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OZET

SEBEKE BAGLANTILI RUZGAR SANTRALLERININ GERILIM KARARLILIGI
ANALIZI: TRAKYA ILETIM SISTEMININ INCELENMESI

Olcay Bugu Bekdikhan
Elektrik-Elektronik Miithendisligi

Tez Danismani: Prof. Dr. M. Emin Tacer

Agustos 2014, Sayfa 77

Fosil kaynaklarin azalmasi ve enerji ihtiyacinin artmasi yiiziinden son yillarda alternatif
enerji kaynaklar 6zellikle riizgar enerjisi oldukga ilgi cekmeye basglamigtir. Ancak bu
kaynaklar sebekeye baglandigi zaman baz1 gii¢ kalitesi problemlerine sebep olmaktadir.
Bu problemlerden en 6nemlisi gerilim kararliligidir. Gerilim kararlili1 problemlerinin
¢Oziilmesi i¢in calismalar hala devam etmektedir.

Tiirkiye’de devlet tesvigiyle, son on yilda riizgar enerjisi yatirimlart oldukg¢a artmustir.
Ancak riizgar santrallerinin Tiirkiye’nin enterkonnekte elektrik sistemine baglandiginda
sebep oldugu gii¢ kalitesi problemleri ile ilgili caligmalar yetersizdir. Bu tezde en
onemli gii¢ kalitesi problemi olan gerilim kararlilig: arastirilmistir. Ilk olarak statik ve
dinamik gerilim kararlili§i analiz metotlar1 incelenmistir. Statik gerilim kararlilig1
analizi i¢in siiregelen gii¢c akis1 yontemi uygulanmistir. Daha sonra dinamik analiz i¢in
zaman domeni benzetim ¢alismasar1 incelenmistir.

Biitlin benzetim ¢alismalar1 i¢in bir MATLAB toolboxi olan PSAT kullanilmistir.
Benzetim c¢alismalari ilk olarak IEEE 9 barali test sistemine riizgar baglantili ve riizgar
baglantisiz olarak uygulanmistir. Daha sonra PSAT’ta Trakya Iletim Sistemi
olusturulmustur. Buna gore iki durum senaryosu gerceklestirilmistir. Bunlardan birinde
orijinal Trakya Iletim Sistemi kullamlmistir. Ikinci senaryoda ise orijinal sistemdeki bir
konvensiyonel santral, ¢ift beslemeli asenkron generatorlii (DFIG) bir riizgar santrali ile
degistirilmistir. Siiregelen gii¢ akis1 yontemi kullanilarak iki durum iginde sistemin
maksimum yiiklenebilirlik limiti bulunmugtur. Riizgar santrali baglantisinin maksimum
yiiklenebilirligi diisiirdiigli goriilmiistiir. Daha sonra iki senaryo i¢inde sistemin ariza
sonrast davranist zaman domeni analizi ile incelenmistir. Riizgar santralinin ariza
sonrasinda daha iyi sonug¢ verdigi goriilmektedir. Ayrica, FACTS cihazlariin etkileri
dinamik analiz ile bulunmustur.



Anahtar kelimeler: Statik Gerilim Kararliligi, Dinamik Gerilim Kararliligi, Riizgar
Santralleri, PSAT



ABSTRACT

VOLTAGE STABILITY ANALYSIS OF GRID CONNECTED WIND FARMS: A
CASE STUDY IN TRAKYA TRANSMISSION SYSTEM

Olcay Bugu Bekdikhan
Electrical & Electronics Engineering

Thesis Supervisor: Prof. Dr. M. Emin Tacer

August 2014, Pages 77

Alternative energy resources especially wind energy becomes popular in recent years
because of decrement in fossil fuels and increasing energy demand. However, these
sources cause some power quality problems when they are connected to grid. One of the
most important problems is voltage stability. Nowadays, lots of studies are still
continuing for solving this.

In Turkey, with incentive of government, wind energy investments highly increase in
last decade. However, studies about power quality problems of wind farms for Turkish
electricity system are insufficient. In this thesis, voltage stability which is the most
important power quality problem was investigated. Firstly, static and dynamic voltage
stability analyzing methods were examined. Continuation power flow method for static
voltage stability analysis was applied. Then, time domain simulations were investigated
for dynamic analysis.

In order to achieve all simulations, PSAT which is a MATLAB toolbox was used.
Firstly, simulations were completed on IEEE 9 bus test system with and without a wind
farm connection. Then, Trakya Transmission System was created in PSAT. Two cases
were composed. One of them is the original Trakya Transmission System. In the second
case, one conventional power plant is changed with a DFIG based wind farm.
Maximum loadability limits of both cases were found with continuation power flow
method. It was obtained that wind farm connection decrease the loadability limit. After
this, fault ride through (FRT) capability of both cases were investigated with time
domain simulations and it was found that wind farm connection increase the FRT
capability of the system. Wind farms give better results after a three phase fault. Also,
effects of FACTS devices were obtained with the dynamic analysis.

Key words: Static Voltage Stability, Dynamic Voltage Stability, Wind Farms, PSAT
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1. INTRODUCTION

1.1 BACKGROUND

Energy demand of the world was met by only fossil fuels in last centuries. In old times,
fossil fuels were enough because industry was not developed. However, with
technological development, growing industry and increasing population, energy demand
was increased day by day. Fossil fuels which take many years for arising become
insufficient. Besides their depletion, these fuels cause environmental pollution. They are
burned while producing electricity. Therefore, lots of harmful gases especially carbon
dioxide spread. These gases which also named as greenhouse gases (GHG) increase the
temperature of world. Thus they cause climate change and global warming. As a result
of these situations, human tend to renewable energy sources such as wind, solar,
geothermal and etc. First studies were achieved by using water (Shafiullah and others
2013). However, in last decades, other renewable sources also took attention. Wind
energy is the fastest growing one. Lots of investments are made and news are planning.
In 2000, total capacity of wind plants was detected as 17400 MW. This increases to
237669 MW in 2011. It is supposed to increase more. In figure 1.1, installed wind
energy capacity cumulative distributions by years can be seen (Shafiullah and others
2013).

Figure 1.1: Installed wind energy capacity of world
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Besides their advantages, growing wind energy carries some problems with it. The main
reason of it is intermittent nature of wind. Wind cannot be predicted certainly.
Therefore, balance problem between production and consumption occurs. As a result of
this, voltage problems such as voltage swell, dips and sags came out. The most
important problem is voltage collapse because it takes long time to be fixed. In order to
avoid these, lots of studies about grid integration of wind farm were completed. Some
of them can be seen in (Chen 2005), (Bhumkittipich and Jan-Ngurn 2013) and
(Xiaodong and others 2010). Voltage stability assessments of wind farms are still a
popular subject. There are lots of analyzing methods and new solutions are developed
day after day. However, continuation power flow is the most common voltage stability

analysis method and it is preferred in this thesis.

1.2 MOTIVATION
In Turkey, energy demand is still met by fossil fuels or electricity which is exported.

However, renewable energy starts to become popular in Turkey too. Government gives
incentives for renewable energy. Because of this, investments in the energy are
increased nowadays. Wind energy is mostly preferred renewable source by investors.
Figure 1.2 includes cumulative distribution of installed wind capacity in Turkey in years

(TUREB 2014). As it can be seen, wind plant capacity increases in recent years.

Figure 1.2: Cumulative distribution of installed wind plants in Turkey for years
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Like in the other countries, this increment will bring voltage stability problems.

According to investments, wind power plant installation will more increase in future



years. However, there are few researches for voltage stability assessment of wind plants
in Turkish electricity system. In (Keskin 2007), voltage stability is examined for a
Turkish system without a wind farm. Also, in the study (Guleryuz 2010), Bursa
Transmission system is examined for static voltage stability. In this thesis, wind farms
are compared with conventional power plants and both dynamic and static voltage
stability analyzes had been achieved.

1.3 OBJECTIVE OF THESIS
The main objective of this thesis is detecting voltage stability effects of grid connected

wind farms. Also, another aim is comparing effects of conventional power plants and
wind farms when they are connected to grid. Trakya region was chosen as case study.

Both static and dynamic voltage stability analyzes will be achieved for this region.

1.4 SCOPE OF THESIS
The scope of this master thesis is investigating effects of wind farms on voltage

stability. For this purpose static and dynamic voltage stability assessment will be
applied to Trakya transmission system. For the static analyzes, continuation power flow
method will be achieved for different cases. Effects of wind farms and conventional
power plants on static voltage stability will be compared. For the dynamic analyzes,
time domain simulation will be done. Then, a three phase fault will be applied and
system behavior after the fault will be examined with and without wind farm

connection. Also, in order to improving stability, FACTS devices will be investigated.

1.5 THESIS ORGANIZATION
Thesis consists of nine sections. The first section is the introduction. In the second

section literature review is represented. In literature review, previous studies are
clarified and difference and reform of this thesis are explained. After, common wind
turbine technologies are explained in third section. Then, mathematical model of DFIG
which is selected for this project is represented in fourth section. In Section 5, voltage
stability is investigated. Then, static voltage stability analysis and dynamic voltage
stability analysis are explained respectively in section 6 and section 7. In section 8,
reactive power compensation’s effects on voltage stability are represented. FACTS
devices which are used in the thesis are explained and mathematical models of it is
given. Then, in section 9, simulation program PSAT and reliability test of it are
represented. After that, Trakya Transmission System is examined as a case study in



section 10. Continuation power flow and time domain results of the case study are

given. All results and commends are represented as conclusion in section 11.



2. LITERATURE REVIEW

Depletion in the fossil fuels, increasing population and rising energy demand cause
tendency to renewable energy resources. As a result of this, wind power plant
installation increase day by day. However, wind is an intermittent source. Production
time and amount cannot be detected certainly. This situation cause important power
quality problems especially voltage stability. When voltage instability occurs, voltage
collapse can be happened and sustainability of electricity cannot be supplied. Repairing
of the system takes long times. Therefore, voltage stability analysis of wind power
plants should be achieved properly. This analysis should be completed statically and
dynamically. With the tendency to wind energy, stability studies become more

attractive.

In the literature, lots of studies were completed about voltage stability effects of wind
farms. In the study of Aly, M.M. and Abdel-Akher, M. (2011) effects of wind power
integration to a radial distribution system were investigated. Radial system includes 37
buses. In the paper, firstly, static voltage stability assessment methods were examined.
Continuation power flow method was explained detailed. Then, continuation power
flow process applied to radial distribution system and the weakest bus was detected
according to maximum loadability results. After the detection, DFIG wind turbines were
connected to the weakest bus and their power were increased gradually. At all power
level, continuation power flow method was applied. It was concluded that increasing
wind power penetration increase the maximum loadability of the system. Also effects of
wind turbine’s power factor were investigated. As a result of this, leading power factor
was found as best choice. However, in this study, voltage stability was examined as

only statically. There is no dynamic voltage stability assessment.

In another study of Zeng, Z. and others (2009) voltage stability effects of wind farms
were investigated with and without reactive power compensation devices. IEEE 14 bus
test system was used for simulations. Firstly, maximum loadability limit of the original
system without reactive power compensation devices was found by hopf. bifurcation
analysis. This analysis was completed under normal and contingency operation. Then,

system was modified and wind penetration was supplied. Again, hopf bifurcation



method was applied and it was found that wind farm connection decrease maximum
loadability of the system. After that wind farm was operated with SVC and capacitor
banks. Then, static voltage stability analysis was found by hopf bifurcation method. As
a result of this, it was found that wind farm with SVC gives higher loadability limit
when it is compared with wind farm with capacitor banks. In this paper, effects of SVC
and capacitor banks are obtained but again only static voltage stability analysis is

completed.

(Khattara, A. and others (2013) investigated fault through capability of a grid connected
DFIG. In order to achieve this, dynamic voltage stability analysis is applied. Two
scenarios were created. First of it is DFIG connection to a transmission line and the
other is DFIG connection to a distribution line. A simple system which includes 5 bus, 1
generator, 2 transformers and 2 lines were simulated in PSAT. Then, for each case, fault
ride through capabilities after a 3 phase fault were found. In first case, DFIG was
connected to transmission network. In the second case, DFIG was connected to a
distribution network. In both cases, voltages of all buses were examined at before,
during and after fault situations. In conclusion, it was found that when wind farm is
connected to distribution network, it has a fault ride through capability. Voltage level
can reach old value after the fault cleared. However, when wind farm is connected to a
transmission network, voltage level cannot reach old value. Fault ride through capability
of wind farm becomes insufficient. In this study, fault ride through capacity of wind
farm is compared for transmission and distribution network for a simple fictive system.

Only time domain simulations are used. Static analysis is not applied.

PEA distribution system of Thailand in terms of voltage stability was examined
(Bhumkittipich, K. and Jan-Ngurn, C., 2013). Effects of new wind power plant
installation were investigated. Before and after a wind farm connection, voltage stability
of PEA was analyzed. In order to do this, continuation power flow method was applied.
MATLAB toolbox PSAT was used for simulations. As a result of CPF, maximum
loading point was found. Also, voltage magnitudes and phase angles of all buses were
calculated. Before and after wind turbine connections situations, these values were

compared. In conclusion, it was found that wind power plant installation decrease



maximum loadability limit. In this study only power flow and continuation power flow
techniques are used. Dynamic analysis or effects of reactive power compensation are no

investigated.

Dynamic stability analysis of DFIG based wind farm was completed (Abdelhalim,
H.M. and others 2013). IEEE 14 bus test system is used for simulations. A wind farm is
added to IEEE 14 bus test system’s different buses and cases are created. Also, effects
of wind farm connection point were obtained. Time domain simulation method was
used for analysis. In this study, static voltage stability analysis is not applied. As a result
of the simulations, it was concluded that wind farm connection through additional

transmission lines contributes transient stability.

Guleryuz, M. (2010) examined the voltage stability effects of FACTS devices and wind
farms. Firstly, IEEE 14 bus test system was used for simulations. Effects of different
FACTS devices (SVC, TSCS, STATCOM) were investigated on test system. Then,
Bursa transmission system was examined. Static voltage stability analysis was
completed by continuation power flow method and maximum loadability limit was
found. Then, effects of three different FACTS devices on loadability limit were
compared. It was concluded that STATCOM supply highest loadability limit when it
compares with others. After this, new wind farm installation was added the system. It
was assumed that STATCOM is used with wind farm. Then, dynamic simulations were
completed for contingency conditions and different STATCOM parameters’ effects

were obtained.

Canizares, C. and Munoz, J. (2012) made a comparison between wind farms and
conventional power plants. IEEE 14 bus test system was used for simulations. Three
different scenarios were created. One of them is original IEEE system. In the second,
one of the synchronous generators was changed with unity power factor DFIG. In the
final one, synchronous generator was changed with DFIG with terminal voltage control.
For all cases, static voltage stability analysis was completed by continuation power flow
method. It was concluded that highest loadability limit was obtained in original case.



Then for different wind power penetration level, dynamic analysis was achieved. It was
found that higher wind power penetration level contributes system voltage stability.

In this thesis, both static and dynamic analyzes of wind farms were completed. For all
simulations, PSAT which is a MATLAB toolbox is used. Firstly, in order to prove
reliability of the PSAT, IEEE 9 bus test system was used. After this, Turkish electricity
system was examined. Trakya transmission system was selected and data were obtained
from Trakya Load Dispatching Center. In this study, three cases were created. One of
them is original Trakya transmission system. In second case, one synchronous generator
was changed with a DFIG based wind farm. Thus, comparison of wind farm and
conventional power plants can be achieved. In the third case, an additional wind farm
was connected to the system. For all cases, static voltage stability analysis was done. In
the study of Guleryuz, static voltage stability analysis of wind farms is not examined.
Also, in the study of Canizares only comparison of wind farm and conventional power
plant was completed for IEEE test case. In this thesis, a real electricity system was
analyzed. Comparison of DFIG based wind farm and conventional power plants was
completed for this real system and static voltage stability analysis was completed. Also,
static analysis was done for an additional wind farm to real case. Also, in Guleryuz’s
study, FACTS devices are examined for just statically. However, in this thesis, as
distinct from Guleryuz’s study, dynamic analysis of FACTS devices and wind farms
were done. Comparison of DFIG and synchronous generator were completed
dynamically. Also, as distinct from Canizares and Guleryuz’s studies, fault ride through
capability of system was found after a three phase fault. Effects of different FACTS

devices on system behavior after a fault were obtained.



3. WIND TURBINE GENERATOR TYPES

Wind turbines can be classified as lots of different ways. According to generator types,
three common wind turbines are preferred in studies. These are squirrel cage induction
generator, permanent magnet synchronous generator and doubly fed induction
generator. Features, advantages and disadvantages of these types are represented in
following.

3.1 SQUIRREL-CAGE INDUCTION GENERATOR

One of the common wind turbine generators is squirrel cage induction generator
(SCIG). In Figure 3.1, structure of this type wind turbine is illustrated. These wind
turbines operate with a fixed or nearly fixed wind speed. This situation has both
advantages and disadvantages. The disadvantage is gearbox usage. Squirrel cage wind
turbines have to operate with a gearbox. However, gearbox has a high cost and space of
it in the nacelle is large. This is the one of the disadvantages. The main disadvantage is
reactive power consumption. Squirrel cage induction generators consume reactive
power from grid. This is harmful for especially weak grids. In order to prevent this,
generally capacitor banks are connected to generator in parallel.

Besides the disadvantages, there are also some advantages. Squirrel cage induction
generators are simple, robust and inexpensive. Besides structural advantages, there are
operational advantages too. These wind turbines operate with a fixed speed. Therefore,
they can be connected to the grid directly. Thus, frequency control is achieved without
using additional power electronic devices (Li and Chen 2008, Camm and others 2009).

Figure 3.1: Configuration of a wind turbine with squirrel cage
induction generator
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Reference: Li, H. and Chen, Z., 2008



3.2 PERMANENT MAGNET SYNCHRONOUS GENERATOR

Synchronous generators became more popular than SCIG in the last decade. The main
reason of it is high torque at the low speeds. Also, these turbines are direct drive. A
gearbox is not needed. Thus, gearbox cost is eliminated. However, these generators
separate two different types; electrically excited synchronous generator (EESG) and
permanent magnet synchronous generator (PMSG). Firstly, manufacturers tended to
electrically excited synchronous generator and many wind turbines with EESGs were
produced. Then, permanent magnet synchronous generator became more attractive
because they remove excitation losses (Polinder and others 2005). Nowadays, most of

synchronous generator wind turbines are produced with permanent magnets.

PMSGs can be used as direct drive or they can operate with a full scale power
converter. Both of them operate with variable speed. In direct drive PMSG, there is no a
gearbox. This is the main advantage of it because cost of gearbox is eliminated and also
weight of it is removed. In addition, these generators are more reliable because there are
less mechanical components than the others. However, because of gearbox’s absence,
generator operates with low speed so cost of generator is higher than geared PMSG.
Also, a frequency converter should be used before grid connection (Li and Chen 2008).

The basic configuration of direct drive PMSG is illustrated in Fig. 3.2.

Figure 3.2: Scheme of a direct drive PMSG wind turbine system
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Reference: Li, H. and Chen, Z., 2008

PMSGs are also used with a gearbox. Nowadays, geared PMSG with full-scale power
converter becomes more popular than the direct drive PMSG. In direct drive PM
technology, generator operates with low speed because gearbox is removed. Unlike
them, in order to get high speeds, single stage gearbox is used in geared PMSG. This is
the main reason of increasing popularity. Even single stage gearbox has some

disadvantages too, it is better than the other gearbox types because less mechanical
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components are used. Also this type is efficient and robust too. However, power
electronic converters should be used and this increase losses (Li and Chen 2008). A

simple scheme of geared PMSG is given in Fig. 3.3.

Figure 3.3: Basic configuration of PMSG with a single stage gearbox
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3.3 DOUBLY-FED INDUCTION GENERATOR

In recent years, for wind turbine application, doubly-fed induction generators (DFIG)
become more attractive. The main reason behind it, DFIG’s can operate under wide
range variable wind speed. A gearbox and a back to back converter are included in the
basic structure of these wind turbines. They are called as DFIG because both of stator
and rotor windings are connected to the grid. However, since stator is directly connected
to the grid, rotor of DFIG is connected to a back to back converter via slip rings and
then to the grid. Thus, when speed of the generator is higher than the synchronous
speed, direction of the power transfer is from stator to the grid. If speed of the generator
is below the synchronous speed, power is consumed from the grid (Camm and others

2009). This concept can be seen clearly in the Fig. 3.4.

Figure 3.4: DFIG based wind turbine configuration
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Controlling active and reactive power separately is a major advantage of DFIG’s

besides operating under wide range wind speed. Reactive power can be controlled with

11



grid side converter thus it isn’t depending on the operation of generator. This situation iS
increase the performance (Li and Chen 2008).

There are also some disadvantages of the DFIG. Structure of it is more complicated
than the other applications. For example, a lot of mechanical components are included.
One of them is gearbox. In DFIG, multi-stage gearbox is used so cost and the weight of
the turbine is increase. Also, it cause heating and noise. The other significant
mechanical component is slip ring. It should be maintained regularly. In addition, at the
fault condition, control strategies can be more complex than the other types (Li and
Chen 2008).

12



4. MATHEMATICAL MODELS OF WIND TURBINES

In all wind turbine applications, kinetic energy of the wind is converted. Kinetic energy
is converted to the mechanical energy in turbine blades and then this mechanical energy
is converted to the electrical energy in wind turbine generator. In this thesis, voltage
stability analysis of electricity which is produced from wind will be achieved.
Therefore, for analyzing a DFIG based wind farm, firstly mathematical model of it
should be established.

4.1 AERODYNAMIC MODEL

First energy conversion in wind turbine technologies is kinetic energy to mechanical
energy. Wind comes to the turbine blades with a speed and blades start to rotate. Then,
movement of blades turns the rotor and mechanical energy is obtained. This conversion
is same for all different wind turbine types. The kinetic energy of air can be calculated

from:
Kinetic Energy = %mV2 4.1)

Also, power of the air is flow rate of kinetic energy per second and it can be extracted

from 4.1 as:
P = % (mass flow rate per second)V? (4.2)

However, speed of upstream wind which is at entrance on the blades and speed of
downstream wind which is at behind the blades are not equal. Therefore, Eqg. 4.2 is

renewed as:
P= %(mass flow rate per second) (V2 — V%) (4.3)

Also, Mass flow rate can be found from following formula:

V+ 1,
2

Mass flow rate = p. A - (4.4)
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where:
A v (K8
p: Air density (*5/,_5)

A: Swept area (m?)
Area which is captured by turbine blades is called swept are and it depends on the
length of blade. In the fig. 5, it is illustrated.

Figure 4.1: Swept area configuration of turbine blades
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When Eq. 4.4 is substituted to Eq. 4.3, following formula is extracted:
1 3
P =2 pAV3C, (4.5)
where:

_ avpa-(2))

Cp .

Cp can be defined as power coefficient of the wind turbine. It occurs because of the
wind speed difference between entrance and behind of turbine. Therefore, it depends on

turbine pitch angle (B) and the tip speed ratio (4).
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Cp can be calculated from lots of different non-linear functions. However, all of them

depend on g and A. Following formula is one of the most popular (Jing 2009).

116 —12.5//1.
C, = 0.22 (/1—1 — 048 — 5) e I (4.6)

In theory, according to Betz law, it cannot be exceed 0.59. It means that none of wind
turbine converts more than 59% of kinetic energy to mechanical energy. However, in
real applications, the maximum C, value is between 0.4 and 0.5 (Ofualagba and Ubeku
2008).

4.2 MATHEMATICAL MODEL OF DOUBLY-FED INDUCTION
GENERATOR

Nowadays, Doubly-Fed Induction Generator (DFIG) is most popular for wind turbines.
The reasons of it and its properties were described in section 1.3. Therefore, DFIG
based wind farms are examined in this thesis. DFIGs generally are wound rotor so they
have slip rings. Like squirrel cage induction machine, speed of magnetic field and speed
of rotor aren’t same so they have different positions. Therefore, equations of rotor and
stator are not same. These dynamics of DFIG were expressed in many studies (Pierik
and others 2004, Jing 2009, Luna and others 2011). Mathematical model of DFIG is

expressed in followings.

For stator;
Vg = Rgi, + d;pta
v, = Rgip + % (4.7)
v, = Rgi, + dd(ic
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For rotor;

Vg = Rplg +——

Uy = R?"ib +

Ve = Ryi. +

dt

doyp

= (4.8)

do,

Also, eg. 4.7 and 4.8 can be written in matrix form. Resistance and inductance matrices

for both stator and rotor are below:

Ry 0
R#be = [0 Rq
0 0

R, 0
R&be = [ 0 R,

0 O

Ls Lms

Lcslbc = Lms Ls
Lms Lms

L, Lmr

Lgbc = Lmr Lr
Lmr Lmr

where:

L : self-inductance of stator windings

L, : self-inductance of rotor windings
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0
0 ] (4.9)
R
0
0 (4.10)
R,
Lms
Lins (4.11)
S
Lmr
Lmr] (4.12)
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L.ns : magnetizing inductance of stator windings
L. : magnetizing inductance of rotor windings

These inductances can be gathered as:

[ Ls Lms Lms Lsr Lsr Lsr 1
Lms Ls Lms Lsr Lsr Lsr
L L L L L L
L — ms ms S Sr ST Sr 413
=10 Ley Lee Le Lo L (+13)
LTS LT‘S LT‘S Lmr LT Lmr
-LTS LTS LTS Lmr Lmr LT
Also, eq. 4.13 can be separated in four sub-matrices.
Ls L
L =[ s Sr] 4.14
L= 7 (4.14)

Ly, can be defined as:

21 21 T
cos(6,) cos(6, + ?) cos(6, — ?)

2 2n
Lg = Mg, |cos(6, — ?) cos(6,) cos(6, + ?) (4.15)

2 21
_cos(@r + ?) cos(8, — ?) cos(6,)

Inductance between rotor and stator (L, ) is equal to transpose of inductance between

stator and rotor (Lg,.).

21 2T
cos(6,) cos(8, — ?) cos(6, + ?)

21 21
Lys = (Lsy)" = Mgy | cos(6, + ?) cos(6,) cos(8, — ?) (4.16)

2m 21
_cos(@r — ?) cos(6, + ?) cos(6,)

Now, flux linkages can be expressed as:
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rPas Ls 0 0 las
Pps 0 Ls 0 Lsr ibs
Pes _ 0 0 Ly les
Qoar LT 0 0 I:ar
Por Lo 0 L. Offbr
~Perd | 0 L, LIt

(4.17)

It can be clearly seen that flux linkages depend on Lg,. Also, from 4.15, L, depends on

rotor position 8. Rotor position 6 changes with time. Therefore, L, and accordingly

flux linkages depend on time too. In order to make nonlinear time independent

equations, these equations should be referred to a reference frame. Thus, simulations

can be achieved more quickly. Therefore, Park’s transformation or dq0 transformation

is used. The purpose of Park’s transformation can be explained as transforming stator

variables to a dg reference frame and this dg frame is fixed to the rotor. Park’s

transformation matrix is below (Kundur 1994, Tacer 1990):

i p (0 2n> (9 N Zn) ]
cos cos 3 cos 3
2 21 21
[P] = 3 —sinf —sin (9 - ?) —sin (0 + 5
1 1 1
2 2 2

where;
0: angular displacement of Park’s reference frame

Park’s transformation is applied as:

fd fa
fa| = [P1|/»
fo fe

)

(4.18)

(4.19)

Park’s transformation is used for making time and position independent equations.

Therefore, in eq. 4.18, f can be i, v or ¢. Voltage equations are defined at eq. 4.7 and

4.8. Transformation is applied as:

[quo] = [P] [vabc]
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For stator;

d
[vquS] = [P]Rigpcs + [P] E [Pabes] (4.21)

In eq 4.20, igpes = [P] Higqo @and , @apes = [P17 @aqo. When they are applied, eq 4.20

is rewritten as:

[quOS] = [P]R[P]_liquS + [P] % [P]_l[(pquS] (4-22)

However, multiplication of a matrix and its inverse is equal to unit matrix so eq. 4.21

can be rewritten as:

d
[quOS] = Riqus + [P] a[P]_l[q)qus] (4.23)

According to product rule of derivative, eq 4.22 is renewed as:

. d d
[vquS] = Rlqus + = [Qoqus] + [P] = [P] 1[¢dq05] (4.24)
dt dt
where,

dae 0

d o l[ dt ]
PGP =las

T
0 0 0

In the above matrix, Z—f is changing of 8. With @, position of the rotor is specified.

Therefore, changing in 8 gives angular velocity of rotor. It means w = Z—f . According

to this, eq 4.23 is organized in matrix form as:

Vas] [R 0 O][las] [0 —w O][Pas] g [Pas
Vgs|=10 R O iqs +|w 0 0f|Pqs|+ E Pgs (4.25)
Vos 0 0 Rlligg 0 0 0lLlPos Pos
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When they are written in equation form, all voltages are expressed as:

d
Vgs = Rigs — wWPgs + E(pds (4.26)
) d
Vgs = Rigs + w@gs + at Pas (4.27)
) d
Vos = Rips + EQDOS (4.28)

From eq.4.20 to eq4.23 is same for the rotor. However, for rotor, w — w, = 2—?. In here;

w is again rotational speed of reference frame
w, 1s rotational speed of the rotor

According to this, eq 4.24 can be written for rotor as:

Vgr R 0 O0][lar 0 —w—w, 0][Par Par
Vgr|=10 R O iqr +|lw— Wy 0 0f|Pqr|+ a Paqr (4.29)
Vor 0 0 RIlip, 0 0 01 L@Por Por
Also, it can be written as equation form:
) d
Var = 0= Rig, — (w_wr)(pqr + a‘pdr (4.30)
) d
Vgr = 0 = Rig, + (W—wr)Par + a‘pqr (4.31)
) d
UOT = O = RlOT + E(por (432)

Expression on the above is for rotor of DFIG. After all transformations, torque equation

can be defined. Electrical torque is:

3/P ] ]
T, = E (E) (q)qudr_ (pdrlqr) (4.33)

In here, p is the number of poles.
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J—7 =T —Twn) (4.34)
where;
J: moment of inertia
T,,: mechanical torque (torque which is connected to shaft)

From these torque equations, following active and reactive power equations can be

obtained.
PS = vdsids + vqsiqs (440)

Qs = vdsiqs - vqsids (441)
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5. VOLTAGE STABILITY

With technological developments and increasing population, energy demand of world is
getting increase. In order to meet this demand, lots of new power generators are put into
use. While production capacity is increasing, transmission and distribution systems are
developed too. This growth causes lots of problem. Voltage stability problem is the one
of the important. Huge electricity system networks collapse in recent years because of

the stability problems. Therefore, stability studies take attention nowadays.

In the literature, voltage stability can be defined lots of different ways. Basically, it can
be explained as keeping voltages of all buses in acceptable limits. Under normal
conditions and also after a fault, if voltages at all buses of a power system are not
exceeding the acceptable limits, system is stable. Also, voltage stability of a system can
be controlled with reactive power injection. When reactive power injection is increased,
voltages at the all buses should be increase in order to be called stable. Even one of
them decrease, system has voltage instability. There are many reasons which cause
voltage instability such as increase in load, voltage drops. However, the main reason is
reactive power demand. If power system cannot meet the reactive power demand,
voltage instability occur. Active and reactive power flow at the transmission networks

cause voltage drops and accordingly voltage instability (Kundur 1994).

Lots of different problems can cause voltage instability. These problems can affect
system’s stability in different time period. Therefore, while analyzing a power system’s
stability, these problems should be classified. VVoltage stability can be divided into four
groups: small disturbance voltage stability, large disturbance voltage stability, transient

voltage stability and long term voltage stability.

5.1 SMALL DISTURBANCE VOLTAGE STABILITY

In order to call a system voltage stable, voltages cannot exceed limits no only normal
conditions but also after fault conditions. Accordingly, small disturbance voltage
stability can be defined that system stay stable after a small disturbance occur. Increase
in system’s load is main example of small disturbances. Therefore, while this type

stability is analyzing, load characteristics are examined (Kundur 1994).
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5.2 LARGE DISTURBANCE VOLTAGE STABILITY

System faults, loss of generation and circuit contingencies are most common large
disturbance. If a power system can control all bus voltages after this type disturbance,
the system has ability of large disturbance voltage stability. While this type stability
analysis is performing, system-load characteristics and control-protection coordination
should be examined (Kundur 1994).

Both small and large disturbances occur at different time scales. Therefore, according to
their time, voltage stability can be separated as transient and long term stability. In the
following figure, some disturbance and their clearing times are specified in these two

groups.

Figure 5.1: Time response for classification of voltage stability
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Reference: Kundur, 1994

5.3 TRANSIENT VOLTAGE STABILITY
Time scale of transient voltage stability is between zero and ten seconds. Transient
voltage stability is mainly depended on induction motors. Because when a fault occurs,

electrical torque cannot meet the required mechanical torque. However, in recent years,
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effects of high voltage direct current (HVDC) links are founded. HVDC links can cause
transient voltage stability problems when used in weak systems. Also, inverters and
shunt capacitors lead to voltage instability (Padiyar 2004).

5.4 LONG TERM VOLTAGE STABILITY

Time scale of long term voltage stability is between ten seconds and two-three minutes.
Loss of large generators and contingency of a transmission line are most common
scenarios of this type stability. These situations cause reactive power losses and voltage
sags. Therefore, on load tap changing transformers and distribution voltage regulators
are used to fix these sags (Kundur 1994).
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6. STATIC ANALYSIS OF VOLTAGE STABILITY

In recent years, voltage collapse which occurs because of voltage instability cause cut-
out of huge electricity systems. When a huge system collapses, it takes long time to fix
again. Therefore, voltage stability analysis methods take attention in last decade.
Voltage stability is both static and dynamic phenomena. Most common static analysis
methods are P-V curve method, V-Q curve method, based on singularity of power flow
Jacobian matrix and continuation power flow method. This thesis focuses on
continuation power flow method. However, in order to understand it, firstly bifurcation

theory should be explained.

6.1 BIFURCATION THEORY

In a dynamic system, when system parameters are changed, structure of the phase
portrait changes. This is the basic explanation of bifurcation term. In order to examine
local bifurcations, vector differential equations which are near the bifurcation point are
analyzed. While doing this analysis, a loading parameter A should be specified. In a
power system, changing in A means system’s load changes. Accordingly, active and

reactive power changes too.

Bifurcation can be defined by eq. 6.1.
x=1—-x%=f(x,1) (6.1)

In this equation, x is the state variable. With changings inA, f(x,4) changes. A
diagram shows this relationship is illustrated in figure 6.1. If 1<0, equilibrium is not
provided. If 2>0, two equilibrium points are obtained. One of them is for stable point
and the other is the unstable point. When A1=0, equilibrium point is get and at this point,
stability situation of the system change. At the equilibrium (0, 0) or in other words
steady-state voltage stability limit, linearization of f(x,A) is singular. Therefore, it is
unsolvable. In order to avoid this singularity, continuation power flow method is used
(Canizares 1991).

25



Figure 6.1: Bifurcation diagram of f(x,1)
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6.2 CONTINUATION POWER FLOW

Continuation power flow is a method that examines steady-state behavior of a power
system under load and generation changings. This method can be used in lots of
different situation but especially, it is used to analyze voltage changings and maximum

capability under different load and generation conditions (Chiang and others 1995).

Principles of this method based on bifurcation theory which is explained in last section.
As mentioned before, there is a problem while doing steady-state voltage stability
analysis. In this analysis, conventional Newton-Raphson power flow techniques are
modified. However, Jacobian matrix becomes singular and it cannot be solved at the
voltage stability limit. This limit also called as critical point. In summary, near the
critical point, power flow solutions are unsolvable. Therefore, power flow equations

should be reformulated by using continuation power flow method.
In the continuation power flow method, a load parameter A is inserted to the power flow

equations. Then, in order to find solution path of reformulated power flow equations, a

predictor-corrector process are applied. In figure 6.2, predictor-corrector process is
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illustrated. Firstly, initial base is found from conventional power flow. This initial
solution is used to start. Then, a tangent predictor is applied at the different load
parameter and solution is predicted. After the prediction, correction step is applied. This
process goes on until the critical point. In summary, continuation power flow method
can be divided into four steps (Ajjarapu and Christy 1992):

i.  Parameterization

ii.  Predictor

iii.  Corrector

iv.  Step-size control

Figure 6.2: Predictor-Corrector process in continuation power flow
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6.2.1 Reformulation of Power Flow Equations

As mentioned before, continuation power flow technique can be separated into four
steps. First step is parameterization. A load parameter has to be inserted into power flow
equations. Thus, generation and load at a bus are defined as a function of load parameter

A. Conventional power flow equations for bus i are below.

Pgi — Py —Pr =0 (6.2)
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Qi — Qi —0Qr; =0 (6.3)

For parameterization, A is inserted into equations 6.2 and 6.3 for each bus | of an n bus

system.
Pgi(A) = Pi(A) = Pr; =0 (6.4)
Qi — QLL'(A) —Qr; =0 (6.5)

where;

n

Pr; = Z Vi Vj yij cos(8; — &; = vij)

j=1

n
Qr; = z ViV yij sin(6; — 6; — vij)

j=1

In the equations, G, L and T respectively represent bus generation, load and injection.

Also, y;; represents (i, )™ element of system admittance matrix Ygys, Effect of load

change can be shown clearly by revising P;; and Q;;.
PLi = PLiO + A(kLiSAbaseCOSQDi) (6-6)

Qri = Qrio + A(kLiSapaseSing;) (6.7)

where,

Pyi0, QLio: initial values of active and reactive loads

k;; - multiplier which specify load change rate at bus i while A is changing
@; : at bus i, load change’s power factor angle

Sapase - apparent power for calculating proper A value

Also, in equation 4.6, SppaseCOS@;= Prio and in equation 4.7, SapaseSing; = Qpio-
According to these, they can be rewritten. However, these equations are organized for

loads. For active power generation, following equation can be used:
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Pgi = Pgio(1 + Akg;) (6.8)

where,
Pg;o: initial value of active power generation at bus i

k;: constant which determines rate of generation change while A is varying

If equations 6.6, 6.7 and 6.8 are put into equations 6.4 and 6.5, new power flow

equations are obtained.
0 = Pgio(1 + Akgi) — Prio — A(kLiSabaseCOSPi) — Pry (6.9)
0 = Qgio — Qrio — AkLiSapaseSing;) — Qr; (6.10)

Also, these new equations can be expressed in vector form and thus continuation

algorithm can apply. Equations set can be represented as F , and can be written as
F(§,V,1) =0, 0 <2 < Agrivicar

where:

0 : bus voltage angles’ vector

V : bus voltage magnitudes’ vector

Basically, a known solution (initial values) which is found from conventional power
flow is used for continuation algorithm in first step and then secondly, predictor-
corrector process starts (Ajjarapu and Christy 1992).

6.2.2 Prediction Step

After the initial solution usage and parameterization, prediction step starts. In this step,
a proper point for the next solution is found. This is achieved by taking tangent vector to
the solution path. Therefore, firstly tangent vector should be calculated. In order to

calculate it, derivative of power flow equations are taken.
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dé
[Fs Fy E] [dvl = (6.11)

In order to avoid singularity of Jacobian matrix, a parameter A is inserted in the power
flow equations as above. However, a new problem occurs in this situation. A parameter
(an additional unknown) A is inserted but the number of equations is still same so the
problem cannot be solved. In order to solve this, a new equation is needed. If one of the
tangent vector components is taken as +1 or -1, problem can be fixed. It can be shown

as following:
s Fy I 0
< = =|= 6.12
[ ek t [?1] (612)
where;
dg
t : tangent vector, (dV
dA

ey : a row vector which k™ element is one and the others are zero

After the tangent vector calculation, prediction is achieved as following:

X d§
H =|v|+ o |av (6.13)
2 A dA
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In the above, p is the predicted values and o is the step size which specified for the next
point. There are lots of different methods for specifying o but generally a constant

magnitude for it is used (Ajjarapu and Christy 1992).

6.2.3 Correction Step

After the prediction step, correction step starts. The purpose of this step is correcting the
predicting solution. This correction generally is achieved by local parameterization.
Local parameterization is applied on power flow equations which get additional

equation in predictor. Thus;

F¥) ] _
—n| = [0] (6.14)

where;
Xy : a state variable as continuation parameter
n : predicted value for this state variable

Firstly, proper values for k and n are selected, then solution is obtained by slightly

modified Newton-Raphson power flow method.

6.2.4 Step Size Control
In general, continuation parameter is selected according to largest vector component.
When process starts from base solution, A can be a good choice. For the other

parameters, following formula is used.
x|t = max{|t,], |t2], ..., [t} (6.15)

On the above, t is the tangent vector and the dimension of it ism = 2n; + n, + 1. If

following tangent vector is increasing, t, is +1. If it is decreasing, t, becomes -1.

All CPF process is summarized in the figure 6.3.
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Figure 6.3: CPF process flow chart
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7. DYNAMIC ANALYSIS OF VOLTAGE STABILITY

In the literature, voltage stability assessments generally were achieved statically.
However, voltage stability is both static and dynamic phenomena. Principles of this
dynamic analysis depend on time domain solutions of power systems. Thus, system
components’ effects which occur in time can be observed, also, faults can be cleared
before voltage collapse. There are lots of components which have dynamic effects such

as controllers, on-load-tap-changers etc.

Time domain solutions are practiced by solving differential algebraic equations.
However, power systems consist of many dynamic components and all of them have
differential equations so huge number of equations should be solved for this analysis.
Therefore, computer programs usage is significant. Despite these difficulties, dynamic
analysis must be made for more reliable power systems. Thanks to this analysis, voltage

collapse can be avoided by arranging controllers and etc. (Hasani and Parniani 2005).

7.1 TIME DOMAIN SIMULATIONS

Time domain simulations are used for dynamic/transient stability analysis. In time
domain simulations, several differential algebraic equations should be solved.
Therefore, numerical integration methods are used. Most common integration methods

are Euler, Runge-Kutta and trapezoidal method.

7.1.1 Euler Method
Euler method is applied like in figure 7.1. As it can be seen, method is approximating
graph of y(x) with tangent line in step by step. Euler Method is applied to first order

differential equations;

dx
i f(x,t) (7.1)

When x = x, and t = t,, true solution is estimated by tangent’s slope

dx
dt X=Xo

= f(xo, to)
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So,

When a step is applied which means t = t; = t, + At, X is equal to

X
X1 =Xo +Ax =xy +— At (7.2)

dt

X=Xo
The process continues as same way. If step is increased again, then x is equal to

dx

+o| (7.3)

x2=x1

X=X1

With this method, corresponding x values can be obtained at different values of t.

therefore, in power system, with time changing, system’s reaction can be understood

(Kundur 1994).

Figure 7.1: Euler Method’s illustration

X
05 True Solution

— /

Xy /R\
4, Tangent
X2 /
A,
= T
to t

Reference: Made by O. B. Bekdikhan 2014

7.1.2 Runge-Kutta Method
Runge-Kutta (R-K) is one of the favorite methods for solving differential equations.

Unlike the Euler method, Runge-Kutta method has single step. However, this step has
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more than one stage. This method based on Taylor series solution. Runge-Kutta method

can be divided into two categories; second order R-K and fourth order R-K (Kundur

1994).

Second order R-K;

Again, first order differential equation in eq. 7.1 is used. When R-K method is applied

att = t, + At, x can be defined as

ky +k,
2

X1 =Xg+Ax =x9 +

where;
ki = f(xo, to)At
kz = f(xo + kl’ tO + At)At

Fourth order R-K;

(7.4)

Fourth-order model can be defined with the following formula. Formula in the below is

written for x values which are at the (n + 1)5¢ step.
Xn41 = Xn +%(k1 + 2k, + 2k; + k)
where;
ki = f(xn, ty)At
ky = f(xa + 2,6, + 2AL
ky = fQtn + 2, t, + )AL
ky = f(xn + ks t, + AD)AL

k values represents the slopes at each time step.
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7.1.3 Trapezoidal Rule Method
Area under the integral of a function can be estimated with trapezoidal rule. It can be
seen from the figure 7.2. It is a quite simple second order method. Trapezoidal rule can

be mathematically explained as (Kundur 1994)

A
Xn+1 = Xn + 7t [f(xn’ tn) + f(xn+1: tn+1)] (7-6)

In the equation 5.6, values of x is written fort =t ;.

Figure 7.2: Trapezoidal Rule
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8. REACTIVE POWER COMPENSATION FOR VOLTAGE STABILITY

Voltage instability is most important power quality problem for power systems. If
stability cannot provided quickly, electricity system can collapse and it takes long time
for operating again. The main reason which causes voltage instability is reactive power.
If a power system cannot meet reactive power requirement, voltage instability occurs. In

order to avoid this, reactive power compensation techniques have to be used.

Once, shunt capacitors are widely used for reactive power compensation. However, with
technological developments, new techniques are developed. Nowadays, Flexible
Alternating Current Transmission Systems (FACTS) are mostly preferred. When they
are compared with shunt capacitors, it is seen that they are more effective for reactive
power compensation and also voltage stability. There are lots of different FACTS
devices but nowadays, SVC, STATCOM, TCSC and UPFC are most popular ones.

8.1 SHUNT CAPACITORS

Shunt capacitors are oldest method for supplying reactive power. The purpose of them
is increasing voltage level by supplying reactive power. While doing this, they also
contribute the power factor correction. Shunt capacitors are very cheap and simple.
They can be used in lots of different point in a system. Thus, efficiency is increasing.
However, there are also some disadvantages. Their reactive power supply depends on

voltage. When voltage is low, reactive power production is low too (Kundur 1994).
With developments in FACTS devices, nowadays, shunt capacitors become disfavor.

8.2 STATIC VAR COMPENSATOR

Static var compensators consist of static generators or absorbers which are connected as
shunt. Therefore, sometimes they are called as shunt controllers. According to
arrangement, output of SVC can be inductive or capacitive for controlling. They operate
like synchronous compensator so they can give or absorb reactive power from grid.
Unlike synchronous compensators, SVC’s have not any moving part. Therefore, they
called as static. Generally, they are used as two different connections. First one is a
fixed capacitor with a thyristor controlled reactor (FC-TCR) usage. The other is a
thyristor switched capacitor with thyristor controlled reactor (TSC-TCR) usage. Second
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type SVC also known as TCSVC. Configurations of SVC’s types are included in figure
8.1 (Kamarposhti and others 2008, Canizares 2000).

Figure 8.1: a) configuration of FC-TCR b) configuration of (TSC-TCR)
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Reference: Kamarposhti and others 2008, Canizares 2000

SVCs are effective devices for supplying transient stability. Therefore, while doing
stability analysis of a power system, model of SVC should be considered. In Fig. 8.2,
transient stability model of SVC is illustrated.

Figure 8.2: Model of SVC for transient stability

Reference: Canizares 2000
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Figure 8.2 mathematically can be shown as

[’;C] = f (%0, V, Vyey) 8.1)

2 X —sin2 « —m(2 — %)
c

B —
¢ nX, (8.2)
I-V,B,
| 0 — VB, |

|

g(OC, V' Vi; I' Q; Be)

Also, model of SVC can be modified for steady state conditions. Thus, it can be shown

in the power flow.

. =[ V = Vyer — X1

g(,V,V;,1,Q,B) (8.3)

8.3 STATCOM

STATCOM is a shunt connected FACTS device. It operates as a voltage source
inverter. In order to supply active or reactive power, it converts input DC voltage to
output AC. When it is applied a bus, it can be give or absorb reactive power for
arranging bus voltage. STATCOM consist of a transformer, converter and a DC
capacitor. In the structure, DC capacitor is used for supplying DC voltage to the

converter. Basic configuration of it is illustrated in figure 8.3.
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Figure 8.3: Basic configuration of STATCOM
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Reference: Kamarposhti and others 2008

As mentioned above, STATCOM can absorb or give reactive power to system for
stability. If the magnitude of STATCOM’s output voltage is higher than the AC system,
current flows from STATCOM to the system via transformer. Thus, STACOM
produces reactive power for the grid. In the second case, if the magnitude of
STATCOM’s output voltage is lower than the AC system, current flows from AC
system to the STATCOM. Thus, STATCOM consumes reactive power. This process
can be summarized by transient stability model of STATCOM and it is illustrated in
figure 8.4 (Kamarposhti and others 2008, Canizares 2000, Ertay and Aydogmus 2011).

Figure 8.4: Model of STATCOM for transient stability
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Mathematical model of it;

X¢
[OC] = f(xc» o, m,V, Vg, Vref’Vdc,ref) (8.4)
m
Vae = (6—-10) 1V RI 8.5
dc — CVdC Cos RCC dc C VdC ( . )

P —VIcos(6 —6) 1

Q — VIsin(é — 0) |
P —V2G + kV4.VGcos(6 — 0) + kV,. VBsin(5 — 6) |
Q + V2B — kV,.VGcos(5 — 0) + kV,.VBsin(s — 0)]

|

g(aikﬂV)Vdc’(S;I;e:P;Q)

(8.6)

|
0=
|

In here, k = \E m. m represents pulse width modulation.

Also, this model can be modified for steady state condition. Therefore, it can be used

for static voltage stability analysis.

V - Vref ; XSLI
Vdc - Vdc,ref
o= p_ VdZC/R _RJ2 (8.7)

c

lg(a,k,V,Vy5,1,6,P, Q).
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8.4 UPFC

UPFCs consist of two voltage source inverters which use Gate turn off Thyristor. These

inverters use a common dc bus. In order to connect these, a shunt transformer and a

series transformer are used. UPFC operates as an AC-AC converter. Active power can

flow between the terminals of two converters. Each converter can produce or consume

reactive power.

UPFC’s functions can be categorized as;

i.  Control of active reactive power flow

Voltage regulation

Phase shifting

Series and shunt compensation

Unlike the other devices, UPFC is a multifunctional device. With a voltage source

injection, it can change line impedance, voltage and phase angle synchronously.

However, other devices can achieve this with combined usage (Canizares 2000).

Basic structure of UPFC can be seen from figure 8.5.

Figure 8.5: Scheme of an UPFC
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UPFC can be used for voltage stability. Therefore, model of it should be analyzed.

Figure 8.6: Model of an UPFC for transient stability
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Figure 8.6 can be explained mathematically as;

where;

Pk=Psh+Z{M}

Q= Qo + ) (e 1i)

Psp, = VEGsp, — KspVa Vi Gsp cos(0), — @) — Ky Vy Vi Bspsin(6y — )

Qsn = ViEBsn — KspVac Vi Bsp cos(0), — @) — KV Vi Gspsin(6y — )
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9. SIMULATIONS IN PSAT

As mentioned in previous sections, several differential equations have to be solved for
analyzing a power system. In order to solve DAESs in short period, simulation programs
are developed. Both dynamic and static analyzes can be achieved by them. In this thesis,
PSAT program is preferred for simulations.

PSAT also known as Power System Analysis Toolbox is MATLAB/Simulink based
program. It was developed by Dr. Federico Milano in 2002. It is completely free and
open source software program. PSAT was designed to operate as graphical user

interfaces. Thus, it is easy to use.

Generally, similar programs can achieve only static or only dynamic simulations.
However, PSAT can analyze a system statically and dynamically at the same time. This
is the major advantage of it. Another important advantage is dynamic components
model. It has lots of dynamic component models such as wind turbines, FACTS
devices, voltage regulators etc. Functions of PSAT can be ordered as;
i.  Power Flow

ii.  Continuation Power Flow

iii.  Optimal Power Flow

iv.  Small Signal Stability Analysis

v.  Time Domain Simulations

vi.  Phasor Measurement Unit (PMU) Placement

Because of these features, PSAT is selected for analyzing power systems in this thesis.
However, firstly, accuracy test of PSAT is completed. In this process, IEEE 9 bus test
system is used as case study. Data of IEEE 9 bus test system can be found in Appendix
D.
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9.1 POWER FLOW ANALYSIS OF IEEE 9-BUS TEST SYSTEM IN PSAT

The purpose of this thesis is assessing voltage stability of wind farms in a real grid.
Both static and dynamic analyzes are completed in PSAT. However, before making
assessment on the real Turkish electricity system, firstly reliability of PSAT should be
proved. Therefore, a test system which is known its result should be simulated. IEEE 9-
bus test system is selected for this purpose. There are two model of this test system. One
of them is simple and the other is more detail. Detail model which also known as
WSCC is preferred. This system consists of 9 buses and 3 generators. Base apparent
power and base frequency are 100 MVA and 60 Hz respectively. Model of 9 bus test

system and parameters can be seen from figure 9.1.

Figure 9.1: IEEE 9 bus test system configuration and data
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PSAT model of 9 bus test system is illustrated in figure 9.2. After model is created,
power flow is completed by using Newton-Raphson method in PSAT. Power flow
results are given in Table 9.1. When it compares with IEEE results, it is found that true
solutions are obtained. Thus, reliability of PSAT is proven. IEEE results can be found in
(Sauer and Pai 1998).

Figure 9.2: PSAT model of IEEE 9-bus test system
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Table 9.1: Power flow results of IEEE 9-bus test system in PSAT

Bus Voltage Phase P gen Qgen Pload | Q load
Number (pu) (deg) (pu) (pu) (pu) (pu)
1 1.04 0 0.71641 | 0.27046 0 0
2 1.025 9.28 1.63 0.06654 0 0
3 1.025 4.6648 0.85 -0.1086 0 0
4 1.0258 -2.2168 0 0 0 0
5 0.99563 | -3.9888 0 0 1.25 0.5
6 1.0127 -3.6874 0 0 0.9 0.3
7 1.0258 3.7197 0 0 0 0
8 1.0159 0.72754 0 0 1 0.35
9 1.0324 1.9667 0 0 0 0

Reference: Made by O. B. Bekdikhan 2014

9.2 CONTINUATION POWER FLOW ANALYSIS OF IEEE 9-BUS TEST
SYSTEM IN PSAT
After the power flow analysis, continuation power flow method was applied to test

system. In first case, original IEEE 9 bus test system is used. Then, synchronous
generator which is connected to bus 2 was changed with a DFIG and maximum
loadability was found. CPF curves of these conditions can be seen in figure 9.3. In the
original system loading parameter Awas calculated as 1.6219. However, when a
synchronous generator is changed with a DFIG, this value decreases to 1.1069.
Parameters of DFIG are included in Appendix E.
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Figure 9.3: (a) CPF curve of original IEEE 9 bus test system (b) CPF
curve of IEEE 9 bus test system with a DFIG
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10. CASE STUDY: TRAKYA TRANSMISSION SYSTEM

After the test system application, voltage stability effects of wind farms in Turkish
electrical system can be investigated. Results of the interview with the “Trakya Load
Dispatching Center”, some part of Trakya region is chosen as case study and data of the
region are obtained. The system consists of 5 generators, 25 buses (9 of them is 154 kV)
and 9 transmission lines. In the original system, all of the generators are synchronous.
There are no wind farms. The purpose of this thesis is comparison voltage stability
effects of wind farms and conventional power plants. Therefore, a plant in the system is
changed with DFIG-based wind farm and several scenarios were created and static and
dynamic analyses were achieved by PSAT. Electrical system configuration can be found
in appendix. However, real bus names and part of the Trakya region were not explained

because of the confidential issues.
Firstly, power flow is applied to the original system (without a wind farm connection).

Buses which have highest load are detected. Power flow results of the system are
included in Table 10.1.
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Table 10.1: Power flow results of Trakya electricity system

Bus Voltages Phases P gen Q gen P load Q load
Number (pu) (deg) (pu) (pu) (pu) (pu)
Bus 1 1.045 -18.8354 | 0.37023 | 21.6288 0 0
Bus 2 1.045 -17.9723 0.2902 0.42228 0 0
Bus 3 1.0401 -18.1599 0 0 0 0
Bus 4 1 0 12.9616 1.5804 0 0
Bus 5 1 -7.361 0.30054 7.1031 0 0
Bus 6 1.0214 -20.6167 0 0 0.62 0.03
Bus 7 1.0214 -20.6167 0 0 0.62 0.03
Bus 8 1.0209 -20.9383 0 0 0.63 0.03
Bus 9 0.98207 -16.8171 0 0 0.63 0.01
Bus 10 0.98098 -18.0672 0 0 0.98 0.1
Bus 11 0.83786 | -13.3466 0 0 0.7 0.07
Bus 12 0.84091 -11.7169 0 0 0.35 0.04
Bus 13 0.84126 -14.5992 0 0 0.92 0
Bus 14 1.0232 -19.0143 0 0 0.02 0
Bus 15 1.0188 -21.1924 0 0 0.54 0.02
Bus 16 1.0188 -21.1924 0 0 0.54 0.02
HV 1 0.84374 -10.2103 0 0 2.746 0.363
HV 2 0.99411 -3.8445 0 0 0 0
HV 3 1.0339 -7.388 0 0 0 0
HV 4 0.98896 | -14.5763 0 0 1.85 0.54
HV 5 1.0232 -18.896 0 0 0 0
HV 6 1.0234 -18.805 0 0 0 0
HV 7 1.0203 -19.5067 0 0 1.34 0.197
HV 8 1.0287 -18.8509 0 0 0 0
HV 9 1.0235 -18.803 0 0 0 0

Reference: Made by O. B. Bekdikhan 2014
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Then, in order to compare effects of wind farms and conventional plants and observe
effects of wind farm, three case scenarios are created,

Case A:

Original Trakya transmission system was used. This system doesn’t include any wind
farm. Model of it can be seen in Appendix A.

Case B:

One of the conventional power plants in Trakya electricity system was changed with a
DFIG-based wind farm. This farm has same power with the changing conventional
power plant. Model of case B can be seen in the Appendix B.

Case C:

In original system, new wind farm was connected in the weakest bus. After new power

plant installation, system configurations can be found in the Appendix C.

Simple machine model is used in all scenarios. After scenarios are created, following

procedures are applied.

10.1 STATIC VOLTAGE STABILITY  ANALYSIS OF TRAKYA
TRANSMISSION SYSTEM WITH CONTINUATION POWER FLOW
TECHNIQUE

In order to assess static voltage stability, continuation power flow method is applied to

all cases in PSAT. CPF curves of all cases were drawn and maximum loadability limit
was found. Effect of a DFIG based wind farm on loadability was detected. Data of

DFIG and wind model is given in Appendix E.
Case A:

Firstly, original Trakya electricity system was used under normal operation condition.
Table 2 shows power flow results of the system. According to that, 3 buses were
selected for drawing CPF curve. As it can be clearly seen, bus 11 is the weakest bus for
voltage. Also, HV 1 bus has the highest load. According to the results, bus 1 is the
strongest bus. Therefore, these buses were especially selected for CPF curve. In the

figure 10.1, CPF curve and maximum loadability limit can be seen.
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Figure 10.1: CPF curve of Case A
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Case B:

In Case B, a conventional power plant was changed with a DFIG based wind farm.
Wind farm has same power with the conventional plant. For this case, again
continuation power flow method was applied. Maximum loadability limit of the new
system was found. It was illustrated in figure 10.2. As it can be seen, loadability limit of
the system decrease. In this case loading parameter Aestimated as 1.025. It is 0.015

lower than case A.
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Figure 10.2: CPF curve of Case B
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Case C:

Case C is similar to Case A. Only difference is an additional wind farm. In this case, at
bus HV 2, again a DFIG based wind farm is connected. This farm is defined as PV
generation bus. After the modelling, continuation power flow was applied and
maximum loadability limit was found. Maximum loading parameter of case C is 1.318.
As expected, a new farm’s installation increases the system loadability because of
increasing in electricity generation. Thus, highest loadability limit is obtained from case
C. CPF curve is illustrated in figure 10.3.
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Figure 10.3: CPF curve of Case C
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Consequently, static voltage stability analysis of Trakya electricity system was
achieved. When a wind farm is connected instead of a conventional power plant, DFIG
based wind farm decreased system maximum loadability limit. The reason of this
decrement is machine type. As mentioned in section 6, bus voltage angles and cos 6 of
the machine are included in the mathematical model. These parameters affect system’s
loadability. DFIG’s value of the cos 6 is lower than the synchronous machine.
Therefore, decrement in the loadability is an expected result. Also, effect of an
additional wind farm installation is examined. When a wind farm is added to the

original Trakya system, maximum loadability limit is increased.
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10.2 DYNAMIC VOLTAGE STABILITY ANALYSIS OF TRAKYA
TRANSMISSION SYSTEM WITH TIME DOMAIN SIMULATIONS

Fault Right-Through (FRT) is an important feature for the power systems. If system has
high FRT capability, system can stay stable easier in terms of voltage. In order to
understand behavior of the system after a fault occurrence, time domain simulations are
applied. In time domain simulations, lots of different mathematical integration methods
can be used. However, in this thesis, trapezoidal rule is preferred. In order to observe
FRT contribution of the DFIG based wind farm and compare it with conventional power
plants, time domain simulation were applied to Case A and Case B. a 3 phase fault is
applied to the system and then it is cleared. After fault clearance, system was examined

in terms of voltage.

Case A:

In original Trakya system, a three phase fault is occurred in bus 8 at 0.5 s and then it is
cleared at 0.7s. In order to examine system behavior after the fault, time domain
simulation was achieved. Voltage profile of the weakest bus (bus 11) and bus HV 1
which has highest load were examined. VVoltage profile of the system can be observed in
figure 10.4.
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Figure 10.4: Voltage profile after a fault occurrence for Case A
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Case B:

In order to examine behavior of a wind farm after a fault occurrence, time domain
simulation was completed for Case B. Again same three phase fault was applied to bus
8 and then it was cleared. Voltage profiles of bus 11 and bus HV1 were illustrated in
figure 10.5. As it can be clearly seen, wind farm connection contributes to dynamic
behavior of the power system. It damps oscillation of voltages when compares with a
conventional plant. In Case A, voltage oscillations after the fault is between 0.83 and
0.845 pu for bus 11 and for bus HV 1, voltage is between 0.835 and little above 0.85 pu.
However, this rate is lower in Case B. Voltage oscillations of bus 11 is between 0.835
and 0.845 and for bus HV 1 oscillation is between approximately 0.84 and 0.85. Also,
in case B, oscillations are more smoothless than Case A. Consequently, wind farm

connection contributes to system fault ride through capability.
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Figure 10.5: Voltage profile of Case B after a fault occurrence
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10.3 FACTS DEVICES EFFECTS ON TRAKYA TRANSMISSION SYSTEM
As mentioned in the literature survey, reactive power compensation is an important

factor for voltage stability. Lots of FACTS devices are used nowadays. In order to
investigate effects of FACTS devices, these devices were connected to weakest bus and
time domain simulation was completed for Case A and Case B. Then system’s situation
was found after a fault occurrence in terms of voltage. Firstly, 100 MVA STATCOM is
connected to bus 11 and simulations were done. In figure 10.6, STATCOM’s effect in

Case A can be seen.
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Figure 10.6: (a) Voltages at bus 11 and bus HV 1 for Case A

(b) Voltages at bus 11 and bus HV 1 when 100 MVA
STATCOM is connected to bus 11 for Case A
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From figure 10.6, it can be clearly seen that STATCOM contributes to voltage stability.
STATCOM is just connected to bus 11. However, it not only corrects voltage of bus 11

but also correct voltage of bus HV 1.
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When all process is applied for Case B, again STATCOM contributes to voltage
stability. It can be seen from figure 10.7.

Figure 10.7: (a) Voltages at bus 11 and bus HV 1 for Case B (b)

Voltages at bus 11 and bus HV 1 when 100 MVA
STATCOM is connected to bus 11 for Case B
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Reference: Made by O. B. Bekdikhan 2014

From figure 10.7, it can clearly be seen that STATCOM contributes to correct voltages
at both buses. When STATCOM connection compares with Case A, it gives better

solution with wind farm connection. Wind farm increase system transient stability and it
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prevent voltage collapse. The difference between a conventional power plant and a
DFIG based wind farm can be observed easily in figure 10.8.

Figure 10.8: (a) STATCOM connection for Case B
(b) STATCOM connection for Case B
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Same process was achieved for 100 MVA SVC connection instead of STATCOM.
Firstly, for Case A, 100 MVA SVC was connected at bus 11. Then, effects of SVC were
compared with STATCOM performance in figure 10.9. As it can clearly be seen,
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STATCOM more effective then SVC for providing voltage stability. Voltage
oscillations lower with STATCOM connection when it compares with SVC usage.

Figure 10.9: (a) 100 MVA STATCOM connection for Case A
(b) 100 MVA SVC connection for Case A
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Comparison of STATCOM and SVC was achieved for the Case B. Results are

represented in Figure 10.10. Again STATCOM shows better results.
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Figure 10.10: (a) 100 MVA STATCOM connection for Case B
(b) 100 MVA SVC connection for Case B
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After the STATCOM and SVC comparison, UPFC’s effect was investigated. 100 MVA
UPFC with a constant voltage operation mode was connected to the transmission line
between HV1 and HV2. Then, time domain simulations were achieved for both cases
and results were compared with STATCOM performance. In figure 10.11, comparison

for Case A can be seen.
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Figure 10.11: (a) 100 MVA STATCOM connection for Case A
(b) 100 MVVA UPFC connection for Case A
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When fault is occurred, voltages decrease in all cases. However, in UPFC connection,
voltage dip is less than the STATCOM connection case. Also, voltage oscillations are
rather small when it compare with STATCOM connection case. Consequently, UPFC
gives best results for supplying voltage stability. With UPFC usage, voltage oscillations

are more damped after a fault occurrence.

Same process was applied for Case B too. Results can be observed in figure 10.12.
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Figure 10.12: (a) 100 MVA STATCOM connection for Case B
(b) 100 MVVA UPFC connection for Case B
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11. CONCLUSION

Increasing in renewable energy usage causes lots of voltage stability problems. The
most important one is voltage stability problems. In this thesis, grid connection of wind
energy which is most popular renewable energy source was examined. Firstly, a
literature review was achieved and deficiencies were detected. Then, solutions for
supplying voltage stability were investigated. Continuation power flow method was
explained to complete static voltage stability analysis. Then, time domain simulation
method was investigated for making dynamic voltage stability analysis. In addition,
reactive power compensation methods especially FACTS devices were investigated for
supporting voltage stability. After these, in order to observe grid connection effect of
wind farms on a real system, Trakya Transmission System was selected as a case study.
Also, PSAT which is a MATLAB toolbox was chosen as simulation program. However,
in order to prove reliability of PSAT, firstly power flow was completed for IEEE 9 bus
test system and results were compared. True results were obtained. After reliability test,
continuation power flow was applied original IEEE system. Then, a conventional plant
in the system was changed with a DFIG based wind farm and again CPF was applied.
As expected, maximum loadability limit decreased when a plant is changed with wind

farm because of the machine type.

After the IEEE 9 bus test system, real case study Trakya Transmission System was
simulated in PSAT. Data of the region were obtained from Trakya Load Dispatching
Center. After the system simulation, voltage stability analyzes were achieved for

different scenarios.

In first scenario, original Trakya Transmission System was used. In the original system,
there is no wind farm installation. This system includes 5 synchronous generators, 25
buses (9 of them is 154 kV) and 9 transmission lines. For the static analysis,
continuation power flow method was applied to the original system and maximum

loadability was found as 1.0439.

In order to observe wind farm’s voltage stability effect, a conventional plant of the
system was changed with a DFIG based wind farm in second scenario. This wind farm

has same power with the conventional power plant. Thus, comparison of wind farms
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and conventional power plants were achieved. After the continuation power flow
application, it was found that maximum loadability decrease to 1.0254. As mentioned,

same situation observed in IEEE test case.

After the static voltage stability analysis, dynamic analysis was applied for both cases.
Fault ride through capability of wind farm and conventional power plants were
compared. Firstly, weakest and high loaded buses of the original system were detected
with power flow. The weakest bus in terms of voltage is bus 11. Also, it was found that
bus HV1 has highest load. Therefore, dynamic analysis results were observed on these
buses. A three phase fault was applied at 0.5s and then it was cleared at 0.7s. Then
comparison of DFIG based wind farm and a conventional power plant was achieved in
terms of voltage. When the results of two cases were compared, it was found that wind
farm more contributes to damping voltage oscillations.

Also, effects of FACTS devices which becomes popular last decades were investigated.
Three different FACTS devices were selected. These are STATCOM, SVC and UPFC.
All of them were connected to weakest bus for both cases. It was founded that FACTS
usage with a wind farm gives better results for voltage stability. In addition, these three
devices were compared with each other. The best results were obtained respectively
with UPFC, STATCOM and SVC.

In conclusion, wind farms cause decrement in maximum loadability of the system.
However, in fault conditions, they more effective than the conventional power plants.
Wind farms increase the fault ride through capacity of the system. Thus, they are more

effective to remain voltage stable of the system and prevent voltage collapse.
In future works;

i.  Not only DFIG based wind farms but also effects of SCIG and synchronous
generator based wind farms can be examined.
ii.  Harmonic analysis for wind farm connection can be investigated.
iii.  More than one FACTS usage effect and effects of FACTS’s optimal location
can be examined.
iv.  Dynamic analysis is not done in Load Dispatching Centers. Therefore, another
region can be selected.
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Vi.

Also, voltage stability effects of other renewable sources especially solar energy
can be investigated.

Maximum wind power capacity which can connect to the grid can be
investigated.
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APPENDICES

APPENDIX A
Original Trakya Electricity System model in PSAT:
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APPENDIX B
Model of Trakya Electricity System with a wind farm connection:
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APPENDIX C
Model of Trakya Electricity System with an additional wind farm connection

Lt
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APPENDIX D

Data of IEEE 9 bus test system

Line | Base | Voltage | Frequency | Resistance | Reactance | Susceptance
Power | (kV) (H2) (pu) (pu) (pu)
(MVA)

9-8 100 230 60 0.0119 0.1008 0.209
7-8 100 230 60 0.0085 0.072 0.149
9-6 100 230 60 0.039 0.17 0.358
7-5 100 230 60 0.032 0.161 0.306
5-4 100 230 60 0.01 0.085 0.176
6-4 100 230 60 0.017 0.092 0.158
2-7 100 18 60 0 0.0625 0
3-9 100 13.8 60 0 0.0586 0
1-4 100 16.5 60 0 0.0576 0

Generator’s data

Parameters Generator 1 Generator 2 Generator 3
H (sec) 23.64 6.4 3.01
x4 (pu) 0.146 0.8958 1.3125
x}y (pu) 0.0608 0.1198 0.1813
xq (pu) 0.0969 0.8645 1.2578
x} (pu) 0.0969 0.1969 0.25
T}o (PU) 8.96 6.0 5.89
Tqo (pu) 0.31 0.535 0.6
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APPENDIX E

Parameters of DFIG, wind model and additional transformer (Munoz and Canizares

2011)

Wind model type

Weibull Distribution

Average wind speed (m/s) 14.50
Air density p (kg/m3) 1.225
Filter time constant (s) 4
Sample time for wind measurements At 0.1
(s)
Scale factor for Weibull distribution ¢ 20
Shape factor for Weibull distribution k 2
Frequency step Af (Hz) 0.2
Power Rating S,, (MVA) 63.5
Voltage Rating V, (kV) 0.480
Frequency Rating f,, (Hz) 50
Stator Resistance R, (pu) 0.01
Stator Reactance X, (pu) 0.10
Rotor Resistance R, (pu) 0.01
Rotor Reactance X, (pu) 0.08
Magnetization Reactance X,, (pu) 3.00
Initial Constant H,,, (KW's/ 1y A) 3.00
Pitch Control Gain K, (pu) 10
Pitch Control Time Constant T, (s) 3
Rotor Radius R (m) 75
Number of poles p 4
Number of blades 3
Gearbox Ratio 1/89
Pmin (pu) 0.0
Qmax (PU) 0.35
Qmin (pu) -0.219
Number of wind generators that compose to park 15
Data of additional transformer
Voltage Ratio (kV/kV) 0.480/11.5
Resistance (pu) 0
Reactance (pu) 0.1
Fixed Tap Ratio 1.00
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