
W
ith rapid growth in the
wind power industry, inde-
pendent electricity system

operators (IESO) must make sure
that large-scale wind farms can be
installed safely on the IESO-con-
trolled grid and maintain an appro-
priate level of reliability. Detailed
system studies are performed to eval-
uate the impacts of wind farms on
the grid and to determine whether or
not all of the IESO requirements have
been met. In particular, the reactive
power requirements deal with the
ability of the wind farm to dynami-
cally absorb and inject reactive pow-
er into the grid. This article identifies
the IESO’s reactive power capability
requirements and examines the pos-
sible compensation solutions that can
be used to meet these requirements.

In Ontario, wind farms employ-

ing induction wind turbine genera-
tors or asynchronous generators
must have the same reactive power
capabilities as a conventional syn-
chronous generator of the same ac-
tive power size, as measured at the
point of common coupling (PCC) to
the IESO-controlled grid. The PCC is
defined as the point where the grid
connects to the high side of the main
output transformer. Some of the de-
tailed requirements include:

■ at all levels of active power out-
put, the minimum continuous reac-
tive power required to be injected by
the facility at the PCC is 0.35 per
unit (pu) of rated active power,

■ at all levels of active power out-
put, the minimum continuous reac-
tive power required to be absorbed
by the facility at the PCC is 0.33 pu of
rated active power, and

■ the reactive power capability of
the facility must be fast, dynamic and
continuous and must be able to hit
both ends of the required volt-amp
reactive (VAR) output range in a
time comparable to that of a conven-
tional generator.

There are two basic types of wind
turbine generators used in wind
farms – those that operate at a con-
stant leading power factor (type I
turbines) and those capable of inject-
ing or absorbing reactive power (type
II turbines).

At the PCC, a 100 MW synchro-
nous generator is required to have
the capability to dynamically inject
35 megavars (MVAR) and absorb 33
MVAR at a constant system voltage
for all active power outputs. A 100
MW wind farm must achieve these
same reactive output levels.

To meet this IESO requirement,
wind farms employing type I tur-
bines need additional dynamic reac-
tive compensation equipment, such
as STATCOMs, SVCs and the D-VAR
reactive compensation solution.
Wind farms employing type II tur-
bines may not require any dynamic
reactive compensation equipment if
the dynamic reactive power range of
the turbine is sufficient and fast
enough. In either case, wind farms
may need to install static reactive com-
pensation equipment to meet the reac-
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One-Line Diagram Of A Sample Wind Farm For Type I Wind Turbines
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tive power requirements at the PCC.
The next two cases will show how

IESO’s reactive requirements can be
met utilizing different turbine types
and dynamic and/or static reactive
power compensation equipment.

Type I wind turbines
In modeling a wind farm for sys-

tem studies, the collector system was
simplified by aggregating all of the
wind turbines onto two feeders, as il-
lustrated in the one-line diagram, on
the next page, for a 100 MW wind
farm that uses type I wind turbines.
The effective impedance of each
feeder was chosen so that the simpli-
fied model has the same active and
reactive power losses as the actual
wind farm. The value of these im-
pedances can be determined by using
analytical methods or by carrying
out load flow simulations. For this
wind farm, a D-VAR system, consist-
ing of two STATCOMs and imped-
ance-based reactive devices (capaci-
tors and reactors), was used to meet
the IESO’s dynamic reactive com-
pensation requirements.

To check that this wind farm
meets the IESO’s reactive power re-
quirements, three load-flow simula-
tions were completed. (See “Load
Flow Simulations For Type I Wind
Turbines.”)

The first simulation checked that

the wind farm could inject 35 MVAR
at the PCC, at a system voltage of 242
kV because this is a typical voltage
level on Ontario’s 230 kV transmis-
sion system. This simulation is usual-
ly carried out at full-rated MW out-
put to ensure that it can meet this 35
MVAR injection requirement at all
power output levels.

The second simulation checked
that the wind farm could absorb 33
MVAR at 242 kV. This simulation is
usually carried out with the wind
farm near zero megawatts because
this level ensures that it can meet this
33 MVAR absorption requirement at
all power output levels.

Since the devices used in D-VAR
systems are voltage-dependent, it is
important to check that the wind farm
can still provide the required reactive
power at low system voltages. The
third simulation, therefore, ensured
that the wind farm was capable of in-
jecting 35 MVAR at a system voltage

of 220 kV, which is the lowest con-
tinuous operating system voltage.

The flows given in the Low Flow
Simulations table are in MVA, and
the directions are as shown in the
type I wind turbine diagram. The
flows from the STATCOMs, shunt ca-
pacitors/reactors and feeders are
measured at the collector bus. The
flow out of the system is measured at
the PCC, and the flow out of the tur-
bines is measured at the terminals of
the turbines.

The simulation data show that
this wind farm was capable of inject-
ing and absorbing the required reac-
tive power at 242 kV. However, the
wind farm could not inject the re-
quired reactive power at low system
voltages. To solve this problem,
slightly larger shunt capacitors would
be required.

Type II wind turbines
The model for a different wind farm

was simplified by aggregating all of the
turbines on one feeder as illustrated in
the one-line diagram of the sample
wind farm for type II wind turbines.

The same three load-flow simula-
tions that were completed for the first
wind farm were also completed for
this wind farm. (See “Load Flow Sim-
ulations For Type II Wind Turbines,”
next page.) These results show that
this wind farm meets the reactive
power requirements of the IESO. The
flows given in this table are in MVA,
and the directions are as shown in the
type II wind turbine diagram. The
flow through the capacitors and feeder
is measured at the collector bus. The
flow out of the system is measured at
the PCC, which is at the high side of
the main output transformer, and the
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Variable Simulation 1 Simulation 2 Simulation 3
Vpcc 242 kV 242 kV 220 kV

Vcollector 44.05 kV 40.46 kV 40.21 kV

Vterminal_1 595 V 552 V 543 V

Vterminal_2 595 V 552 V 542 V

fDVAR (MVA) j3.9 -j17.2 j15.1

fcap/reactor (MVA) j72.1 -j18.6 j60.1

fturbine1 (MVA) 49.5 – j10.1 0 49.5 – j10.1

fturbine2 (MVA) 49.5 – j10.1 0 49.5 – j10.1

fPCC (MVA) 97.7 + j37.6 -j35.3 97.4 + j32.6

ffeeder 1 (MVA) 48.8 – j13.5 j0.8 48.6 – j14.6

ffeeder 2 (MVA) 48.9 – j13.0 j1.0 48.8 – j14.1

Load Flow Simulations For Type I Wind Turbines
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One-Line Diagram Of A Sample Wind Farm For Type II Wind Turbines
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flow out of the turbine is measured at
the terminal of the machine.

To ensure that the wind farm has
sufficient dynamic reactive margin to
respond quickly to a contingency on
the power system, both capacitors
normally would be in service. This
wind farm can inject reactive power
rapidly when required. If a contin-
gency occurs that requires the wind
farm to trip the normally in-service
capacitors, the response time will be
approximately one second, which is

comparable to the MVAR ramping of
a synchronous generator.

As the type I and type II wind tur-
bine cases show, the reactive compen-
sation requirements and solutions
can vary immensely depending on
the type of turbine being used. Type
II turbines can meet the require-
ments with static capacitors and reac-
tors, while type I turbines need a dy-
namic solution like the D-VAR
system. The IESO’s approach for re-
active power compensation is that

the wind farm should have the same
reactive power capability as a conven-
tional synchronous generator of the
same MW size. This translates into
the reactive power requirements stat-
ed previously.

Due to the inherent fluctuation of
the wind, the remote locations and
varying turbine technology, special
considerations and analysis should be
carried out to provide the best, most
cost-effective solution to meet these re-
active power requirements. w

Ahmed Maria is an assistant engineer
and Mauro Facca is a senior engineer
for Ontario IESO. They can be reached
at ahmed.maria@ieso.ca and mau-
ro.facca@ieso.ca, respectively. John Di-
az de Leon is a senior transmission and
distribution planning engineer for
American Superconductor Corp.’s Pow-
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Variable Simulation 1 Simulation 2 Simulation 3
Vpcc 242 kV 242 kV 220 kV

Vcollector 35.31 kV 32.84 kV 32.56 kV
Vterminal_1 632 V 518 V 601 V
fcap (MVA) j26.7 0 j22.7

fturbine1 (MVA) 101 + j34.7 -j29.6 101 + j48.9
fPCC (MVA) 96.9 + j36.1 -0.4 – j32.4 96.1 + j40.5

ffeeder 1 (MVA) 96.9 + j20.0 -0.4 – j31.3 96.1 + j30.9

Load Flow Simulations For Type II Wind Turbines
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