kV distribution networks is given in Table 1 [31].

Table 1. A list of standard disturbances in 110-220 kV distribution networks.

U:res value at

Range of actual

values of tsc in the

the short
Kind of standard disturbance . e.s 01: 110-220 kV
circuit point, .. . .
distribution network,
p-u.
s
Disconnection of a network component by the main
protection in case of a single-phase short circuit with 0.6-0.7Usused 0.1-0.18
unsuccessful automatic
reclosing
Disconnection of a network component by backup protection

in case of a single-phase short circuit with unsuccessful 0.6-0.7Urated 0.5-2.5

automatic reclosing
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Disconnection of a network component by the main
protection in case of a three-phase short circuit with
unsuccessful automatic
reclosing

0-0.1Urated 0.1-0.18

Disconnection of a network component by the main
protection in case of a two-phase short circuit to earth with
unsuccessful
automatic reclosing

0.3-0.4 Urated 0.1-0.18

Disconnection of a network component by the main
protection in case of a single-phase short circuit with a
failure of one circuit breaker and the action of a breaker
failure protection

0.6-0.7 Urated 0.4-0.5

Figure 6 shows the schemes for the connection of wind farms with a total capacity of 41.64 MW
(12 wind turbines with a capacity of 3.47 MW each) to a 110 kV distribution network.

1 i
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Figure 6. Scheme of wind farm connection to the 110 kV distribution network.

The correctness of the choice of parameters for the setting of LVRT characteristic of wind
turbines was assessed by comparing the results of calculation of Uk at the output of the wind turbine
inverters with the settings of the LVRT characteristic.

The calculations factored in the total short-circuit clearance time, including the opening time of
high-voltage circuit breakers, and the operating time of relay protection devices (main protection;
second and third stages of backup protection) and automatic controls (automatic reclosing and
breaker failure protection) [32,33].

In the cases where the wind turbine LVRT capability operation was triggered under standard
disturbances, the study area was expanded until the wind turbine LVRT was enabled. This is
necessary to assess the possibilities for changing the settings of relay protection devices in the
distribution network or modifying them.
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4. Results

Standard disturbances in the distribution network were analyzed for belts 0, 1, and 2 (Figure 6).
The standard disturbances leading to the disconnection of power grid components during the
clearance of short circuits, causing disconnection of the wind farms from the distribution network,
were not considered. Figure 7 shows the results of calculations of Uk at the output of the wind farm
inverter, which were performed in accordance with Table 1.

Voltage — U, p.u.

1.25 7 i
Three-phase SC aF 110 kV buses (main protection)
Three-phase SC at 35 kV buses (main protection)
Three-phase SC'at 220 kV buses (main protection)
1.0
0.75 i 7
0.5
Single-phase SC at 110 kV buses (back -up protection)
Single-phase SC at 110 kV buses w1th breaker
failure and operatlon of breaker fallure protection
0.25
}_ Two-phase SC at 35 kV buses (back;up protection)
—
o i x
0 1 2 3 4 5

Time (s)

Figure 7. Graphs of Uk at the output of wind turbine inverters under standard disturbances in the

distribution network.

Figure 8. shows the voltage-time characteristics for LVRT of wind turbine inverters from the grid
codes of different countries in comparison with the graph of changes in Uk at the output of wind
turbine inverters (red solid line) when simulating standard disturbances in the distribution network.

Voltage — U, p.u.

O i e e TS
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Figure 8. Voltage-time characteristics for LVRT of wind turbine inverters for various countries.

Let us analyze the three zones shown in Figure 8, which are characterized by different times of
short circuit clearance by relay protection devices:

e Zone 1 (0 — 0.2 s) is characterized by the fact that the parameters for setting the LVRT
characteristics according to the requirements of the grid codes of Denmark, Italy, Spain, UK, and
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China do not provide prevention of wind turbine shutdowns. This is because the value of Ures at
the output of wind turbine inverters is lower than the settings of the LVRT characteristic. Grid
codes in some countries allow wind turbine shutdown when Ures drops below 15 — 25 % Urated
with a duration of 0.1-0.15 s. At the same time, the requirements of the grid codes of Germany,
Ireland, and Canada make it possible to ensure the stable operation of wind turbines under
standard disturbances in the analyzed time interval.

e  Zone?2(0.2-1.0s)is characterized by the fact that most wind turbine manufacturers ensure that
the required Ures value is maintained at the output of wind turbine inverters under standard
disturbances. Therefore, with single-phase short circuits (more than 70% of the total number)
eliminated by backup protections (the second stage region) with a time delay of up to 1 s, there
will be no wind turbine shutdowns. However, the requirements of the grid codes of Denmark,
Italy, Spain, and UK do not allow preventing disconnections of wind turbines.

e  Zone 3 (more than 1 s) is distinguished in that when a single-phase short circuit lasting more
than 1-2 s is cleared by backup protections (the second or third stage region), in the vast majority
of cases, wind turbines will be shut down. In some countries however, in distribution networks
with voltage above 69 kV, wind turbines must continue to operate stably up to 2.5s.

Long response times of the second and third stages of back-up protection (remote; ground fault
protection) are due to the need to ensure selective operation of relay protection devices based on
electromechanical relays that are in operation in large numbers [34,35].

An analysis of calculations of transients in distribution networks with standard disturbances
indicates that the settings for the LVRT characteristic, given by some manufacturers of wind turbines,
require adjustment. This is justified if Ures at the output of the wind turbine inverter is below 20 %
Uratea, and also in the event of a short circuit in the network being eliminated by the backup protections
with time delays of more than 1s, which implement the long-range backup function [36,37].
Otherwise, the wind turbines will be disconnected.

A methodology was developed to check the settings of the LVRT characteristic for compliance
with the technical requirements for wind turbines. Figure 9 shows a block diagram of the verification
algorithm.

Replace the main
protection(s) of the
adjacent network
components with digital
ones to reduce the short
circuit clearance time

Prepare a design
model of a

network with

a wind farm

W
disconnected with the no
LVRT capability triggered
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0-200 ms
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Figure 9. Block diagram of the algorithm to verify the settings of the LVRT characteristic of the wind
turbine.
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The block diagram of the algorithm (Figure 9) shows the sequence of actions to design a wind
power evacuation arrangement or check the results of power flow calculations performed by the
design organization.

Next, we will consider methods for ensuring the stable operation of wind turbine inverters
under standard disturbances in the distribution network.

1. Upgrading relay protection devices and automatic controls in the distribution network adjacent to the
wind farm.

Zone 1 (Figure 8) requires reducing the response time of the main protection of power lines by
replacing the electromechanical relay protection devices with digital ones, which have a higher
sensitivity and a shorter response time. It may also be necessary to replace high-voltage circuit
breakers with modern (SF6 or vacuum) ones, with a shorter opening time. However, the reduction in
the short circuit clearance time does not allow preventing wind turbine shutdowns at close short
circuits with a deep voltage dip.

Zone 2 (Figure 8) requires modernizing the backup protections to reduce the response time of
the second and third stages to 0.9 — 1.0 s. It may also be necessary to reduce the response time of the
breaker failure protection by changing the settings or by replacing it with a digital one.

Zone 3 (Figure 8) requires placing the second sets of relay protection devices with absolute
selectivity as backup protection on power lines and implementing automatic introduction of backup
protection acceleration (remote, ground fault protection). This will increase the value of Ures at the
output of wind turbine inverters, as shown by the green dotted line in Figure 8.

2. Activating the reactive current injection function at the wind turbine during short circuit.

Analysis of the efficiency of activating the reactive current injection function at the wind turbine
during a short circuit in the distribution network involved constructing a graph of the relationship
between the value of Ures at the outputs of wind turbine inverters during three-phase short circuits at
outgoing power lines and a distance between the wind farm and 220/110 kV substation based on the
results of calculations of transient processes (Figure 10). The time of short circuit clearance by relay
protection devices is taken up to 200 ms at various distances between the wind farm and the 220 kV
substation (Figure 6).

Voltage — U, p.u.

0.3
Spain
0.25
0.222
0.2 i
Denmark
< Ital
R Y.
UK
0.1
Ireland (Germany)
0.05 Canada
0.028
S ==
0 5 125 250

Distance (km)

Figure 10. Graph of the relationship between the value of U at the outputs of wind turbine inverters
(three-phase short circuits at power lines outgoing from the wind farm) and the distance between the
wind farm and the 220/110 kV substation.

Figure 10 shows the requirements of the grid codes of various countries for the value of Uk, at
which the wind turbine should not be disconnected. The calculated values of Ures at the outputs of
the wind turbine inverters when the reactive current injection function is activated at the wind
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turbine during a short circuit in the distribution network are shown by a red solid line, and when
deactivated — by a blue one (Figure 10).

Analysis of Figure 10 suggests that the activation of the reactive current injection function at the
wind turbine produces a significant positive effect in the form of an increase in the Ures value at the
output of wind turbine inverters from 0.028 Urated to 0.222 Ubrateq, i.e., 5-8 times, depending on the
distance between the wind farm and the 220 kV substation.

The Ures value goes up as the distance from the wind farm to the 220 kV substation increases,
which is due to the generation of significant reactive power by extended 110 kV transmission lines
with their low active power load. Comparison of Ut at the output of wind turbine inverters with
LVRT characteristics shows that the activation of the reactive current injection function helps to
prevent unnecessary shutdowns of wind turbines produced by most manufacturers.

In the event that the wind turbine does not have the function of reactive current injection in case
of short circuit in the distribution network, a requirement for the wind turbine should be established
similar to the requirement of the grid codes of Germany, Ireland and Canada (Ures = 0 p.u.). This will
prevent excessive shutdowns of wind turbines in zone 1 (Figure 8).

3. Installing additional electrical devices at wind farms.

Consider the installation of the following electrical devices in a 35 kV wind farm switchgear:

e STATCOM;
e  current-limiting reactor (CLR).

Main technical characteristics of STATCOM are:

e nominal voltage: 35 kV;

e nominal power: 30 MVA;

e  operating voltage range: 80 % Urated < Uoper < 120 % Urated;

. speed: 5-10 ms;

e  protection setting to turn off when the voltage drops below 80 % Urated: tott = 50 ms.

The option of connecting STATCOM to the busbars of 35 kV wind farm was considered.

As shown by calculations of transient processes during short circuit in zones 1, 2 (Figure 8),
accompanied by a voltage dip below 80 % Uraed, STATCOM is switched off by its protection. With
remote short circuits, when Ures at the STATCOM terminals is higher than 80 % Urateq, the voltage at
the output of wind turbine inverters increases from 80.6 % Utrated t0 85.7 % Ukrated (i.€., by 6.3%) [38]. In
zone 3 (Figure 8), however, wind turbines are unnecessarily turned off only when the backup
protection response time in the distribution network is more than 1 s. Thus, the performance of
STATCOM is extremely low, given its significant cost.

Main technical characteristics of CLR are:

e nominal voltage: 35 kV;
. nominal current: 1000 A;
e inductive reactance (Xcir): from 1 to 10 Ohm.

The research also addressed an option of series connection of the CLR in the circuit of a 35/110
kV step-up transformer of the wind farm on the 35 kV side. Multivariate calculations of transients
were performed during a three-phase short circuit at a 110 kV power transmission line with its
shutdown (near the buses of the 220/110 kV substation) at various Xcir values. The results of
calculations of the Ures value at the output of the wind turbine inverters show that the greatest effect
is achieved at Xcir = 7.5 Ohm (Figure 11).
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Figure 11. Graph of Uk at the output of wind turbine inverters versus Xcir.

The use of CLR made it possible to increase Uk at the output of wind turbine inverters with a
short circuit clearance time of up to 0.9 -1s:

o from 8 % Urated to 25% Ubrated (increase by 213 %) for three-phase short circuits;
o from 40 % Urated to 60% Urated (increase by 50 %) with two-phase short circuits;
o from 68 % Urated to 76% Usratwed (increase by 12 %) with single-phase short circuits.

The obtained LVRT characteristic when connecting the CLR (red dotted line in Figure 8) makes
it possible to ensure the stable operation of wind turbines manufactured in accordance with the
requirements of the grid codes of UK, China, Spain, Denmark, Ireland, Germany, Canada, and Italy.

For each case of the wind farm connection to the distribution network, Xcir should be
determined based on the results of transient calculations. The CLR performance is quite high,
although its cost is about six times less than that of STATCOM. For the economic analysis to be
correct, one should take into account the cost of electricity losses in the CLR and operating costs
throughout its life cycle.

4. Making changes to the hardware of wind turbine inverters.

An individual technical solution is to make changes to the hardware of wind turbine inverters
to adjust the LVRT characteristic. Stable operation of the inverter can be provided by maintaining the
balance of power transmission from the wind generator through the rectifier to the DC link and to
the input of the inverter. In each link of the inverter controller, the wind turbine ensures that the
operating parameters are maintained within the range of feasible values. A specific feature of the
inverter is that with the help of the Phase-Locked Loop (PLL) system, the shape, frequency and phase
of the alternating current are formed at its output in accordance with the shape, frequency, and phase
of the voltage in the wind farm collection network.

Stable operation of all units of the wind turbine inverter controller is possible at a voltage of at
least 20 % Urated in the wind farm collection network. If the voltage at the PLL unit is below 20 % Utated,
the reactive current injection function is temporarily blocked, and if the duration of the voltage dip
exceeds the set value of the LVRT characteristic, the wind turbine is switched off.

These restrictions on the operation of the wind turbine inverter are due to:

e the value of the capacitance of the capacitor used in the DC link between the rectifier and the
inverter;

e the power supply to the control circuits of the inverter controller from the DC link;

e  generation of erroneous signals in the PLL unit when the voltage at its input is below 20 % Ulrated.

Let us determine the parameters of the capacitance of the capacitor in the DC link of the wind
turbine, which are necessary for the implementation of two main functions:

e smoothing the ripples related to the operation of the rectifier;
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e eliminating the overvoltage caused by switching of the inverter power switches and by the
variable schedule of the wind generator operation.

To ensure the stable operation of the wind turbine in case of voltage dips in the distribution
network, we determine the minimum requirements for the parameters of the capacitor in the DC link.
Let us do this following the condition of maintaining the value of reactive current injection by the
wind turbine inverter during a standard disturbance with a voltage dip of up to 20 % Uratea within 0.2
s.

The capacitance of the capacitor in the DC link can be determined knowing the amount of energy
accumulated in the capacitor before the onset of a standard disturbance, considering the law of
conservation of energy. The energy stored in the capacitor is calculated by formula (1):

Ceap'U§
W=%d=ures'lr'At' 1)
where Cep — capacitance of the DC link capacitor; Ua— voltage of the DC link (Uin/0.87 — with a six-
pulse inverting circuit; Uiin= 690 V); Ures — residual voltage at the inverter output taken equal to 20 %

. C d
Urated= 0.2 - 690 = 138 V; I+ — reactive current injection taken equal to liateq = I = 5;;8 = \/2577;0 =
lin .

2,324 A; At - the duration of the voltage dip assumed to be 0.2 s.
Calculate the required capacitance of the capacitor by expression (2):

Ceap = 2° = 0.204F @)

Ures-Ir-At _ ., 138-2,324-02
U3 (690/0.87)2

In the inverter, the capacitance of the capacitor is selected according to the criterion of smoothing
ripples and is 0.03 F, i.e., seven times less than the calculated value. This does not allow injection of
reactive current in the event of a voltage dip with a duration of 0.2 s, which leads to the shutdown of
the wind turbine by the protection unit due to a decline in the voltage in the DC link below the
permissible value [39,40].

To maintain the voltage in the DC link during a voltage dip, it is necessary to additionally install
a capacitance of 0.17 F in the form of a supercapacitor. Given the specific feature of the supercapacitor
(low voltage on the plates is 2.7 V), it is required to additionally install a DC-DC converter to increase
the voltage to 800 V in order to connect the wind turbine inverter to the DC link, as shown in Figure

12.

Wind turbine Rectifier Inverter

77N — - :

/ N—ro | . ™, —— Collection
[ ~ \ _L \_/
\ o —— network of
S F ~ /T . wind farm

- ./ / —i
DC link capacitor
Supercapacitor DC-DC converter

Figure 12. Simplified scheme for connecting a supercapacitor with a DC-DC converter to the DC link
of a wind turbine inverter.

Let us calculate the capacitance of the supercapacitor in terms of the law of conservation of
energy and the required value of additional capacitance — 0.17 F:

W = Cadd.czap : Ué — Csupercap 'zué Supercap' (3)
Cadd.cap " U§  0.17 - 8002
c = ~add = = 14,924 F
supereap Ug supercap 2.7?

Given the obtained calculated capacitance value, we use five Maxwell 2.7V 3000F
supercapacitors and one 10 kW DC-DC converter 2.7V/800V. The cost of equipment for the
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implementation of the proposed technical solution at each wind turbine is significantly lower than
the cost of CLR, and even more so than the cost of STATCOM. However, in order to maintain
warranty obligations for the wind turbine, its implementation should be agreed with the wind
turbine manufacturer.

5. Discussion

With an increase in the number of wind farms and their total capacity in the structure of
generating capacities, special attention should be paid to the issues of their stable operation in order
to prevent the blackouts and their development with mass disconnection of consumers [41,42].

International experience suggests that over the past decade, different countries have gradually
tightened the requirements for connection and operation of the wind farms within electric power
systems.

Mass shutdowns of wind turbines during standard disturbances in the distribution network can
lead to emergency increase in the load for the generating units of conventional power plants, power
transmission lines and power transformers, thereby causing a heavy-load conditions.

A list of standard disturbances to be analyzed to design the wind power evacuation arrangement
in individual countries may differ significantly from the requirements of the grid codes of the
countries where the wind turbines are designed and/or manufactured.

Manufacturers of type IV wind turbines must adapt the LVRT characteristics to the requirements
of the grid code of the country where the wind turbine is delivered or the technical solutions will
have to be implemented by the owner of the wind farm.

To confirm the compliance of wind turbines with the requirements of the grid code of a
particular country, it is necessary to calculate transient processes and simulate standard disturbances.
The purpose of this is to compare the results of calculations of the residual voltage at the outputs of
wind turbine inverters with the settings for the LVRT characteristic. The analysis should be carried
out in the three operating zones discussed in the paper.

The countries where the grid codes have no requirements to set the LVRT characteristic and
ensure the injection of reactive current and the rate of its rise in the event of a voltage dip at the output
of wind turbine inverters, should introduce them. After their introduction, it is necessary to
implement a procedure for confirming the compliance of all wind turbines in operation with the new
requirements.

According to the experience gained in the world, the frequent reasons for excessive shutdowns
of wind turbines are the incorrect choice of settings for the LVRT characteristic of wind turbines, the
function of reactive current injection in case of short circuit in the distribution network, and for the
protection devices and automatic controls in the distribution network.

The calculations of transient processes allow the following conclusions to be made about the
performance of various methods for preventing outages of wind turbines:

e modernization of relay protection devices with replacement of electromechanical devices with
digital ones can reduce the response time of the second and third stages of backup protections
to 0.9 — 1.0 s. In addition, the second sets of relay protection devices with absolute selectivity
should be used as backup protections with automatic introduction of accelerated stepped
protections;

e  activation of the wind farm reactive current injection function, which can be incorrectly set, and
in some cases disabled, makes it possible to increase the residual voltage at the output of the
wind turbine inverters with a short-circuit duration of up to 0.2s and prevent unnecessary
shutdowns of the wind turbine;

e application of STATCOM is ineffective for stable operation of wind turbines under standard
disturbances in the distribution network due to the narrow range of operating voltage 80 % Urated
< Uoper £ 120% Urated;

e  series connection of CLR in the circuit of 35/110 kV step-up transformer of a wind farm is
effective as it increases the residual voltage at the outputs of inverters of the wind turbines and
prevents their excessive shutdowns. In each case of wind farm connection to the distribution
network, Xcrr should be determined based on the results of transient calculations;
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e  the most effective technical solution is to make changes to the hardware of wind turbine
inverters, with the installation of a block of supercapacitors and a DC-DC converter. This enables
the adjustment of the operating range of the LVRT characteristic and prevent unnecessary
shutdowns of the wind turbine under any type of standard disturbances. At the same time, there
is no need to upgrade relay protection devices and automatic controls in the distribution
network.

6. Conclusion

In the event that the wind turbine does not comply with the requirements of the grid code of a
particular country for stable operation under standard disturbances, it is necessary to implement
technical measures at the wind farm and/or in the distribution network to reduce the depth of voltage
dips and the duration of short circuit clearance.

A methodology and an algorithm were developed to verify the parameters of the LVRT
characteristic of a wind turbine to be set when connecting a wind farm to a distribution network to
ensure their stable operation under various topology and operating conditions.

Three operating zones were identified and described, for which recommendations were
developed and presented to modify and alter the settings of relay protection devices and automatic
controls in the distribution network in order to reduce the short circuit clearance time.

The efficiency of activation of the reactive current injection function at all wind turbines in the
case of a short circuit in the distribution network is proved, which makes it possible to increase the
residual voltage at the inverter output and prevent unnecessary shutdowns of wind turbines in the
time range up to 0.2 s.

Group and individual technical solutions are presented to ensure the stable operation of wind
turbines under all types of standard disturbances, and their performance is assessed. The most
effective technical solution involves making changes to the hardware of wind turbine inverters.
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