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A STUDY OF A WIND FARM POWER SYSTEM

E. Muljadi                Y. Wan                C.P. Butterfield                   B. Parsons

National Wind Technology Center
National Renewable Energy Laboratory

Golden, Colorado

ABSTRACT
A wind power system differs from a conventional

power system.  In a conventional power plant, the op-
erator can control the plant's output. The output of a
wind farm cannot be controlled because the output
fluctuates with the wind.  In this study, we investigated
only the fixed-frequency induction generator, often
used with wind turbines.  We adopted the worst-case
scenario and conducted a per-phase, per-turbine analy-
sis.  Our analysis showed a strong interaction among
the wind farm, the utility grid, and the individual gen-
erator.

In this paper, we investigate the power-system inter-
action resulting from power variations at wind farms
using steady-state analysis.  We use the characteristic of
a real windsite on a known weak grid.  We present dif-
ferent types of capacitor compensations and use phasor
diagrams to illustrate the characteristics of these com-
pensations. The purpose of our study is to provide wind
farm developers with some insights on wind farm
power systems.

Key words: wind turbine, power system, wind farm,
renewable energy, stability, voltage fluctuation, ca-
pacitor compensation, induction generator, reactive
power compensation.

INTRODUCTION
 In the early stages of wind energy development, the
number of turbines is small and the locations of the
farms are scattered.  Thus the contribution of power
from wind farms to the grid is negligible.  As the size of
a wind farm gets larger, the contribution of the power
from the farm gets larger, and the interaction between
wind farm and grid becomes more important to the op-
erator and utility company.   Many wind turbines use
fixed-frequency induction generators.  The induction
generator is connected directly to the utility line.  The
power system's problems related to fixed-frequency
wind turbines are more challenging to engineers than
the variable-speed wind turbines, because there is
minimum control that can be applied to fixed-frequency
induction generators.

Figure 1 shows a cluster of wind turbines connected
to a grid.  The single-line diagram representing the
system is shown on the same figure.  The wind turbine
is operated using a constant-frequency induction gen-

erator.  Each generator is connected to a distribution
transformer at the foundation of the wind turbine.  The
output from each wind turbine is connected to intercon-
nection point to be called the point of common coupling
(PCC).  From the PCC, the output is connected to a
transmission transformer, raised to a high voltage, and
transmitted over the transmission line.  At the end of
transmission line, it is connected to the rest of a much
larger grid (infinite bus).  The impedance of the trans-
formers and transmission lines are lumped together and
is represented as Zs.

While conventional power plants use synchronous
generators, a wind farm power plant uses induction
generators as the main generation.  The behavior of the
synchronous generator is very well known and has been
investigated for more than a hundred years.  Similarly,
the behavior of the induction motor is widely known.
Although considerable effort has been spent on devel-
oping induction motors, induction generators are not
commonly used in conventional power plants.

In this study, we use the characteristics of the power
system for a real wind farm connected to a known weak
grid.  The lines between the wind farm and the infinite
bus may have several connections to feed small towns
or loads along the way.  We investigate how the voltage
behaves at these connections when the wind speed

Figure 1. Multiple wind turbines feeding the grid

Itot

I1

I2

I3

I4

In

Infinite BusES

ZS

VS Point of common
coupling (PCC) Bus

Wind Farms                 to Town A

A very
large grid

PCC
Bus

to Town B



2

changes.  The voltage variation at the PCC not only
affects customers connected to the same point (Town A
and Town B), but also affects the entire wind farm.
Another important aspect of the investigation is the
stability of the power system at the wind farm.  It is
shown in the next few sections that a strong correlation
exists between the voltage variations and the stability of
the systems. Instability can cause the whole wind farm
to shut down.

Many publications have discussed hybrid power sys-
tems with diesel generators operating in parallel with
wind turbines,1,2,3 however, wind farm power systems
were considered less problematic than hybrid systems.
Unfortunately, not all wind farms are connected to a
stiff grid.  Many areas with excellent wind resources are
located in weak grid systems.  Also, many wind farms
increase their output by installing bigger and newer
wind turbines.

While a dynamic simulation is an important tool in
determining the stability of the wind farm power sys-
tem,4,5,6 the big picture of a wind farm operation can be
better understood from the basic characteristics of each
component.  Steady-state analysis is used to explain the
behavior of a wind farm power system because it gives
a broader spectrum in understanding the system inter-
action.

In the sections that follow, we first describe the com-
ponents of a wind farm power system, including the
wind turbine, induction generator, and parallel repre-
sentation of wind turbines.  Next, we discuss the per-
phase, per-turbine equivalent circuit representing the
entire power system, and then present different types of
compensation.  Finally we summarize the paper in the
conclusion section.

COMPONENTS OF A WIND FARM POWER
SYSTEM

Wind Turbine
The simple aerodynamic model commonly used to

represent the turbine is based on power performance
versus tip-speed ratio (Cp-TSR).  The Cp-TSR charac-
teristic of the turbine is derived from measured average
output power and average wind speed. The aerody-
namic power generated by the wind turbine is deter-
mined by the density of air, the radius of the blade, the
performance coefficient at any instant, and the wind
speed.

Figure 2 shows curves of aerodynamic power output
for wind turbines at different rotor speeds.  It is as-
sumed that the wind turbine is stall-control operated at a
constant frequency.  The rotor speeds shown on the
legend are the rotor rpm at the high-speed shaft (at the
generator side).  As can be expected, the peaks of avail-
able aerodynamic power increases as the rotor rpm is

fixed at higher speeds.  Thus, operation at high slip in-
creases the aerodynamic power capability of the wind
turbine.  Once a runaway occurs for a stall-controlled
wind turbine, the generator cannot regain control of the
wind turbine.  Some type of braking mechanism must
be available to control the rotor speed.

Induction Generator
Figure 3 shows a typical power-speed characteristic

of an induction machine as the operating slip varies
from slip = 1 (motoring) to slip = - 1 (generating).  As-
suming there are no losses in the induction generator,
the power shown in Figure 3 is the power that must be
driven by the wind turbine.  Normal (stable) operating
slips usually lie within a very narrow slip range (around
+ 2%, bounded between PM-peak and PG-peak in Figure 3).
The normal motoring region lies between 98% and
100% of synchronous speed, while the normal generat-

Figure 2.  Aerodynamic power versus wind
speed for different rotor rpm (stall control)
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ing region lies between synchronous speed and about
102% of synchronous speed.  Rated power is usually
about 50% of peak power (PG-peak).

The relationship between voltage and current of an
induction machine varies as the slip changes from
standstill to generating speed (above synchronous
speed).   At large slip, the stator current is much larger
than in normal operating slip.  As an example, at start-
up (slip = 1), the stator current can reach up to 800% of
the rated current.  The magnitude and the phase angle of
the stator current affects the voltage drop along the
transmission line.

Parallel representation of wind turbines
As shown in Figure 1, a wind farm can be simplified

as n parallel turbines.  The following assumptions were
made to simplify the analysis:
• The wind turbines are identical.
• Wind speeds at the wind farm are uniform, so that

all wind turbines start at the same time.
• Each turbine runs at the same operating condition

at all times; thus, the voltage, current, and power
factor of each turbine are identical to the rest.

• The impedance of the line feeder between each
turbine and the PCC is identical and negligible.

In practice, wind farms can be very large, and the
locations of individual wind turbines can vary, as do the
wind speeds at each wind turbine.  The operating con-
ditions of wind turbines can also be different with re-
spect to each other.  Thus, the assumptions above may
lead to a pessimistic result or the worst-case scenario.
Equations 1 through 6 are derived based on the sign and
arrow convention of the voltages and currents shown in
Figure 4.  The variables printed in bold are phasors, and
each equation can be expressed or illustrated by a pha-
sor diagram.  With only a single turbine operating, the
terminal voltage at the PCC of the wind farm can be
expressed as:
VS = ES - ZS I1            [1]
If there are n identical turbines operating in parallel, the
voltage equation can be expressed as:
VS = ES - ZS  (I1 + I2 + I3 + I4 + I5 +.  .  .  + In)        [2]
With the assumption presented above, the currents in
each branch are equal.
I1 = I2 = I3 = I4 = I5 =  . . . . .   = In             [3]
The equation can be rewritten as:
VS = ES - ZS  (n I1)             [4]
Or, if analyzed on a per-turbine basis, the equation be-
comes:
VS = ES - (ZS  n) I1             [5]

And the final solution is simplified as:
VS = ES - ZSNEW I1             [6]
where:  ZSNEW  =  n ZS.

Conducting our analysis on a per-turbine, per-phase
basis enables us to understand the collective effects of
wind turbine power generation in a wind farm environ-
ment.  As shown by the equations above and in Figure
4, the number of turbines will change the characteristics
of individual induction generators when the size of line
impedance ZSNEW grows larger as we add more turbines
into the wind farm.  For newly constructed wind farms,
the grid system is usually computed for possible expan-
sion in the future.  In many places, however, a wind
farm is connected to an existing grid.  Although the
transmission system in this grid is thermally capable of
carrying the generated power, the system grid may be
weak (Zs is large).

PER-PHASE, PER-TURBINE ANALYSIS
Figure 4 shows the per-phase, per-turbine equivalent

circuit of an induction machine in a wind farm con-
nected to the utility grid via a transmission line. The
utility is represented by the infinite bus Es, and the re-
actance Zs represents line impedance and transformer
impedance present between the induction machine and
the infinite bus.

The number of wind turbines on-line determines the
loading of the transmissions systems.  Thus, it affects
the voltage at the PCC.  The characteristic of each in-
duction generator connected to the same PCC will be
affected.  The number of wind turbines will appear as if
the impedance ZS is multiplied by n, where n is the
number of turbines operating at the same time.  Thus,
the more turbines are on-line, the weaker the grid ap-
pears to be (larger ZSNEW).

Figure 5 illustrates the loading effect on a certain
transmission line.  The impact of varying the slip of the
induction generator and the impact of adding more tur-
bines to the same line are shown.  The normalized volt-
age at PCC for different numbers of turbines on-line
also is shown.  With only 10 wind turbines, it is obvious
that the power system grid is stiff and the voltage does
not change with slip.  In the normal speed range be-

Figure 4.  Equivalent circuit of an induction ma-
chine in per-phase, per-turbine analysis
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tween 0% slip (speed = 1.0 per unit or p.u.) and 2% slip
(1.02 p.u.), the voltage variation at PCC is very small
(about 1%).  However, when the number of turbines is
increased to 200, the voltage variation becomes larger.
For example, for the same operating range, the voltage
drops by as much as 15%.
   The torque-speed characteristics of all individual
wind turbines are identical, and the torque-speed char-
acteristic shrinks as more turbines are connected on-
line.  To illustrate the effect of the number of turbines
on torque capability, consider the torque-speed charac-
teristic shown in Figure 6.  The wind farm consists of
wind turbines rated at 275 kilowatts each.  Each wind
turbine has an induction machine as the generator.  Fig-
ure 6 shows that, with 10 wind turbines on-line, the
torque-speed characteristic for an individual induction
generator is barely changed.  The resulting torque-speed
characteristic of the individual induction generator is
degraded dramatically as the number of turbines on-line

is increased to 200.  Thus, there is a good chance that
the aerodynamic power of the wind turbine will over-
power the induction generator and the wind turbine will
go into a runaway condition if nothing is done to con-
trol it.  At the same time, the winding of the generator
will be overheated and the voltage will collapse due to
operation in a high-slip region.

This is illustrated in Figure 7, two-dimensional graph
used to describe a three-dimensional problem.  The
vertical axis is used to represent the torque (electro-
magnetic torque and aerodynamic torque).  The right-
hand side of graph is used to represent the aerodynamic
peak torque versus wind speed.  It is shown that aero-
dynamic torque varies with the wind speed; it reaches
its peak at 17 m/s.  The left-hand side of the graph is
used to represent the electromagnetic torque of the gen-
erator versus the wind speed for two different number
of wind turbines on-line.  It also shows that the peak of
electromagnetic torque of the induction generator  (the
left-hand-side curve) shrinks as the number of turbines
on-line is increased.  By comparing the left-hand-side
and the right-hand-side, it is shown that the electromag-
netic peak torque drops below the peak of the aerody-
namic torque when the number of turbines on-line is
above 120.  This is the operating point where instability
occurs, thus the wind turbine is in a runaway condition.
The slip at maximum electromagnetic torque is shown
to be about 3%.  The corresponding voltage at this point
of instability can be referred to Figure 5, where it is
shown that for 120 turbines online, at 3% slip (slip at
peak torque), the voltage drops as much as 14% to 0.86
per unit.  Thus in a way, the voltage drop indicates how
close the operation of a wind turbine to the run-away
condition.   If the wind turbines lower voltage limit is
set to 90% or higher, the runaway condition will not
happen, because the wind turbine is taken off line be-
fore runaway condition occurs.Figure 6.  Torque-speed characteristic

of individual induction machine
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In the next few sections, the voltage profile at PCC
and the stability of the induction generator will be dis-
cussed for different types of capacitor compensation.
The contribution of each turbine to the total current in
the transmission line will also be presented.  The stabil-
ity will be measured against an uncompensated system
based on Figure 7, i.e., comparing the peak electromag-
netic torque to the peak aerodynamic torque. In the real
wind farm, the worst-case scenario may seldom occur,
however, this pessimistic approach is a good measure of
how close the operation of the wind farm is to the insta-
bility.  The phasor diagrams presented are based on
rated speed at –2% slip.

PARALLEL COMPENSATION
Parallel compensation is a common practice in wind

turbine generation to improve the power factor of each
turbine.  Some wind turbines use more than one value
of capacitor at their terminals to compensate reactive
power for different wind speed.  The advantage of an
improved power factor is the reduction in total current,
which, in turn, reduces transmission loss and improves
voltage regulation.  As an illustration, Figure 8 shows a
per-phase, per-turbine equivalent circuit diagram of a
wind turbine power plant compensated with a parallel
capacitor at each turbine.

Note that although the circuit representing an induc-
tion machine is simplified as an impedance consisting
of RIM and XIM, the actual calculations are based on a
complete equivalent circuit.  Typically, the current di-
rection assumes the induction machine operates in mo-
toring mode.  The total current IS is the sum of the wind
turbine current IM and the capacitor current IC.

Based on the equivalent circuit diagram shown in
Figure 8, the voltage and current equations can be
written as:
ES = VS + n (RS + j XS) IS                      [7]
 IS = IIM + IC                            [8]

The phasor diagram of voltages and currents for par-
allel compensation are shown in Figure 9.  In Figure 9a,
the phasor diagrams of an uncompensated system are

presented.  The phasor diagrams of voltage and current
for motor operation and generator operations are
shown.

In Figure 9b, the phasor diagrams for generating
mode are presented for different sizes of capacitor
compensation.  Different capacitor sizes are shown on
the phasor diagrams by the changes of the magnitude of
capacitive currents Ic.  Different sizes of capacitor cur-
rent change the total current IS, which effectively
change the level of compensation.  Figure 9b-1 is the
phasor diagram of voltages and currents without com-
pensation.  The uncompensated system is used as the
baseline.  In Figure 9b-2, the capacitor compensation is
small.  There is a small increment ∆Vs of the magnitude
of terminal voltage Vs.  In Figure 9b-3, the compensa-
tion is adjusted to generate unity power factor output
current by increasing the capacitor current Ic.  Another
increment in terminal voltage is shown.  In this case,
the terminal voltage is very close to the infinite bus
voltage.  Finally, in Figure 9b-4, the compensation is
adjusted to generate a leading power factor.  As a result,
the terminal voltage Vs is higher than the infinite bus
voltage Es.  Figure 9b shows that the terminal voltage is
higher than the infinite bus voltage only at leading
power factor, while the terminal voltage is lower than
the infinite bus voltage at lagging power factor.  Note
that the phasor diagrams are calculated at one slip only
(i.e., -2%).

For a reliable power transmission, the voltage varia-
tion should not be more than + 10% 7.  Figure 10a
shows that the terminal voltage drops below 90% when
the system is not compensated.   With parallel compen-
sation of 800 uF and 1600 uF, the voltage Vs can be
raised within the limit. Parallel compensation relies on

Figure 8.  Per-turbine, per–phase equivalent
circuit of an induction machine (simplified) in a

wind farm with n turbines
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the reactive power generated by the capacitors in par-
allel with the induction generator.  For a fixed parallel
capacitor, the reactive power output of the capacitor is
proportional to the square of the voltage across the ca-
pacitor.  The reactive power required by induction ma-
chine varies with the operating slip.  Thus, with a fixed

parallel capacitor, the voltage correction varies with the
slip of the induction generator and the number of tur-
bines on-line.  In Figure 10a, the voltage at PCC is
shown for different sizes of parallel capacitor compen-
sation.

As shown in Figure 10a, the voltage is shown to im-
prove as the parallel capacitor is increased.  At 1600 uF,
the voltage profile at PCC lies within 13% variation.
The voltage improvement comes from an improved
power factor after the capacitor is installed.  In Figure
10b, the torque speed characteristic is shown to shift
upward due to the available voltage at PCC increases by
the additional capacitor.  The wind turbine is improved
with the installation of a parallel capacitor.  As shown
in Figure 7, the electromagnetic torque is overpowered
by aerodynamic torque at 120 turbines for a system
without capacitor compensation.  With parallel capaci-
tor compensation, the peak of generator torque is in-
creased significantly.  The line current per turbine
shows a noticeable reduction at lower rotor speed (low
slip operation) with parallel capacitor.  At 200 turbines
on-line, the parallel capacitor must be sized at least to
1600 uF per phase per turbine.  This size of compensa-
tion enables the wind turbine to operate at PCC voltage
within the limit, and the peak of generator torque is
above the peak of aerodynamic torque shown in Figure
7.

To keep the terminal voltage constant, it is necessary
to adjust the size of reactive power generated by the
capacitor to follow the fluctuation in output power and
to compensate for different number of turbines on-line.
Different sizes of capacitors or a Static VAR Compen-
sator (SVC) can be used where the reactive power can
be adjusted continuously at a different slip or power
level.  Ideally, a small-sized capacitor can be used dur-
ing low wind speed to raise the voltage to an appropri-
ate level, and a larger capacitor can be used at a high
wind speed region to raise the voltage and the electro-
magnetic torque above the peak of aerodynamic torque.
However, even with a constant 1600-uF capacitor, the
voltage Vs is still within reasonable range.

In the example above, it is shown that an additional
90 turbines can be installed for the same transmission
line (assuming that the thermal limit and other trans-
mission limit is not reached).   Without parallel com-
pensation, only 120 turbines can be installed.

SERIES COMPENSATION
In series compensation, the series capacitor is in-

stalled in series with the transmission line to compen-
sate the transmission line.  The size of the capacitor is
chosen to compensate for the line impedance, i.e., to
reduce the effective reactance in the line impedance.
The voltage across a series capacitor has a 180o phase
shift with respect to the voltage drop across the line

Figure 10. Parallel compensation with 200
turbines on-line
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c) Transmission line current (per turbine)

1 1.004 1.008 1.012 1.016 1.02
0.8

0.86

0.92

0.97

1.03

1.09

1.15

without compensation
with Cp = 400 uF
with Cp = 800 uF
with Cp = 1600 uF

Per Phase Terminal Voltage Vs at PCC

Rotor speed (per unit)

Te
rm

in
al

 v
ol

ta
ge

 V
s (

pe
r u

ni
t)

1 1.008 1.016 1.024 1.032 1.04
0

333.33

666.67

1000

1333.33

1666.67

2000

without compensation
with Cp = 400 uF
with Cp = 800 uF
with Cp = 1600 uF

Electromagnetic Torque

Rotor speed (per unit)

El
ec

tro
m

ag
ne

tic
 T

or
qu

e 
(N

.m
)

1 1.008 1.016 1.024 1.032 1.04
0

133.33

266.67

400

533.33

666.67

800

without compensation
with Cp = 400 uF
with Cp = 800 uF
with Cp = 1600 uF

Transmission line current

Rotor speed (per unit)

Tr
an

sm
is

si
on

 li
ne

 c
ur

re
nt

 (A
)



7

reactance Xs.  Thus, the voltage across series capacitor
(VC) will be used to counteract the voltage drop across
line impedance VZS.   Series capacitors are often used to
improve the power transfer capability of transmission
lines.8  Variable series capacitance are often imple-
mented by using thyristor control series (TCSC).

Figure 11 shows a per-phase, per-turbine equivalent
circuit of a series-compensated system.  Note that al-
though the circuit is simplified, the actual calculations
used to draw phasor diagrams are based on the com-
plete circuit.

The equations based on voltages across the circuit’s
component can be written as:
ES = VS + VZS + VC              [9]
VZS + VC  =  n (RS + j XS) IS - j n XC IS        [10]

The phasor diagrams shown in Figure 12 represent
the voltages and current in a series compensation for
different sizes of capacitor.  With capacitor compensa-
tion, a small size of AC capacitor corresponds to a high
reactance.   In Figure 12a, the capacitor is sized such
that the capacitive reactance of the capacitor compen-
sates 75% of line reactance (Xc = 0.75 Xs).  The re-

sulting terminal voltage is higher than the infinite bus
voltage (Vs > Es).  In Figure 12b, the capacitor is sized
such that the terminal voltage is equal to the infinite bus
voltage (Vs = Es). As it turns out, the required capaci-

Figure 11.  Series compensation of an induc-
tion machine (simplified) in a wind farm
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Figure 13. Series compensated with 300 turbines
on-line

a) Terminal voltage at PCC
b) Electromagnetic torque
c) Transmission-line current (per turbine)
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tive reactance is 65% of the line reactance (Xc = 0.65
Xs).   In Figure 12c, the capacitor is sized such that the
capacitive reactance compensates 25% of the inductive
reactance of the line impedance (Xc = 0.25 Xs).  In this
case, the terminal voltage is lower than the infinite bus
voltage (Vs < Es).

The terminal voltage at the PCC is shown in Figure
13a for series compensation.  With series compensation,
the number of turbines on-line can be increased up to
300.  The voltage is within the 5% variation for (Xc =
0.5 Xs).  When the size of the series capacitor is ad-
justed as such, the resulting Xc = 0.5 Xs.  The resulting
torque characteristic of the generator is illustrated in
Figure 13b.  It is shown that with Xc = 0.5 Xs, the
electromagnetic torque of the generator can overcome
the aerodynamic torque of the wind turbine (peak at
1875 Nm) as shown in Figure 7.  Without compensation
or insufficient compensation, the generator torque can-
not overcome the aerodynamic torque and the system is
in an unstable condition if the number of turbines on-
line is increased to 300.  The stator current in each tur-
bine can be illustrated in Figure 13c.  It is shown that
although compensation improves the voltage profile
and the torque profile of the generator, there is an in-
crease on the stator current in comparison to the un-
compensated system in the same situation (300 turbines
on-line).  Parallel compensation improves the effective
power factor of the wind farm seen from the PCC, thus
reducing the transmission line current and the corre-
sponding losses.  Series compensation reduces the volt-
age drop across the transmission line, thus improving
the electromagnetic torque of the induction generator.
The effective power factor of the wind farm is not af-
fected by series compensation.

In a parallel compensation, the level of compensation
decreases if the voltage across the capacitor decreases.
On the other hand, in a series compensation, the level of
compensation increases with the increase of the line
current.  It is necessary to investigate the variation of
terminal voltage at different slip and with different
number of turbines on-line to determine the range of
voltage on the PCC at different conditions.

PARALLEL AND SERIES COMBINATION
It is apparent that we can take advantage of both par-

allel and series compensation of an AC capacitor.  In a
parallel compensation, the capacitor is used to compen-
sate the individual induction generator.  In series com-
pensation, the capacitor is used to compensate the line
impedance.

In this section, it is assumed that parallel compensa-
tion is used to compensate the basic need of reactive
power of the induction generator. As shown in Equation
13 and Figure 15, each induction generator is compen-
sated by a small parallel capacitor sized to compensate
some portion of the reactive power needed by the in-

duction generator.  As the induction generator is driven
by fluctuating wind speed, the overall power factor of
the wind farm will be improved by the parallel capaci-
tor attached to each turbine.  The voltage drop across
the line impedance will also be improved due to an
overall better power factor of the wind farm.  The series
compensation used in series with the line impedance
will appear as if the effective line reactance (Xs-Xc) is
smaller, thus the whole grid will appear to be stiffer.
Equations 11 and 12 show that the terminal voltage at
PCC (Vs) can be regulated better because of partial
cancellation of voltage drop across transmission VZS by
series capacitor voltage VC.

The equations for parallel and series combination can
be written as:
ES = VS + VZS + VC               [11]
VZS + VC  =  n (RS + j XS) IS - j n XC IS        [12]
IS = IIM + IC                      [13]

Figure 14 shows the per-turbine, per-phase equivalent
circuit of a wind turbine connected to an infinite bus.
The current flowing in the line impedance will have a
less reactive component due to parallel capacitor CP,
while the effective voltage drop across line impedance

Figure 15. Phasor diagrams
a) No compensation
b) Parallel-series  compensation
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Figure 14.  Series and parallel compensa-
tion of an induction machine (simplified)
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(from one end to another) will be reduced by series ca-
pacitor CS.  The overall result will be an improvement

in the voltage fluctuation on the PCC and lower losses
on the transmission line.

Figure 15 shows the phasor diagram of voltages and
currents.  Figure 15a shows a phasor diagram of the
system before the compensation is applied. Figure 15b
shows the phasor diagram of the system after the im-
provement is applied.  In Figure 15a, the line current IS
is shown to be more in quadrature with the terminal
voltage VS and the voltage drop ISXS is significantly
large.  The fact that IS is more quadrature with respect
to the terminal voltage VS can only make the effect of
large ISXS voltage drop cause even lower-voltage VS.
After the compensation, the capacitor current IC shifts
the generator current IIM upward so that the resulting
line current IS is shown to be significantly lower and
has a better power factor.  The impact of voltage-drop
ISXS is opposed by the voltage-drop across the capaci-
tor ISXC.  The overall improvement of parallel and se-
ries capacitor compensations is a narrower terminal
voltage variation VS.

Figure 16a illustrates the variation of terminal voltage
as the speed or slip increases (a variation of 8%).  The
figure shows a significant voltage improvement for the
system with capacitor compensations.  A combination
of XC = 50% XS and parallel capacitor of 960 uF gives a
very good voltage profile at PCC, at the same time im-
proving the torque speed characteristics (see Figure
16b).  It is shown that at 2% slip, the terminal voltage
of the compensated generator drops to about 0.95 per
unit.  With XC = 60% XS, the terminal voltage will rise
somewhat above the per unit voltage in the lower rotor
speed.  From Figure 16, it appears that a combination of
Xc = 0.375 Xs and Cp = 960 uF per turbine will give
the best result for normal operating range (slip = 0 to –
2%).  The generator torque is capable of holding the
aerodynamic torque, and the reactive power required by
the induction generator is compensated by the parallel
capacitor, while the transmission line impedance is
compensated by the series capacitor.  As shown in Fig-
ure 16c and Figure 13c, a comparison between the sta-
tor current for series compensation and parallel-series
compensation shows that the transmission line current
is reduced significantly.

INPUT DATA USED
The input data used to compute and draw the phasor

diagrams and the graph are based on the data presented
in the table below.

TABLE 1. Input Data
I. Induction Machine Data:   (Y-connected)
Stator Resistance Rs   = 0.01027 ohm
Rotor Resistance Rr’  = 0.01027 ohm
Stator Leakage Xls  = 0.1 ohm
Rotor Leakage Xlr` = 0.1 ohm

1 1.004 1.008 1.012 1.016 1.02
0.7

0.77
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0.92

1

1.08
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Figure 16.  Parallel and series combination
with 300 turbines on-line

a) Terminal voltage at PCC
b) Electromagnetic torque
c) Stator current at each generator
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Magnetizing Reactance Xm` = 3.3 ohm
Number of  Poles 4
Rotor rpm 1800 at 0% slip
Frequency 60 Hz
Rated rpm HSS/LSS 1822 /53 rpm
Rated Power 275 kW
VLL 480 volts
II. Transmission Line Data:
66-kV base 480-V base
Xs =  19.86  ohms Xs = 1.050x10-3   ohms
Rs =    5.23  ohms Rs = 2.766x10-4   ohms
III. Operation Data
Number of turbines= 300 Cs=177–269 uF at 66kV
Operating slip = - 2% Cp=800uF at 480 V in Y

CONCLUSION
In this paper, we assumed the worst-case scenario for

a wind farm, i.e., each wind turbine operates at exactly
the same operating point throughout the entire farm.  In
reality, the wind farm usually covers a large area and
the wind speed within the farm is not uniform.  Thus
the actual situation is usually better than the worst-case
scenario.  Based on a per-turbine analysis, we showed
the following:
- Under per-phase, per-turbine conditions, having n

turbines on-line has the same effect as having one
turbine connected to an infinite bus via n Zs line
impedance.

- As the number of turbine online increases, the
available voltage at the point of common coupling
is lower, and the torque-speed characteristic of the
induction generator shrinks.

- We compare voltage profile at PCC, and the torque
characteristic and the stator current at each turbine
for different types of compensation.

- When the number of turbines on-line increases, the
available voltage at PCC drops (due to high loading
of the transmission system) and the torque-speed
characteristic of the generator shrinks.  As the mar-
gin of instability decreases, at one point, the wind
turbine aerodynamic torque can overpower the
generator torque and the operating slip increases
further.  At higher slip operation, the aerodynamic
torque available increases.  If no outside interven-
tion (pitch control or mechanical brake) is taken, a
runaway condition can occur.

- Capacitor compensation can help to boost the volt-
age at the PCC, thus improving the torque-speed
capability of an individual induction generator.

- Ideal parallel compensation requires a variable
reactive power as the output power and power fac-
tor fluctuates.  A Static VAR Compensator can be
used to provide parallel compensation with fluctu-
ating reactive power needed.

- Series compensation can be used to offset the volt-
age drop across line impedance Xs.  The size of the
capacitance can be computed given the required
compensation.  TSCS can be considered to provide
an adjustable series capacitor compensation.

- A combination of parallel and series compensation
can be used to improve the overall system.  With
the correct choice of capacitor sizes, fixed capaci-
tors can be used for both series and parallel com-
pensation.

- We recommend that, during the wind farm design
process, the characteristics of the induction gen-
erator be considered. The future expansion of the
wind farm should also be taken into account.
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