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An increased penetration of wind turbine generating systems into power grid calls for proper modeling of
the systems and incorporating the model into various computational tools used in power system opera-
tion and planning studies. This paper proposes a simple method of incorporating the exact equivalent cir-
cuit of a fixed speed wind generator into conventional power flow program. The method simply adds two
internal buses of the generator to include all parameters of the equivalent circuit. For a given wind speed,
the active power injection into one of the internal buses is determined through wind turbine power curve
supplied by the manufacturers. The internal buses of the model can be treated as a traditional P–Q bus
and thus can easily be incorporated into any standard power flow program by simply augmenting the
input data files and without modifying source codes of the program. The effectiveness of the proposed
method is then evaluated on a simple system as well as on the IEEE 30- and 118-bus systems. The results
of the simple system are also compared with those found through Matlab/Simulink using dynamic model
of wind generating system given in SimPowerSystems blockset.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Wind is the fastest growing renewable energy technology in the
world and is considered as the most cost effective way of generat-
ing electrical power from renewable sources. The principle of a
wind turbine generating system (WTGS) is based on two well-
known processes: conversion of kinetic energy of moving air into
mechanical energy, and conversion of mechanical energy into elec-
trical energy. The integration of WTGS into power grid has
increased significantly in recent years [1]. In fact, worldwide instal-
lation of wind turbines has increased from about 5 GW in 1995 to
more than 275 GW in 2012 [2]. Increased penetration of wind
generators into power grid calls for proper modeling of the WTGS
and incorporating the model into various computational tools used
for steady state and dynamic analyses of power systems.

A WTGS can be classified into fixed speed, limited variable
speed and variable speed [3,4]. The fixed speed (or Type-1) gener-
ating system employs a squirrel-cage induction generator (SCIG)
which is directly connected to the grid through a step-up trans-
former. A soft starter and shunt capacitors are usually used for
smoother connection and reactive power support. A SCIG operates
within a very narrow speed range (around the synchronous speed)
and that is why it is considered as a fixed speed generator. The lim-
ited variable speed (or Type-2) generating system employs a
wound-rotor induction generator (WRIG). The speed of the gener-
ator can be varied within a certain range by adjusting external
rotor impedance of the generator. The variable speed generating
system requires either partial-size or full-size converters. The gen-
erating system with partial-size converters (or Type-3) employs a
doubly feed induction generator (DFIG). The rotor excitation of
the DFIG is supplied by a current regulated voltage source
converter, which adjusts the magnitude and phase angle of rotor
current almost instantly. The rotor side converter is connected
back-to-back to a grid side converter. The generating system with
full-size converter (or Type-4) usually employs a permanent mag-
net synchronous generator (PMSG), which is connected to the grid
through full size back-to-back voltage source converters or a diode
rectifier and a voltage source converter.

In terms of power control, a wind turbine (WT) can be classified
into stall-controlled and pitch-controlled [5,6]. A stall-controlled
WT has a fixed blade angle but the blades are carefully designed
to reduce aerodynamic efficiency at higher wind speeds to prevent
the extraction of excessive power from the wind. On the other
hand, a pitch-controlled WT adjusts the blade pitch angle to limit
the power capture at higher wind speeds. Most of the earlier wind
farms used fixed speed stall-controlled wind turbines [7]. A fixed
speed WT is also known as ‘‘Danish concept’’ as it was developed
and widely used in Danish wind farms. However, the present trend
is to use variable speed WTs that employ DFIGs. In both cases, it is
very important to incorporate the model of WTGS into existing
computational tools used in power system studies.
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The steady state behavior of a power system is usually evalu-
ated through power flow calculations which mainly determine
the complex voltage (magnitude and phase angle) of all buses.
The complex power flow through each branch and other quantities
are then calculated using the complex bus voltages. In power flow
calculations, the buses of a power system are classified into swing
(or V-d) bus, voltage-controlled (or P-V) bus and load (or P–Q) bus
[8,9]. For a P–V or a P–Q bus, the active power injection P into the
bus is known or specified. Fortunately, most of the WT manufac-
turers provide the power curve (mechanical power verses wind
speed) of the turbine [10,11]. By knowing wind speed, the corre-
sponding turbine mechanical power can immediately be deter-
mined from the curve.

In power flow analysis, a fixed speed wind generating system is
usually represented by a P–Q model or an R-X model [12–16]. In P–
Q model, the reactive power drawn by the generator is first approx-
imated in terms of its active power and terminal voltage. The
per-phase steady state equivalent circuit of the generator, with
some approximations, is used for this purpose. For a given wind
speed, the generator bus is treated as a P–Q bus with varying reac-
tive power, in contrast to a conventional P–Q bus where it remains
constant. This model may not provide correct results because of
the approximations used in evaluating the reactive power. An
accurate P–Q model of a SCIG is described in [16] but the model
need to be evaluated as a part of the iterative process of the power
flow program. A DFIG or a PMSG can also be represented by a P–Q
model with varying reactive power as it is controlled by the con-
verter. Such generators can also be operated either as constant
power factor mode or constant voltage mode.

In R-X model, a SCIG generator is represented by an equivalent
impedance obtained from its steady state equivalent circuit
[12,13]. In power flow analysis, the impedance is then considered
as a shunt element at the generator terminal bus. However, the
impedance of the generator is not constant but highly dependent
on operating slip which is not known apriori. In [12], a sub-prob-
lem is formulated to calculate the slip iteratively. Alternatively,
the jacobian of the power flow program can be modified to include
the slip [17]. In both cases, significant modifications to the source
codes of the program are needed.

This paper proposes a simple method of incorporating the exact
equivalent circuit of a fixed speed wind generator into a power
flow program that does not require any modification to source
codes of the program. The method simply augments the network
by two internal buses of the generator to include all parameters
of the exact equivalent circuit of the generator. The proposed
method is then tested on a simple system as well as on the IEEE
30- and 118-bus systems.
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2. Power flow method

Power flow is one of the most important computational tools
used in power system operation and planning studies. It solves
the active and reactive power equations to find bus voltage magni-
tudes and phase angles. The injected active power (Pi) and reactive
power (Qi) into bus i of an n-bus power system can be written as [8]

Pi ¼ V2
i Gii þ Vi

Xn

j¼1;–i

V j Bij sin dij þ Gij cos dij
� �

ð1Þ
Vin Vr Vout
Wind speed

1 32 4

Fig. 1. Typical power curve of a wind turbine.
Q i ¼ �V2
i Bii þ Vi
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ð2Þ

Here Y = (G + jB) and dij = (di – dj). Vi and Vj are the voltage
magnitude of buses i and j, respectively. di and dj are the voltage
phase angle of buses i and j, respectively, and Y is the bus
admittance matrix.

The Newton Raphson (NR) method is commonly used to solve
the above equations. The governing equation of the method can
be written as
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The size of the jacobian matrix J in (3) is (nPV + 2nPQ) �
(nPV + 2nPQ), where nPV is the number of P-V buses and nPQ is the
number of P–Q buses in the system. The computational algorithm
of the method is well described in literature [8,9]. For most of the
well-behaved systems, the NR method usually converges in 3–6
iterations.

3. Wind power

The mechanical power captured by a wind turbine (PT) can be
written as [18,19]

PT ¼
1
2
qAV3

wCpðk;bÞ ð4Þ

Here q is the air density (kg/m3), A is the turbine blade swept area
(m2), Vw is the wind speed (m/s), and Cp is the performance coeffi-
cient of the turbine. Cp is a function of tip speed ratio k and blade
pitch angle b, and it can be expressed as [19]

Cpðk;bÞ ¼ c1
c2

ki
� c3b� c4b

c5 � c6

� �
exp

�c7

ki

� �
ð5Þ

where ki ¼
1

kþ c8b
� c9

b3 þ 1

� ��1

and k ¼ RxT

Vw
¼ Rag xr

Vw

Here xT and xr are the angular velocity (rad/s) of the turbine and
the generator rotor, respectively. R is the turbine blade length (m)
and ag is the gear ratio. The value of various constants (c1–c9) can
be determined from manufacturer data. The above equations are
very useful in designing control system of a WT to maximize its effi-
ciency. However, the objective of this paper is to determine the
power flow results of a wind integrated power system and the eval-
uation of control strategy of WT is beyond the scope of the paper.

A typical variation of turbine power against wind speed is
shown in Fig. 1 where Vin, Vr and Vout represent the cut-in wind
speed, rated wind speed and cut-out wind speed, respectively,
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and Pr is the rated power of the turbine. It can be noticed in Fig. 1
that the turbine power is variable only in region 2 where the wind
speed varies between Vin and Vr. In other regions (1, 3 and 4) or
wind speeds, the turbine power is either zero or at rated value. For-
tunately, most of the WT manufacturers provide the power curve
and thus for a given wind speed, the turbine power can immedi-
ately be determined from the curve or a lookup table. In simulation
studies, it is preferable to have piece-wise mathematical expres-
sions of the power curve. Refs. [20,21] estimated the power in
region 2 (Vin 6 Vw 6 Vr) through a quadratic function using the
values of Vin, Vr and Pr. In this study, the turbine power PT in region
2 is expressed by the following polynomial
PT ¼ a0 þ a1Vw þ a2V2
w þ a3V3

w ð6Þ

The manufacturer data can be used to evaluate the coefficients
a0s of (6) using any standard curve fitting technique. Fig. 2 shows a
comparison of estimated power obtained through (6) with the
corresponding actual values of Vestas V100-1.8 MW wind turbine
supplied by the manufacturer [10]. The coefficients of (6) are
obtained through ‘polyfit’ routine given in MATLAB using the man-
ufacturer data extracted at discrete wind speeds (at an interval of
1 m/s) from cut-in wind speed of 3 m/s to rated wind speed of
12 m/s.

Thus, mathematically, the turbine power PT of Fig. 1 can be
expressed as
PT ¼

0; if Vw 6 Vin

ða0 þ a1Vw þ a2V2
w þ a3V3

wÞ; if Vin 6 Vw 6 Vr

Pr ; if Vr 6 Vw 6 Vout

0; if Vw > Vout

8>>><
>>>:

ð7Þ

A small fraction of turbine power is lost in the gearbox and the
remaining power can be considered as input mechanical power Pm

to the generator. Thus,
Pm ¼ ggPT ð8Þ
Here gg is the efficiency of the gear box. The generator converts
mechanical power Pm into electrical power and feeds into the grid.
The objective of this study is to properly model the WTGS and
incorporate the model into a conventional power flow program to
evaluate the steady state results of the system.
2 4 6 8 10 12 14
0

0.4

0.8

1.2

1.6

2

Wind speed, m/s

Tu
rb

in
e 

po
w

er
, M

W

Fig. 2. Comparison of estimated and actual turbine power, ‘—’ estimated through
(6); ‘s’ manufacturer supplied data.
4. Model of WTGS and its incorporation into power flow
program

Consider that the SCIG of a fixed speed WTGS is connected to
bus k of a general power system through a step-up transformer
as shown in Fig. 3. An external shunt capacitor is also connected
to the generator terminal to supply reactive power. Note that a
SCIG always absorbs reactive power and that can be compensated
by the external shunt capacitor. Alternatively, a static var compen-
sator (SVC) or a static synchronous compensator (STATCOM) can
be used to support reactive power. By selecting appropriate size
of shunt capacitors and/or SVC/STATCOM, the terminal voltage of
the generator can be regulated.

The equivalent circuit of the SCIG including the transformer and
the shunt capacitor is shown in Fig. 4 where R1, R2, X1, X2 and Xm

represent the stator resistance, rotor resistance, stator leakage
reactance, rotor leakage reactance and magnetizing reactance,
respectively, of the generator, and s is the slip. Rt + jXt and �jXc rep-
resent the impedance of the transformer and the shunt capacitor,
respectively.

The power of the rightmost resistance R2(1�s)/s of Fig. 4 repre-
sents the input mechanical power Pm to the generator and is sup-
plied by the WT. Note that, for generator operation, slip s is
negative and thus the power absorbed by the resistance is also
negative. By knowing wind speed Vw, Pm can be determined
through (7) and (8). The generator converts Pm into electrical
power and delivers a complex output power (Pe + jQe) at its termi-
nal (see Fig. 4). The difference between Pm and Pe represents the
losses in R1 and R2. Note that the generator draws reactive power
from the system and thus Qe is negative. In fact, �Qe is the sum
of reactive power losses in X1, Xm and X2.

The circuit of Fig. 4 is redrawn in Fig. 5 by explicitly showing
two internal buses (m and r) of the generator in addition to the ter-
minal bus t and the system bus k. Bus m represents the air–gap line
where the magnetizing reactance Xm is connected and bus r repre-
sents a fictitious rotor internal bus where the WT supplies mechan-
ical power Pm to the generator. In Fig. 5, the power supplied by the
WT is represented as negated load of �Pm + j0. Most of the previous
methods [12–16] considered only the generator terminal bus t and
determined the complex power (Pe + jQe) with some approxima-
tions or through significant modifications of computational algo-
rithm of the power flow program. However, the proposed
method extends the generator model beyond the terminal bus to
include all parameters of the exact equivalent circuit of the gener-
ator. It may be mentioned here that the core loss resistance of the
generator can also be included in parallel with jXm at bus m.

By looking into Fig. 5, one can easily recognize that it is simply a
radial system consisting of four buses (k, t, m and r), three series
elements (Rt + jXt, R1 + jX1 and R2 + jX2), two shunt elements (�jXc

and jXm) and a load (�Pm + j0) at bus r. The usual values of gener-
ator parameters (R1� X1, R2� X2, and higher value of Xm) and load
at bus r would allow to find the power flow solutions of the system
using any standard power flow program by carefully incorporating
the parameters of Fig. 5 into input data files (bus data and line
Fig. 3. Schematic diagram of a fixed speed WTGS connected to a power system
through a transformer.
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Fig. 4. Equivalent circuit of a fixed speed WTGS including the transformer and
shunt capacitor.

Pe + jQetk m r

Fig. 5. Single-line representation of Fig. 4.
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data) without modifying source codes of the program. Note that a
similar model is also used in [22,23] to represent an induction
motor load in determining system loadability through power flow
calculations.

As mentioned, a power flow program mainly determines the
voltage magnitude and phase angle of all buses which are then
used to compute power flow of all branches and other quantities.
The complex power flow through branch R1 + jX1 near bus t (as
shown in Fig. 5) represents the complex power (Pe + jQe) supplied
by the generator at its terminal. The results associated with the
internal buses (m and r) of Fig. 5 are not important and thus may
be ignored or suppressed in the output of the program.
5. Results and discussions

The model of a fixed speed WTGS and its incorporation into a
conventional power flow program is vigorously tested on the
following three systems:

1. A simple infinite bus system.
2. The IEEE 30-bus system.
3. The IEEE 118-bus system.

In the IEEE 30- and 118-bus systems, a number of wind farms
(WF) are added throughout the network. It is considered that each
wind farm consists of a number of identical Vestas wind turbine
(V100-1.8-MW) and SCIG (1.8-MW, 575-V, 0.9-pf) sets. A brief
description of wind farms used in this study is given in Table 1.
The power curve of the WT is obtained from [10] and it has a cut-
in, rated and cut-out wind speed of 3, 12 and 25 m/s, respectively.
Table 1
Summary of various wind farms used in the IEEE 30- and 118-bus systems.

Wind farm Number of WT and SCIG sets Capacity in MW/MVA

A 5 9/10
B 10 18/20
C 15 27/30
D 20 36/40
E 25 45/50
F 30 54/60
Even though the curve is for a pitch-controlled variable speed tur-
bine but the same data is used in this study because of the lack of
actual data for a large size fixed speed turbine. Ref. [24] demon-
strated that the power curve of a pitch-controlled fixed speed WT
is not significantly different than that of a variable speed WT. The
gear efficiency gg of the turbine is arbitrarily assumed as 95%. The
parameters of the generator are considered as R1 = 0.004843 pu,
X1 = 0.1248 pu, R2 = 0.004377 pu, X2 = 0.1791 pu, and Xm = 6.77 pu.
The leakage reactance of the step-up transformer is assumed as
0.05 pu.

The power flow results of the above three systems are obtained
by the NR method. The NR power flow program given in Power
Toolbox [9] as well as developed in [25] is used for this purpose
and both programs provide the same results. The results obtained
in the above three systems are briefly described in the following.

5.1. A Simple infinite bus system

Consider that a fixed speed WTGS is connected to an infinite bus
through a step-up transformer and a short transmission line. Such
a system can be represented by Fig. 5 when the line impedance and
the transformer impedance are combined. The data of the system is
given in the Appendix. The system is also implemented in Matlab/
Simulink using dynamic model of the turbine-SCIG set given in
SimPowerSystems blockset [26]. The Matlab/Simulink block dia-
gram of the system is shown in Fig. 6. It may be mentioned here
that the steady state values of dynamic response of Fig. 6 should
represent the power flow results. In Fig. 6, the wind speed is
increased from 6.5 m/s to 9 m/s in step of 0.5 m/s and the corre-
sponding dynamic response of the system (including wind speed)
is shown in Fig. 7 which indicates that the active power increases
as the wind speed is increased. At a higher wind speed, the gener-
ator draws more reactive power because of higher losses in X1 and
X2 due to higher currents. It is interesting to notice that the termi-
nal voltage initially increases with the increase in wind speed and
then starts decreasing at higher wind speeds. It is worth mention-
ing that, for a given system voltage at bus k (in Fig. 5), delivery of
active power Pe increases the voltage at bus t but drawing of reac-
tive power Qe reduces the voltage at bus t. The ultimate voltage at
bus t depends on the values of Pe and Qe as well as the R/X ratio of
the transformer and line impedances.

The power flow results of the system of Fig. 5 are also obtained
by the NR method for various wind speeds or mechanical power Pm

(as used in Fig. 6). Table 2 shows a comparison of results obtained
by the NR method and the corresponding steady state values found
through Matlab/Simulink dynamic simulations and it indicates
that the results are in excellent agreement. The maximum error
observed is only 0.56%. Using the power flow results, the slips
and hence speeds of the generator are also determined by equating
�Pm with V2

r = R2ð1� sÞ=s½ � and are found to be exactly the same as
the steady state values of generator speed shown in Fig. 7.

5.2. The IEEE 30-bus system

The single line diagram and data of the IEEE 30-bus system are
given in [9]. The system is modified by adding three wind farms A,
B and C (as described in Table 1) at buses 14, 26 and 30, respec-
tively. The network of the system is then augmented to include
the model of the wind farms. In the augmented network, the gen-
erator terminal bus (bus t in Fig. 5) of wind farms A, B and C is num-
bered as 31, 34 and 37, respectively. The wind speed of wind farms
A, B and C is arbitrarily assumed as 12, 10 and 8 m/s, respectively.

The power flow of the augmented network is then evaluated
without and with shunt capacitors. The MVAr rating of shunt
capacitors is considered as 25% of respective wind farm capacity
in MVA. The power flow of the system is also evaluated at higher
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Fig. 6. Matlab/Simulink block diagram of the simple system.
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Fig. 7. Dynamic responses of the simple system.

Table 2
Comparison of results of the simple system obtained through Newton Raphson (NR)
method and SimPowerSystems (SPS) blockset.

Vw (m/s) Pm (pu) Voltage Vt (pu) Complex power Pe + jQe (pu)

NR SPS NR SPS

6.5 0.2034 0.9877 0.9876 0.2029 � j0.1550 0.2026 � j0.1553
7.0 0.3247 0.9906 0.9905 0.3235 � j0.1765 0.3229 � j0.1769
7.5 0.4582 0.9916 0.9915 0.4560 � j0.2109 0.4547 � j0.2113
8.0 0.6007 0.9900 0.9899 0.5969 � j0.2613 0.5947 � j0.2614
8.5 0.7489 0.9847 0.9847 0.7428 � j0.3315 0.7395 � j0.3310
9.0 0.8999 0.9742 0.9744 0.8907 � j0.4284 0.8857 � j0.4264
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wind speeds (Vr < Vw < Vout) to operate the wind farms at their
rated capacity. In all cases, the NR method successfully converged
in 4–5 iterations. Table 3 shows a comparison of voltage at system
buses 14, 26 and 30 as well as generator terminal buses 31, 34 and
37. The voltage of buses 14, 26 and 30 in the original system (with-
out wind farms) is also shown in the Table for comparison purpose.
It can be noticed in Table 3that the wind farms (without having
shunt capacitors) slightly reduce the bus voltage because of draw-
ing reactive power. However, the voltage profile is improved when
the shunt capacitors are added. At higher wind speeds (with shunt
capacitors), the voltage profile again decreases because of drawing
more reactive power.

5.3. The IEEE 118-bus systems

The single line diagram of the IEEE 118-bus system is given in
[27] and it has a base load of (3848.0 + j952.0) MVA. The system
is modified by adding 12 wind farms throughout the network.
Table 4 shows the buses at which the wind farms are added includ-
ing the wind speeds and the generator terminal buses in the aug-
mented network. The power flow of the system is then evaluated
for the following five cases:

1. Original system (without wind farms).
2. Modified system without shunt capacitor.
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Table 3
Comparison of voltage at some buses of the IEEE 30-bus system.

Bus
no.

Original
system

Modified system with 3 wind farms

Without
capacitor

With
capacitor

At higher wind
speeds

14 1.042 1.038 1.049 1.046
26 1.001 0.986 1.051 1.034
30 0.995 0.971 1.042 1.016
31 – 1.018 1.043 1.040
34 – 0.968 1.047 1.027
37 – 0.959 1.044 1.013

Table 4
Description of wind farms used in the IEEE 30-bus system.

Network bus
(k)

Wind
farm

Wind speed (m/
s)

Generator terminal bus
(t)

3 A 16 119
16 B 14 122
20 C 12 125
33 D 10 128
41 E 8 131
53 F 6 134
62 A 12 137
74 B 11 140
84 C 10 143
98 D 9 146

106 E 8 149
117 F 7 152
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3. Modified system with shunt capacitor.
4. Modified system at higher wind speeds without shunt

capacitor.
5. Modified system at higher wind speeds with shunt capacitor.

In last two cases, the wind speed of all wind farms is increased
to 15 m/s to operate the farms at rated capacity. The MVAr rating
of shunt capacitors is again considered as 25% of respective wind
farm capacity in MVA. In all cases, the NR method successfully con-
verged in 5 iterations.

Fig. 8 shows a comparison of voltage of some buses of the origi-
nal network (bus k in Fig. 5) for all five cases (in sequence) and it
3 16 20 33 41 53 62 74 84 98 106 117
0.8

0.85

0.9

0.95

1

1.05

Bus number

Vo
lta

ge
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u

Fig. 8. Voltage profile of some buses of the IEEE 118-bus system.
indicates that the voltage profile depends on both the wind speeds
and the shunt capacitors but the variation in voltage is not signif-
icant. For bus 62, it is found that the voltage remains more of less
constant for all cases because the bus is very strong (with a load of
77 MW) and a small wind farm (only 9 MW) is connected to it. The
maximum voltage deviation is observed as 0.039 pu and that oc-
curred at bus 117 (between cases 3 and 4). A comparison of gener-
ator terminal voltage in the augmented network for the last four
cases (in sequence) is also shown in Fig. 9 and it again indicates
that the voltage depends on both wind speeds and shunt capacitors
but the voltage variation is again not significant. The maximum
deviation is observed as 0.065 pu at bus 152.

The power flow of the system is also evaluated at low wind
power by setting the wind speed of all farms to a lower value.
For a wind speed of 4.5 m/s, the total wind power is found as
32.35 MW (8.6% of installed capacity) and for such a case the min-
imum system voltage with and without shunt capacitors is found
as 0.9519 pu and 0.9359 pu, respectively. In both cases, the maxi-
mum voltage is found as 1.05 pu (which is the specified voltage
at one of the conventional generator buses). Since the penetration
level of wind power is not high (installed capacity is less than 10%
of system demand), lower or even zero wind power may not
change the voltage profile significantly, especially for a strong
system.

Finally, the wind speed of all wind farms is randomly selected
through Weibull probability density function with a shape
parameter of 2 and scale parameter of 9.027 (that corresponds
to an average wind speed of 8 m/s [28]) using ‘random’ routine
given in Matlab. The power flow problem of the modified net-
work with shunt capacitors is then repeatedly solved for 1000
random cases of wind speeds. In all cases, the NR method suc-
cessfully converged within 5 iterations. The distribution of total
injected wind power (at internal bus r) is shown in Fig. 10(a).
The minimum and the maximum power for 1000 random cases
are found as 47.19 MW and 333.94 MW, respectively. Note that
the total capacity of 12 wind farms is 378 MW. The distribution
of minimum bus voltage of the original network (buses 1–118)
is shown in Fig. 10(b) and it indicates that the minimum voltage
varies within a very narrow range (0.9419 pu – 0.9543 pu) possi-
bly because of low degree of penetration of wind power (<10%).
However, the minimum voltage in the augmented network
including the generator terminal and internal buses has a wider
range (0.8712 pu – 0.9400 pu) as can be seen in Fig. 10(c). In all
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Fig. 9. Voltage profile of wind generator terminal buses of the IEEE 118-bus system.
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Fig. 10. Distribution of results of the 118-bus system for 1000 random cases of
wind speeds: (a) wind power, (b) minimum voltage of buses 1–118, (c) minimum
voltage in the augmented network.
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cases, the lowest voltage occurred at generator internal buses and
which is not so important.

6. Conclusions

A simple method of incorporating the exact equivalent circuit of
a fixed speed wind generating system into a conventional power
flow program has been presented in this paper. The method simply
augmented the network by adding two internal buses for each
generating system. The new buses have the same property as a
P–Q bus and thus can easily be incorporated into any power flow
program without modifying the source codes of the program.
However, augmentation of input data files of the program is
needed to include the model or parameters of the generating sys-
tem. The effectiveness of the proposed method is then vigorously
tested on a simple system as well as on the modified IEEE 30-
and 118-bus systems. The power flow results of the simple system
were also compared with the corresponding steady state values of
dynamic responses of the system and are found to be in excellent
agreement. It is also found that the incorporation of wind genera-
tors does not affect the convergence pattern of the power flow
program.

Appendix A

Data of the Simple Infinite Bus System:
Generator:
 1.5-MW, 575-V, 60-Hz, 6-pole, 0.9-power
factor
R1 = 0.004843 pu, X1 = 0.1248 pu,
R2 = 0.004377 pu, X2 = 0.1791 pu,
Xm = 6.77 pu, H = 5.04 s
Transformer:
 2 MVA, 11 kV/575 V, R = 0.02 pu, X = 0.08 pu

Transmission

line:

11 kV, R = 3 O, X = 6 O
Infinite bus:
 11 kV with infinite short circuit level.
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