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Abstract- This paper presents a study of a steady-state stability analysis with integrating a wind turbine to a standard power
network, where an open-source software is used to model the system. The IEEE 9 bus system is simulated using the
OpenModelica software. The steady-state stability analysis study of the system is performed with and without using an Automatic
Voltage Regulator (AVR) and Speed Governor (GOV) controllers. The steady-state impact of integrating a wind turbine is
investigated. Moreover, the voltage dependency of the wind turbine power is examined. The significance of the analysis results
provided by the OpenModelica software is discussed. The open-source software OpenModelica application in this study proved
to be a user friendly software that is capable of modelling and analyzing a power system network in a timely manner.

Keywords Wind energy; Power system stability; Renewable integration; Automatic voltage regulator; Speed governor
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1. Introduction

The wind energy industry has expanded widely over the last
20 years. It initially started growing in Europe and the USA.
The growth continued, and recently Asia and the USA are
experiencing the most rapid and wide expansion. According
to the Global Wind Energy Council (GWEC) 2019 annual
report [1], wind installation boomed in 2018, reaching total
new installations of 60.4 GW. This implies that the year 2019
is the largest second year in history, after 2015, for new wind
installations [1, 2]. Moreover, it is expected that the industry
will witness a robust continued growth. This is depicted in
Fig.1, showing an expected average of 4% Compound Annual 2019 2020e  2021le 2022 2023 2024e
Growth Rate (CAGR) of onshore and offshore new wind *Ofishore  ®Onshore

installation capacity for the coming 5 years. It is worth noting
that this is a pre-COVID outlook of the market; thus, the
COVID impacts on the market are still to be assessed. Wind
power is and will continue to play, a major role in fulfilling a
low carbon energy market and reducing emissions worldwide.

Fig. 1. GWEC new installations expectations for the
wind market for the following 5 years [1]
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In addition, the wind industry is continuously progressing
so as to reduce the levelized cost of electricity, which is
considered an accomplishment that strengthens the role of the
wind industry [1]. This vital role and increased growth of wind
energy introduce challenges to its integration in the power
system.

The main contribution of this paper is to elucidate how to
use an open-source software to model the studied network
with its various components, including controllers, and a
renewable energy resource, which is the wind turbine. The
steady-state impact of integrating a wind turbine is
investigated. Moreover, the voltage dependency of the wind
turbine power is examined. The computation time for the
voltage dependency study is recorded to investigate the impact
of the increase in complexity of the formulas governing the
wind turbine power voltage dependencies on the computation
time. The rest of the paper is organized as follows. Section 2
presents a literature review of the recent relevant research
work. Section 3 provides the methodology used, a description
of the proposed system and its model, and an analysis with and
without controllers using the OpenModelica software. Section
4 presents an analysis of the model with wind turbine
integration. The wind turbine power voltage dependency of
the system is also investigated. Finally, section 5 concludes
the paper.

2. Literature review

Several research works were conducted to address the
different wind power generation technical and operational
challenges due to the intermittency of the wind energy
resource [3-35]. These challenges include sustaining the
voltage and frequency of the power system at stable values
during intermittent and fluctuating conditions of the wind
resource. In [3] a steady-state analysis is presented for a
transmission system with integrated renewable energy
resources including 4 wind turbines. Also, a fault is introduced
in the system to study the dynamic behavior of the network
with renewable integration. The PSSE software is used for the
simulation. Moreover, [4] proposes innovative technologies
and discusses operation techniques for large scale, distributed
wind power. Furthermore, [5] describes the technical
challenges of the penetration of renewable energies in the
distribution network as well as the transmission network. It
addresses specifically the challenges associated with wind
integration in the transmission network, such as voltage
stability, rotor angle stability, frequency stability, and
planning of ancillary services. In addition, [6] provides a
description of wind energy technologies, different types of
wind turbines, the power flow model of wind turbines, and the
challenges facing implementation and integration of wind
energy systems. In [7] a wind farm is simulated and analyzed
as an isolated model as well as a grid integrated model using
Simulink software. The analysis addressed the wind generator
instabilities via symmetrical, asymmetrical, and dynamic
voltage tests. In [8] a steady-state stability study of a weak
distribution system is performed with and without the
integration of a double fed, induction generator, wind farm.
Transient stability for faults as 3 phase faults and unexpected
load tripping is also performed. The simulation is done using
the DigSilent PowerFactory software. Moreover, [9]

investigates how the integration of wind power generator into
a 37-bus radial system impacts the operation, with a focus on
analyzing the steady-state bus voltages stability. The PSAT-
Matlab software is used for simulating the system with and
without various levels of wind power penetration. In [10] the
impact of grid-connected wind power on the active power,
reactive power and power factor of the power system is
assessed. The effect of the grid-connected wind power on the
system stability is also analyzed. Additionally, [11] studies the
effect of wind power uncertainty and fluctuation on the
accuracy and stability of the reactive voltage of the grid. The
paper proposes a partitioning method of the grid voltage for
analyzing the stability of the system. In the present work, a
steady-state stability analysis study of the standard IEEE 9 bus
network is performed with and without using Automatic
Voltage Regulator (AVR) and Speed Governor (GOV)
controllers. This analysis considers the stability of the system
with and without the integration of a wind turbine. In [19] the
authors assess the voltage stability of the power system with
increased penetration of renewable wind energy. The voltage
stability limit is determined using the active power voltage
analysis. The analysis is carried out with increased wind
penetration in the grid under normal and contingency
operations. The IEEE 14 bus system is simulated using
DigSilent PowerFactory software for validation. Also, [20]
presents a method to attain the bus voltage stability for power
systems with wind power penetration. The paper proposes a
line index method to determine the weak buses in the system
where voltage drops lead to bus voltage instability, and
corrective actions to compensate for serious voltage drops.
Validation of the line index method is performed by
simulating the IEEE 14 bus system using the PSAT. In [21],
the authors investigate the effects and influence of the increase
of wind energy penetration on the stability of the power
system. The small signal stability of a power system with an
integrated wind power plant is evaluated using the eigenvalue
analysis. An automatic voltage regulator and a power system
stabilizer are added to the system and different combinations
of both are used to alleviate the undesirable variations and
alterations. Likewise, [22] proposes a key performance
indicator as a tool to assess the frequency stability for power
systems with a high share of integrated wind power
generators. The proposed indicator estimates the frequency
performance change, and analyses the effect of fast frequency
response by introducing a droop based controller for the wind
generators. Besides, [23] proposes a method for a small-signal
stability analysis of power systems due to the variability of the
output power from the offshore wind power plants. The
voltage stability is assessed using an extended Prony analysis,
and the frequency stability is assessed using a swing based
frequency response metric. Additionally, in [24, 25] the
transient stability analysis for a large scale power system with
integrated off shore wind farms is addressed. A method is
developed to assess the voltage stability, rotor angle stability,
and frequency response, taking into consideration the
intermittency of the wind power plants and the type of faults
experienced in the system. In [24] short term faults are
considered in the study; whereas, in [25] the long term faults
are discussed. Furthermore, [26] evaluates the unstable
behavior of the power system with high integration of wind
parks using a voltage stability index. This is an impedance
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based stability index that can accurately detect the voltage
collapse, specially after a contingency occurs. In addition, [27]
proposes a planning model that coordinates the planning
problem of wind power plant integration and the transmission
network planning problem. The model takes into
consideration the static voltage stability as an operational
constraint to deal with the voltage issue of large-scale wind
farms in the planning stage. Moreover, [28] overviews the
probabilistic methods used for studying the small signal
stability analysis of the power system integrated with large
scale wind power, where the modelling of the dependence and
correlation between different wind power sources is
considered. Also, [29] proposes a method to overcome the
impact of the fluctuations of wind power plant connected to
the grid and the imbalance between production and demand;
first, by using a micro-grid based wind farm that is connected
to the electricity grid. Moreover, a multicellular inverter is
deployed rather than the two-level inverter so as to avoid its
limitations of introducing voltage output with high ripples.

3. Methodology and analysis

In this section, a brief illustration of power system stability
swing equation is introduced. The IEEE 9 bus system is
constructed using the OpenModelica open-source software
[36]. A steady state stability analysis is then performed. The
effect of a step increase in load on the system is analyzed.
Afterwards, the impact of using the AVR and GOV controllers
is investigated.

3.1. Power System Stability

The operating condition of the power system is
considered in steady state when all the measured/calculated
quantities that describe the operating condition are considered
constant for the analysis. Stability of the system can be
categorized to (a) steady-state stability, (b) transient stability,
and (c) dynamic stability. Steady-state stability of the power
system is the ability of the system to remain in the same steady
state operating condition, even after a small disturbance.
However, if the system experiences a large disturbance and
then returns to a significantly different but acceptable steady
state operating condition, then the system is said to be
transient stable. Hence, the steady state stability studies
investigate the stability of the system under incremental
disturbances. The nonlinear equations of the system are
approximated and replaced by a set of linear equations that are
solved using linear analysis methods to determine the steady
state stability of the system. The objective in all stability
studies is to examine whether the rotor of the machines return
to constant speed after the disturbance [37-39].

The synchronous rotor motion equation is formulated
such that the accelerating torque is equal to the moment of
inertia of the rotor multiplied by the angular acceleration.

J

where

d?6,,
dt?

=T,=Ty—T, Nm. (1)

] is the inertia of the rotor in kg.m?

0.y, is the angular displacement of the rotor with respect
to a stationary axis in mechanical radians

t is the time in seconds

T}y, is the mechanical torque supplied by the prime mover
in N.m.
T, is the electromagnetic torque in N.m.

T, is the accelerating torque in N.m.
For steady state operation Ty, equals T, and Ty, is zero.
Op = Wsmt+ O (2)

where gy, is the synchronous speed of the generator in
rad/s and &, is the angular displacement of the rotor in
mechanical radians.

Derivatives of Eq. (2) are:

ao as

dtm = Wsm + dtm @)
dz e dzé

dtm = Wgm t dtm “)
Substituting Eq.(4) in Eq.(1)

dzs
Ji dtzmz To=Tn— T, )
Since w, = d6y/dt (6)
Then by substituting Eq. (6) in Eq. (1) we obtain

d?6,

J oy P P, = P, — P, Watt @)
where

Py, is the shaft power supplied by the prime mover

P, is the electrical power output

P, is the accelerating power which accounts for any
unbalance between those two quantities

J wyy, is the angular momentum of the rotor and at
synchronous speed Wgyy, it is given by the symbol M which
is measured in J.s /rad. And thus Eq. (7) can be written as
follows

d?6m,
dt?

M

=PFP=P,— P ®)

Defining the inertia constant as

stored kinetic energy in megajoules at synchronous speed

H = - —
machine rating in MVA
1 1
=] w? “Mw
and H=2—""=2_"""MJ/MVA (9)
Smach Smach
2H
Thus, M =— S;,0cn MJ/mech rad (10)
Wsm
Substituting for M in Eq.(8) we obtain
2H &8 _Pa _ PmPe (11)
wWeym dt Smach Smach

Expressing the formula in per unit it can be written as
follows

2H ay _

ws dtz

P, = P, — P, perunit

(12)
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Taking into consideration that wg and § are expressed in
the same units, whether mechanical or electrical radians or
degrees. H and t are in seconds. P,, P,,, and P, are in per unit
with the same base as H. w; is the synchronous speed in
electrical units. Equation (12) is known as the swing equation
of the machine and it is the basic equation in stability studies
for representing the rotational dynamics of the synchronous
machines. It is 2™ order differential equation and it can be
expressed as two 1% order differential equations as follows

2H dw

o, dr Py, — P, perunit (13)
as
T W s (14)

where w, wg, and 6 are in electrical degrees or radians.

The swing equation is solved to determine the stability of
a machine in a power system [37].

3.2. Proposed System

The IEEE 9 bus system is simulated using the
OpenModelica open source software, the circuit is constructed
using the OpenModelica components as depicted in Fig. 2.
The IEEE 9 bus system is composed of 9 buses, 6 lines (line
45, line56, line 67, line78, line 89, and line49), 3 transformers,
3 loads (at buses 5, 7, and 9), and 3 generators (buses 1, 2, and
3) [40].

The components are organized and connected using drag
and drop from the appropriate libraries; from Open iTesla
Power System Library (OpenIPSL), as well as from a
Technical University of Delft library named DelMod. The
square added in the upper left corner of the circuit presented
in Fig. 2 is a system base card that provides the base values
for the frequency and the apparent power in Mega Volt
Ampere (MVA) of the system.

The generator was the only component that was built as a
separate model. It is constructed as a 4" order generator and
represented with a customized icon; afterwards, it was
connected to the rest of the IEEE system components. It is
noted that all the loads are voltage-dependent loads except for
load 7 which is a scaled load with a step input at t = 50 s of the
simulation. This step input simulates an increase in the load at
the 50™ second.

For the analysis, the connections of the components are
checked before the simulation is run. Afterwards, a simulation
for 150 seconds of the test system is run to investigate the
impact of the increase in load due to step input. The voltages
of the 3 buses connected to the generators are plotted.
Moreover, the frequencies (rotor speed) of the 3 generators are
also plotted.

Fig. 2. IEEE 9 bus system in OpenModelica

A simulation output window is obtained when the 150
seconds simulation is finished, as shown in Fig. 3. Once the
simulation is finished, we are directed to a plot area to
visualize the results. Results obtained can be plotted in the plot
area shown in Fig. 3, and different parameters can be saved as
a .csv sheet and plotted using other tools.

A OV Gl G Bl

PERR 985 XPL-IP a4 % Y
i

o - - i | 8o | @obuso

Fig. 3. IEEE 9 bus system finished simulation interface

To add the controllers, the previously constructed 4th order
generator model is adjusted. First, an automatic voltage
regulator (AVR) is connected to the generator as depicted in
Fig. 4 and the system behavior observed. Afterwards, a speed
governor (GOV) controller is used in addition to the AVR as
illustrated in Fig. 5 and the system behavior is again observed.
For the analysis, a simulation of 150 seconds is run to
investigate the impact of the increase in load 7 due to the step
input introduced at t = 50 seconds with and without using the
AVG and GOV controllers. The voltages of the 3 buses
connected to the generators are plotted in Fig. 6. Moreover,
the frequencies (rotor speed) of the 3 generators are also
plotted in Fig. 7 with and without using controllers.

3.3. Model analysis using AVR and GOV controllers -
Generators bus voltages

The values of the voltages for bus 1, bus 2, and bus 3 are
saved as .csv and then plotted. Figure 6 depicts the voltage
values for the system first when no controllers are used (a),
then when AVR is used (b), and finally when both controllers
AVR and GOV are used. The voltages in per unit are plotted
against the simulation time in seconds.
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It is observed that a rise in the load value, introduced by
the step input to the scaled load 7 at t = 50 seconds caused a
drop in the voltage at the generators buses when no controllers
are used as presented in Fig. 6(a). This drop is observed until
the end of the simulation time (150 sec), reaching minimum
values of 1.0158 p.u (16.11 V), 0.9597 p.u. (16.85 V), and
0.9695 p.u. (13.05 V) for the three buses 1, 2, and 3,
respectively. It is also observed that Vi has a different higher
initial value than V> and V3, where its curve starts at the higher
initial value of 1.04 p.u. rather than 1.025 p.u. for V2 and V3.

The rationale for this is that the amount of power
generated from the generators in the network is fixed P =V x
I. As the load increases (load 7 via step input) the current I
drawn by the load increases accordingly. As the power is
maintained constant and is not increased, a constant P with the
increase in current (I) implies a drop in the voltage (V) as
observed.

,,,,,,,,,,,,,,,,,

Fig. 4. The generator Modelica model with AVR controller
added

Fig. 5. The generator Modelica model with AVR and GOV
controllers added

When the AVR is introduced the voltage drop, caused by
load increase, occurred transiently for few seconds with a few
oscillations, and then the pre-disturbance values of the voltage
at the 3 buses are retained once more as illustrated in Fig. 6(b).
In Fig. 6(c) where both the AVR and the GOV controllers are
connected, it is observed that the voltage drop and oscillations

due to the load increase are more in amplitude and duration
than the previous case with no GOV controller. After
oscillating for a few seconds again the voltage values at the
three buses are returned to their pre-disturbance values. The
AVR adjusts the output voltage of the generator by comparing
it to a reference value, and the difference, which is the error,
is compensated for by controlling the generator excitation
field current.

3.4. Model analysis using AVR and GOV controllers -
Generator bus frequencies

The values of the frequencies are investigated through
investigating the generators rotor speed () as

f=£?w (15)
Where P is the number of poles and ® is the rotor speed in

rpm.
Thus, for Gen 1, Gen 2, and Gen 3, the rotor speed values are

saved as .csv and then plotted as depicted in Fig. 7. The values
in per unit are plotted against the simulation time in seconds.
It is observed in Fig. 7 (a) without using controllers, that a rise
in the load value, introduced by the step input to the scaled
load 7 at t = 50 seconds caused a drop in the frequencies at the
generators buses, i.e. generators rotor speed reaching
minimum values of 0.946002 p.u (47.3001 Hz), 0.946004 p.u.
(47.3002 Hz), and 0.946003 p.u. (47.30015 Hz) for the three
buses 1, 2, and 3 respectively.

The drop is observed until around t= 100 seconds. Afterwards,

the rotor speed started to rise, but it did not return to its

nominal value before the end of the simulation time (150 sec).

From Fig. 6 (a) the values of the voltages at these buses started

to stabilize also around t= 100 seconds, and no more reduction

in the voltage values are observed.

The power is supplied by the stored kinetic energy of the rotor

represented in the form of real power P as follows
K=%I.w? (16)

where I is the inertia and w is the rotor speed in rpm.

When the load increases more torque is needed from the

generator side, if not supplied and as the mass of the rotor is

constant, with the increase in load its stored kinetic energy

starts to drop, thus the rotor speed @ also drops.

The drop of frequency is also observed when the AVR
controller is connected to the generator, as presented in Fig.
7(b). The GOV controller addition improved the response of
the frequency of the system as shown in Fig. 7(c).

Figure 7(c) illustrates the drop and oscillations of the

frequency starting at the 50" second; afterwards, steady-state
is obtained and the frequency stabilizes. The drop and
fluctuations are observed until about t = 90 seconds.

Afterwards, the rotor speed started to stabilize again, but it
does not return to its nominal value (pre-disturbance value)
before the end of the simulation time (150 sec).
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Fig. 6. Generators buses voltages (a) Using no controllers (b)
Using AVG controller (¢) Using AVG + GOV controllers

From Fig. 6 (b) and Fig. 6 (c) the values of the voltages at
these buses started to stabilize around t = 90 seconds, and no
more fluctuations in the voltage values are observed. The 3
generators speed curves coincide as they are identical and
working at the same nominal frequency value 50 Hz.

The generator mechanical power is not a function of
frequency. During steady-state continuous operation, the
GOV controller is used to adjust the mechanical output power
without varying the frequency. On the other hand, the load
active power is frequency dependent. An increase in load
power causes a reduction in frequency and vice versa. In other
words, the power is inversely proportional to the frequency i.e.

1 . ..
Pa 2 The GOV controller is thus used to maintain a constant

speed and accordingly constant frequency via controlling the
prime mover fuel.
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5 1
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30,99
el
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s
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Fig. 7. Generators rotor speeds (frequencies) (a) Using no
controllers (b) Using AVG controller (¢) Using AVG + GOV
controllers

4. Model analysis with wind turbine integration

In this section, the IEEE 9 bus system constructed and
simulated in section 2 is once more simulated here, adding a
renewable energy resource, which is a wind turbine. The
circuit used is depicted in Fig. 8, where the wind turbine is
connected to bus 12.

For the analysis, a simulation for 100 seconds of the

system is run to investigate the impact of the integration of the
wind turbine into bus 12 of the system.
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Fig. 8. IEEE 9 bus system with integrated wind turbine
modelled in OpenModelica

First, an assumption of constant wind speed is used for
the analysis. Afterwards, variable wind speed is fed to the
wind turbine for the analysis. For both cases, the output power
of the 3 generators and the wind turbine are plotted. Also, the
voltages of the wind turbine bus, as well as the 3 buses
connected to the generators, are plotted. Moreover, the
frequencies (rotor speed) of the 3 generators are also plotted.

4.1. Constant Wind Speed

A constant wind speed of 19 m/s is fed to the wind turbine
connected to bus 12 using a constant block with k=19. Figure
9 depicts the real power of the wind turbine at bus 12 and the
3 generators. It is shown that minimal oscillations are
observed for power generated from the 3 generators at the
beginning of the simulation. This is rapidly restored, as this
system has 2 controllers, the AVR and the GOV. The impact
of the AVR controller is illustrated in Fig. 10 where the
voltages of the buses 1, 2, 3, and 12 are returned to their initial
values and stabilize around the 30" second after experiencing
the fluctuations at the start. As elaborated earlier, the values of
the frequencies are investigated through studying the

generator rotor speeds (w). These are plotted in Fig. 11 and
the oscillations experienced at the start are controlled and
returned to a stable constant value around the 40" second via
the GOV speed controller. The 3 generator speed curves
coincide as they are identical and working at the same nominal
frequency value of 50 Hz.

4.2. Variable Wind Speed

A text file is used to input varied wind speed values to the
wind turbine connected at bus 12, simulating a more realistic
scenario. The wind speed takes variable speed values with a
maximum value of 21.3 m/s and a minimum value of 11.5 m/s.
The function relating wind turbine power to wind speed is
. 1

givenby P = S P Av3Cp (17)

Where p is the air density in kg/m?®, A is the area swept by
the blade in m?, v is the wind speed, and Cp is the power
coefficient of performance.

Genl.P Gen2.P Gen3.P e Genl2.P
5 2
s
515
3
o
a 1
[
=
go,s
2 W —_
S o
©
9] 0 20 40 60 80 100
$-05
U]
1 time(s)

Fig. 9. Generators real power output of the IEEE 9 bus
system with constant speed wind turbine

11 busl.V bus2.V bus3.V bus12.V
31,08
=
31,06
2 |
=
£1,04 V;r'w‘
wv
4 L300 Vi
21,02 L

1

0 20 40 time(s) 60 80 100

Fig. 10. Generators buses voltages of the IEEE 9 bus system
with integrated constant speed wind turbine

Genl.w Gen2.w Gen3.w

Generators Frequency (rotor

0 20 40 time(s) 60 80 100

Fig. 11. Generators rotor speeds (frequencies) of the IEEE 9
bus system with integrated constant speed wind turbine

This formula implies that the wind turbine available output
power is directly proportional to the wind speed cubed.

This is depicted in Fig. 12 where the turbine active power
varies according to the variation of the input wind speed.
Figure 13 shows the real output power of the 3 generators in
the system, illustrating how the variation in wind speed affects
the output power, where distortion is noticed in the values of
the output power of the 3 generators throughout the whole
simulation duration (100 s). Afterwards, it is illustrated in Fig.
14 and Fig. 15 how the voltage and the frequency of the
generators, respectively, are affected by the wind speed
variation. The distortion of the voltage and frequency are
noticed during the simulation period, rather than stabilizing

1207



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

S. Omran and R. Broadwater, Vol.10, No.3, September, 2020

after a few seconds as shown in the previous constant wind
speed case.

4.3. Analysis of the Wind Turbine Power Voltage dependency

The wind turbine power dependency on the terminal voltage
are represented as follows

P = POValphap Q — QOValphaq (18)
Relating Eq. (17) and Eq. (18), it can be noted that as the wind
speed increases higher levels of voltage are to be generated
[41]. To investigate the voltage dependency of the wind
turbine active and reactive power to the terminal voltage, the
system was simulated using different values of the parameters
alphap and alphaq in a step of 0.5 and the behavior of the
system was plotted. Figure 16 presents the voltage of the wind
turbine for different values of alphap and alphagq.

Wind Turbine Active Power Wind Speed
0 25
0 20 40 60 80 100
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20

L902 —
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2 £
503 15—
o el

(]
S04 g
B 102
<.0,5 05
@ £
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S-06 =
=1 5
[

0,7
0,8 0

time(s)

Fig. 12. Real output power of the wind turbine connected to
the IEEE 9 bus system for varying wind speed
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Fig. 13. Real output power of the generators of the IEEE 9
bus system with varying speed wind turbine
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It is noted that an increase in the alphap and alphaq
parameters causes minimal reduction in voltage values. Fig.
17 depicts the wind turbine active power, where it may be seen
that an increase in alphap and aplhaq values causes a
significant increase in the active power values with an average
increase rate of 12.15% from alpha =0 to alpha =2. Figure 18
illustrates the wind turbine reactive power, again an increase
in alphap and alphagq resulted in a significant increase of the
reactive power values with an average increase rate of 12.15%
from alpha =0 to alpha =2. As alphap and alphaq have similar
values they are referred to in the figures as 1 parameter, alpha.

For the computation time, the OpenModelica software is used
to simulate the IEEE 9 bus system with an integrated wind
turbine on an Intel® Core™ i7 @ 1.73 processor with a 4 GB
installed memory on a 64-bit MS Windows® operating
system. It is worth noting that 2 iterations of runs were
implemented on the same system and the results are recorded
in Table 1. From Table 1 it is observed that for a value of alpha
greater than 0 the computation time is larger than that used for
the case when alpha equals 0, but the discrepancy is in the
range of few seconds. The computational time is highest for
[2,2], and lowest for the [1,1] case of alphap and alphaq.
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5. Conclusions

This paper aims to present how to use an open-source
software to model a standard power network, and to perform

a steady-state analysis while integrating a wind turbine into
the network. The IEEE 9 bus system is simulated using the
OpenModelica software.

First, the steady-state stability of the system is analyzed
with and without controllers. It was concluded that
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introducing an increase in the load at bus 7 caused a decrease
in bus voltages in the network. And the same goes for the drop
in frequency (rotor speed) of the generators, which is expected
when the generation is less than the required power to be
supplied to the load. Thus, the AVR is used to maintain the
voltage values at generator buses to their initial pre-
disturbance values by controlling the generator excitation field
current. The GOV maintains the speed of the generator
constant, and accordingly the frequency, by controlling fuel
fed to the prime mover. In this study, to alleviate reduction in
frequency due to load increase, the fuel of the prime mover
was increased.

Afterwards, the steady-state stability is investigated when
integrating a wind turbine into the IEEE 9 bus system. It was
concluded that a distortion of the system voltage profile and
frequency occurred when integrating renewable energy
generators, specifically a wind turbine. This is mainly due to
the variability of the natural energy resource. A comparison is
performed between a scenario with assumed constant wind
speed and a more realistic scenario with variable wind speed.
It was observed that the variability of wind speed is the reason
for the distortion obtained when integrating a wind turbine at
bus 12 in the IEEE 9 bus system. The power generated from a
wind turbine is directly proportional to the cube of the wind
velocity. When considering the voltage dependency of the
wind turbine power, it is noted that as the dependency
increases (increased values of alphap and alphaq parameters)
the wind turbine generated real and reactive power increase.
Moreover, the computation time also increases with the
increase in dependency due to the increase in complexity of
the formulas governing the wind turbine power voltage
dependencies.

The open-source software OpenModelica application in
this study proved to be a user friendly, efficient software that
is capable of modelling and analyzing a power system network
in a timely manner. The authors intend to apply the software
for simulating larger systems in the future to investigate its
capability to handle real-life large power systems. Moreover,
the authors plan to perform a comparative study with graph
trace analysis [42].

Table 1. Computation time for running the IEEE 9 bus
system with wind turbine at different values of alphap and

alphaq (alpha)
alpha 0 0.5 1 1.5 2
iter 1 time (s) 74.26 77.55 772 79.12 79.34
iter 2 time (s) 74.88 78.4 76.96 79.16 88.1
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