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Taking advantage of the natural forms of energy from wind and
solar resources by converting it into consumable electrical
energy is a logical idea; however the nature of these resources
makes it challenging to connect this type of energy to the
transmission grid.

In order to overcome the challenges associated with wind and
solar generation, utilities all over the world have come up with
comprehensive interconnection requirements and grid codes that
allow the wind farms to appear more like conventional
generation to the rest of the grid.

In the US, the Electric Reliability Council of Texas (ERCOT)
has defined both steady state and dynamic requirements which
often calls for the need for ancillary dynamic reactive resources
in addition to the turbine’s capabilities, to fully meet the
requirements. Similarly in South Africa, ESKOM has defined
requirements with stringent speed of response criteria which has
also warranted the need for dynamic reactive resources.

India is following suit and also finalizing well defined grid code
requirements. This paper examines various interconnection
requirements that have been established around the world and
explores how various reactive resources have been utilized at
wind farms within the US and other regions to meet dynamic
performance and reactive power requirements.

STATCOM, Grid Code, Renewable Interconnection

L INTRODUCTION

In order to overcome the significant challenges
associated with wind generation, utilities all over the world
have come up with interconnection requirements and grid
codes that assist the wind farms in appearing more like
conventional synchronous generation to the rest of the grid.
Nearly every major country or region has specific
renewable interconnection requirements, guidelines, or grid
codes. While the complexity of these guidelines can vary
dramatically, the general performance criteria of them are
basically similar.

These grid codes cover many aspects of the
interconnection of renewable generation. This paper will
focus on the continuous and dynamic reactive power
requirements imposed on wind farms. Specifically on these
five following requirements:

® Point of Interconnection Power Factor Capability

e Reactive Power Control Objective — Voltage, Power
Factor, or Other

e High Voltage/Low Voltage Ride Through Capability

e Power Quality

e  Compliance Validation After Wind Farm Comes On-
Line

II. THE GLOBAL INTERCONNECTION REQUIREMENTS

Many countries already have well established grid
codes. These grid codes have the same basic general
performance criteria, but the details and complexity of each
of these grid codes varies across different countries and
regions.

The province of Alberta, Canada is mostly concerned
with the wind farm’s steady state and dynamic power factor
requirements. In the United Kingdom, similar power factor
requirements are enforced, however they add to them a
speed of response requirement that they believe is critical to
their grid. Romania adds low voltage ride through
requirements to ensure that the wind farms stay on-line for
certain unique faults. The State of South Australia
requirements are critical to the operation of its grid since
often wind generation is the only generation on-line.
Similarly South Africa has power factor requirements and
control objective as other areas, but they also require
certain unique reactive current injections or absorptions for
large voltage sags or swells.

These grid codes are often imposed at the point of
interconnection (POI) of the wind farm with the
transmission grid. This allows the wind farm to look very
similar to conventional synchronous generation to the rest
of the grid.

A wind farm often takes advantage of a wide variety of
reactive resources to fully meet its grid code requirements.
For example to meet the reactive capability of the grid
code, the wind farm can use the reactive output of its own
wind turbines, the steady state and dynamic (overload)
capability of its STATCOM, and additional shunt
compensation from either switched or fixed capacitor
and/or reactor banks. So in order to coordinate all of these
reactive sources and meet the overall grid code



requirements at the POI, an overall master controller with
creative and flexible controls is needed to meet the various
grid codes that the wind farm is under.

III.  REACTIVE COMPENSATION SYSTEMS

Although newer wind turbine generators (WTGs) have
some variable reactive power capabilities, wind farms often
cannot provide enough dynamic reactive power to meet all
of their interconnection grid code requirements. Ancillary
equipment, such as STATCOM (Static Compensators)
reactive compensation system coupled with switched shunt
banks (capacitors and/or reactors) are an ideal hybrid
solution to provide additional necessary dynamic reactive
power to help a wind farm meet these requirements.
AMSC’s STATCOM, D-VAR® STATCOM, is installed at
numerous wind farms sites throughout the world. Figure 1
below shows a map with installation spread across the
globe.

7:. -““ Q &
u....- L]
v N o
% ‘R

Figure . D-VAR® STATCOM Installations World Wide

The AMSC® D-VAR® STATCOM, available in 4
MVAR modules, can be combined with switched shunt
banks to provide whatever amount of additional steady state
and dynamic compensation the wind farm requires.

Each D-VAR® PowerModule™ Enclosure (PME) is an
8x8x8” NEMA Type 4 outdoor unit, designed to be
installed directly in a substation without any additional
housing (and can easily be relocated if needed). See Figure
2 below. The D-VAR® STATCOM uses the AMSC®
proprietary PowerModule™ power electronic converters,
which provide continuous reactive compensation over a +4
MVAR inductive and capacitive range. The D-VAR®
STATCOM also has short-term capability to provide 3
times its continuous rating for up to 2 seconds (12 MVAR
for a 4 MVAR device), which is a very valuable feature to
address transient voltage excursions. Figure 3 outlines this
current output capability. As stated previously, the D-
VAR® STATCOM system can include other shunt
capacitor and/or reactor devices, and it can also control the
reactive power output of the renewable energy systems (e.g.
wind turbines or solar plant inverters). With these other
devices, it expands its capability to meet the wind farm’s
continuous and dynamic reactive capability to meet the grid
codes.

Figure 2. Four MVAR D-VAR® STATCOM PME

A 4 MVAR D-VAR PME uses a 4 MVA step-up
transformer to connect to the wind farm’s collector bus.
The high side of this step-up transformer can be either 34.5
kV for North American installations or 33 kV for
installations outside of North America. Figure 4 shows a
typical installation.
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Figure 3. D-VAR® STATCOM Current Output

Figure 4. Typical D-VAR® STATCOM Installation

AMSC® has sold over 100 D-VAR® systems for wind
farms around the world and in the process analyzed a wide
variety of different grid code requirements with regards to
capability, performance, and complexity. The following
sections summarize a few of these grid codes where the D-
VAR® systems are installed. By analyzing each of the wind
farm sites that an AMSC® STATCOM has been installed at,
AMSC® has encountered a wide variety of different grid
codes.



IV. ERCOT GRID CODE

The State of Texas is the largest of the 48 contiguous
states of the United States. It has its own electricity control
area and has no normally closed AC ties lines with any
neighboring control areas. It is operated by its own
independent transmission grid operator known as ERCOT.
For wind farms to connect to the ERCOT grid, they have to
be capable of voltage regulation with a droop characteristic,
and there are also steady state power factor requirements
which state that the wind farm has to be capable of
providing up to 95% power factor capacitive to 95% power
factor inductive at its POIL. On the dynamic side, the wind
farm has to comply with certain low voltage ride through
and high voltage ride through requirements which are
shown in Figure 5.

AMSC® has several STATCOM systems installed at
wind farms within ERCOT grid. Figure 6 shows a one-line
diagram of an example State of Texas wind farm
installation. This wind farm which is similar to the earlier
example also has two independent collector grids. At these
wind farms, two independent STATCOM systems one at
each collector bus is installed. Each system consists of a
STATCOM, two 34.5 kV capacitor banks, and one 34.5 kV
reactor bank.
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Figure 5.  ERCOT’s LVRT and HVRT Requirements for Wind Farms
(Low and High Voltage Ride Through)

AMSC control approach® also takes advantage of the
WTGs’ reactive capability as well to meet the wind farms
overall reactive requirements. All of these reactive
resources allowed the wind farm to meet the ERCOT power
factor and voltage regulation requirements at the 345 kV
POI.  For the most part, the WTGs manage their LVRT
requirements themselves. However, they do need some
assistance on the HVRT capability. So the STATCOM,
with its dynamic overload inductive capability would turn
on for HVRT events, and bring the voltage down very
quickly to a level where the WTGs could withstand and
ride through (not trip off-line) the required high voltage
event.
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Figure 6. Typical STATCOM Installation in the State of Texas

V. SOUTH AFRICA GRID CODE

Recently, South Africa began a push towards a significant
penetration of renewable generation as well. As of June
2017, 55 renewable projects in South Africa were fully
operational which has added 2,942 MW of generation to the
transmission grid.  This includes 1471 MW of wind,
1344MW of solar PV, 200 MW of concentrated solar and
14.3MW of hydroelectric generation?. The Department of
Energy has committed to 13,225 MW of renewable
generation by the year 2025 I,

In anticipation of this high penetration of renewable
generation on the South African grid, the transmission
system operator, ESKOM, has enforced well defined steady
state regulation and dynamic requirements that all wind and
solar farms have to comply with prior to connecting to the
transmission grid.

Wind farms in South Africa must be capable of
operating in one of 3 distinct regulation modes — voltage
control, power factor regulation, and constant reactive
power control. In voltage control mode, the wind farm
must control the voltage at the high side of the wind farm
power transformer on a defined droop curve which spans
the maximum and minimum reactive power target for the
wind farm (see Figure 7). The maximum and minimum
reactive power targets are defined by the steady state power
factor requirements, typically +0.95 power factor. In power
factor control mode, the wind farm must control the power
factor to a defined power factor setpoint at the high side of
the wind farm power transformers. Similarly, in reactive
power control mode the wind farm must control the reactive
power flow at the high side of the wind farm power
transformers to a reactive power setpoint. For all regulation
modes, for any step change in voltage, power factor or
reactive power, the wind farm must reach the final setpoint
within 30 seconds [3].

On the dynamic side, similar to the ERCOT grid code in
Texas, wind farms in South Africa must also meet certain
LVRT and HVRT requirements. There is an additional
requirement that states that wind farms must inject a certain
amount of capacitive reactive current at the point of
connection for voltages below 0.9pu down to 0, and absorb
a certain amount of inductive reactive current at the point of
connection for voltages above 1.1pu up to 1.2pu. The



reactive current targets are defined by the plot shown in
Figure 8.
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Figure 8. ESKOM Dynamic Reactive Current Injection/Absorption
Requirements'

AMSC® Reactive Compensation systems have been
installed at 6 wind farms throughout South Africa to assist
the wind farms in meeting these requirements summarized
above. A typical configuration includes a system consisting
of a STATCOM and switched shunts split between two
collector buses (Figure 9). Fundamentally this is similar to
the configuration that was presented in Figure 6 for
ERCOT, however, there is only one controller which
controls the entire reactive compensation system that is
split between the two collector buses. This enables the
system to meet the grid code requirements as written at the
single POI. The STATCOM controller monitors the current
and voltage at the high side of the power transformers, and
utilizes the various reactive resources, the STATCOM,
switched shunts, and turbine reactive capability, to achieve
the regulation objectives at the point of connection (high
side of the power transformers). For transient events, the
turbines and the STATCOM work independently to achieve
the transient targets defined in Figure 8. The turbines

provide the bulk of the reactive current responding based on
their terminal voltage, while the D-VAR® STATCOM
monitors the point of connection parameters and ensures
that the wind farm requirements are met within allowable
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Figure 9. Typical Wind Farm Configuration in South Africa

Most transmission service operators require, after the
wind farm comes on-line, detailed field tests to demonstrate
that the wind farm has the capability to meet all of the grid
code requirements. Eskom requires three tests to
demonstrate the three regulation modes and reactive power
requirements. The figures below show the results of a test
conducted in the field at one of the wind farms on the
Eastern Cape of South Africa. Figure 10 and 11 shows the
results of the reactive power tests and power factor tests,
proving that the maximum and minimum setpoints can be
achieved within the 30 second speed of response
requirement.
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Figure 10. South Africa Reactive Power Tests
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Figure 11. South Africa Power Factor Tests

Figure 12 shows the results of the voltage regulation
tests. Various step voltage changes are caused and the wind
farm responds accordingly. The measured values are
compared against the required droop profile proving that
the wind farm as a whole does in fact operate on the droop
profile (shown in Figure 13).
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Figure 12. South Africa Voltage Control Tests

Voltage Control Profile and Operating Point Check

Figure 13. South Africa Voltage Control Tests — Droop

While the regulation objectives can easily be
demonstrated in the field during grid code testing by
manipulating control parameters, it is more difficult to
simulate fault events to demonstrate the transient behavior
of the system. Transient objectives are validated after the
system has been installed for some time and measurements
from an actual field event are used to validate the response
and models. Figures 14 and 15 show the Point of
Connection voltage and current measurements for two
different field events. Figure 16 plots these two events
against the Transient Reactive Current profile as defined by
the grid code, and shows that the wind farm is in fact
meeting the requirement.
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Figure 14. Fault Event 1 — Wind Farm Transient Response
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Figure 15. Fault Event 2— Wind Farm Transient Response
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Figure 16. Wind Farm Transient Response and Requirement

VI INDIA GRID CODE SUMMARY

India also has ambitious renewable energy goals for its
country, stating that by the year 2022, 175 gigawatts of
power will come from renewable resources, including a
spread of solar, wind, bioenergy, and hydro. India is on
target for becoming one of the leading clean energy
providers [4]. As such, India also needs to prepare for the
increasing penetration of renewable generation on its
transmission system. Over the past year, the existing grid
code has been under review and will be finalized in the near
future. The key requirements are highlighted in the
following sections.

While traditionally the grid code has always included
power factor requirements and Low Voltage Ride Through
requirements, the interconnection requirements have now
been expanded to also specify High Voltage Ride Through
requirements, speed of response requirements, and step
voltage change requirements.

A. Power Factor

Similar to regulations in all regions — India also enforces
a power factor requirement, stating that the wind farm must
be capable of supplying dynamically varying reactive
power support so as to maintain the power factor within
limits of 0.95 lagging to 0.95 leading.

For example, a 100 MW wind farm must have enough
reactive capability to overcome the collector system and
transformer losses to achieve a range of +33 MVAR at the
Point of Connection.



B. Low Voltage Ride Through (LVRT)/High Voltage Ride
Through (HVRT)

On the dynamic front, the Indian grid code also defines
low voltage and high voltage events that the wind farm
must ride through to ensure reliability of the generation
source. Figure 17 illustrates the LVRT requirements, and
the table below describes the HVRT requirements.

V'V
(LR
0.15
0 300 3000 Time (mS)
Figure 17. LVRT Requirements'”!
Over voltage (pu) Minimuem time to remain
connected (Seconds)
1.3<V<14 1
1.1<v<1.3 13
1.1 or below Indefinitely

Figure 18. HVRT Requirements'!

In addition to having to ride through these events, the
wind farm must also maximize its reactive current injection
during fault events.

C. Voltage Regulation

The Indian grid code also specifies that wind and solar
generating stations shall have a Voltage Regulation system
with continuously variable, continuously acting, and closed
loop control. The droop must be adjustable between 0 and
10%, and the deadband must be within +0.1%.

These requirements ensure that the wind farm has the
capacity to control the voltage at its connection point, and
operating on a droop profile ensures that the wind farm will
not fight with other equipment in the surrounding area
which are also controlling the voltage.

D. Speed of Response

The final key requirement that the new Indian Grid
Code will include is a speed of response requirement,
stating that for a step change in voltage, the change in
reactive power must be at 95% of the final value no later
than 1 second following the change. The change shall also
not cause an excessive voltage excursion or overshoot.

E. Using STATCOMs to Meet the Future Indian Grid Code
Requirements

A hybrid STATCOM (STATCOM and shunt banks
under its control) system can come into play at a wind farm
in India for similar reasons that it has been applied at wind
farms globally.

The power factor requirement can often be achieved by
wind turbines themselves. However, there are some
turbines available that do not have +0.95 PF capability the
losses in the collector system are so great that additional
capacitive reactive support may be necessary to fully meet
the power factor range. Take for example the 100 MW
wind farm which needs to achieve 33 MVAR capacitive at
its point of connection in order to meet the 0.95 capacitive
power factor requirement. This wind farm is likely to incur
11 MVAR of losses total, including the power transformer,
generator step up transformer, and collector grid net losses.
In order to achieve 33 MVAR at the point of connection,
the wind farm would need to have the capacity of 33+11=
44 MVAR total. If the turbines only have 0.95 PF steady
state capability, then they can only really achieve 33
MVAR at their turbine terminals, which would be 22
MVAR at the point of connection after losses, leaving a
deficiency of another 22 MVAR. A D-VAR® STATCOM
solution, consisting of an § MVAR D-VAR® and 2 x 7
MVAR capacitor banks would help to fill this gap in the
requirement.

Additionally, that 8 MVAR D-VAR® STATCOM has a
transient rating of 24 MVAR which can assist with the
LVRT/HVRT requirements, as well as contribute to the
overall reactive current injection during fault events to help
support the grid.

The D-VAR® STATCOM'’s controller can also be used
as a master controller to control multiple reactive resources,
including the shunt capacitor banks and the reactive
capability already available from the turbines. In this
configuration, the D-VAR® STATCOM’s master control
would communicate with the wind farm’s power park
controller to request VARs, using all resources to achieve
the regulation objectives. By operating in this manner, the
voltage regulation can be achieved flawlessly.

Alternatively the hybrid D-VAR® system also has the
flexibility to act as a slave to a power park controller. The
D-VAR® has been applied in this configuration at some
wind farms in the UK where the speed of response
requirements are similar to the new requirements that are
being imposed in India. This ensures that all reactive
resources can be made available in 1 second and meet the
speed of response requirement.

VIL CONCLUSION

Though grid code requirements throughout the world
share the same basic principles, the specific details vary
from region to region. The variety of different control
schemes and unique strategies available with the D-VAR®
STATCOM assist wind farms throughout the world to
comply with the specific grid code requirements at the point
of connection in those regions. As India establishes its grid
code, it would be prudent to consider that wind farms
connecting to the Indian transmission grid also require
similar dynamic performing systems providing appropriate
reactive compensation and voltage control systems.
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