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ABSTRACT

DESIGN, IMPLEMENTATION AND ENGINEERING ASPECTS OF 12-PULSE TCR
BASED SVC SYSTEMS FOR VOLTAGE REGULATION

PARLAK, Deniz
M.S., Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Muammer ERMIS
Co-Supervisor: Dr. H. Bilge MUTLUER

June 2014, 142 pages

Thyristor controlled reactor (TCR) based static VAr compensator (SVC) systems has
various types with unique characteristics. Considering power system requirements,
suitable compensator type should be chosen. In this thesis work, 12-pulse TCR based
voltage regulation type SVC system is analyzed, simulated and implemented.
Principles of operation, strong and weak points are discussed. The developed system
has been implemented in order to solve voltage regulation problem in Dhurma (Saudi
Arabia). According to the requirements, power stage and control system is designed.
Overall system is composed of two similar compensator systems each having a rated
power of 1.5 MVAr (3 MVAr in total). Different types of control algorithms are
examined in order to get the optimized solution in terms of power quality issues such
as power system losses and harmonics. Power system at the corresponding area and
the compensator is simulated using EMTDC/PSCAD program. Field test results are

also obtained and compared with simulation results.

Key words: 12-pulse TCR, SVC, Voltage regulation, Power quality
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12 DARBELI TIRISTOR KONTROLLU REAKTOR TABANLI REAKTIF GUC
KOMPANZASYONU SISTEMLERININ GERILIM REGULASYONU ICIN TASARIM,
UYGULAMA VE MUHENDISLIK YONLERI

PARLAK, Deniz
Yiiksek Lisans, Elektrik Elektronik Miithendisligi Bolimii
Tez Danismant: Prof. Dr. Muammer ERMIS
Yardimet Tez Danigsmani: Dr. H. Bilge MUTLUER

Haziran 2014, 142 sayfa

Tiristor kontrollii reaktér (TKR) tabanli statik reaktif giic kompanzasyonu (SVK)
sistemleri ¢ok cesitli tiirlere ve karakteristiklere sahiptir. Sebekenin 6zgiil ihtiyaclar
gdz oOniinde bulundurularak uygun kompanzatér tipi secilmelidir. Bu tez
calismasinda, 12 darbeli TKR tabanli gerilim regiilasyonu modundaki reaktif giic
kompanzasyonu sisteminin analizi, simiilasyonu ve saha uygulamasi yapilmistir.
Bununla birlikte sistemin g¢alisma prensibi, giiclii ve zayif yanlari tartisilmistir.
Tasarlanan sistem gerilim seviyesinde yasanan problemlerin ¢oziimii amaciyla
Dhurma (Suudi Arabistan) bolgesine kurulmustur. Ihtiyaglar dahilinde, gii¢ kat1 ve
kontrol sistemi dizayn edilmistir. Tiim sistem her biri 1.5 MVAr giiciinde iki adet
benzer kompanzasyon sisteminden olusmaktadir. Gii¢ kalitesi bakimindan (aktif gii¢
kayiplari, akim harmonikleri vs.) optimum ¢6zlime ulagsmak amaciyla ¢esitli kontrol
algoritmalar1 gelistirilmis ve test edilmistir. Sistemin baglandig1 sebeke ve
kompanzasyon sistemi EMTDC/PSCAD programi kullanilarak benzetme ¢aligsmalari

yapilmigtir. Saha test sonuclari toplanarak simiilasyon sonuglari ile karsilagtirilmistir.

Anahtar kelimeler: 12 darbeli TKR, SVK, Gerilim regiilasyonu, Gii¢ kalitesi
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CHAPTER 1

INTRODUCTION

1.1 Historical Background of SVC Systems

The usage of AC type of transmission instead of dc started at the end of 19th century.
At first, voltage levels were low and the areas to which electricity is supplied were
very limited. However, voltage levels have increased and transmission/distribution
systems have become more and more complicated. Parallel to these, stability of
synchronous machines in synchronism and maintaining the bus voltages near to their
rated values have become more compelling objectives. Implementation of reactive
power compensators was considered as the solution to these problems in addition to
controlling the network and increasing the transmittable power.

Nowadays, implementation of reactive power (VAr) compensators is a well-
established technique [1]. At the beginning of 20™ century, basic fixed quantity VAr
compensators were implemented to improve the steady-state characteristics of the
power system. Switched reactors and/or capacitors were used as shunt connected
devices to consume/generate reactive power. Then in 1931, the necessity for a
dynamic controllable reactive power compensation system was recognized with
Friedlander’s shunt connected saturated reactor [2]. Rotating machines (for example,
synchronous condensers) are the first dynamic reactive power compensation devices.
Then, at the middle of 1960’s, first static VAr compensation (SVC) devices were
implemented. These were thyristor switched capacitors (TSC) and thyristor
controlled reactors (TCR). Series and parallel combination of all these devices were
used to implement more complicated systems according to specific requirements and
provided a base for Flexible AC Transmission Systems (FACTS). GTO (Gate turn-

off thyristor), IGCT (Integrated gate-commutated thyristor), IGBT (Insulated gate
1



bipolar transistor) technologies made the use of better current and voltage source
converters possible. Nowadays, there are thousands of SVC’s in-service all over the
world and their number is increasing day by day. Likewise, although the technology
in this subject has come to a certain point, there are still lots of points requiring

improvements and topics worth to research.

1.2 TCR Based SVC Systems

Importance of reactive power control has increased because of several reasons. First
of all, the requirement for improving the efficiency of power systems is getting more
and more important due to the increase in electricity generation costs. Losses can be
decreased significantly if reactive power flow throughout the system is minimized.
Secondly, power systems are getting larger because of the industrialization, growth
in population etc. This situation basically results in stability problems and electricity
disruptions. Having a highly qualified supply is the greatest solution for those

problems.

A static VAr compensator (SVC) is a high voltage, flexible AC transmission systems
(FACTS) device that has ability of controlling the network voltage at its coupling
point dynamically. SVC systems can succeed on continuous adjustment of reactive
power it exchanges with the power system. Constant voltage property is the first
requirement in dynamic shunt compensation and is equally important in reducing
flicker and other voltage fluctuations caused by variable loads. Speed of the response
is another important property. Reactive power of the compensator should be able to
react quickly to even small changes in terminal voltage [1]. Main control features for
an SVC system can be categorized as;

= Voltage regulation

= Reactive power compensation
= Damping power oscillations

= Flicker reduction

= Unbalance reduction

= Harmonic and inter-harmonic current filtering



TCR based SVC operation is investigated thoroughly in Chapter 2. An example of
TCR based SVC system installed in Al-Hassat / Saudi Arabia by TUBITAK power

electronics group is represented in Figure 1.1.

>

~Ty \

Figure 1.1: SVC system installed in Al-Hassat / Saudi Arabia by TUBITAK power

electronics group

1.3 Other SVC Types

Types of SVC systems other than TCR can be classified in mainly five groups:

1.3.1 Saturated Reactor:

The saturated reactor can be considered as a transformer with a special design that
goes to saturation at a predetermined operating point. It is also known as
magnetically controlled reactor (MCR). Iron cores of such a reactor have the
characteristics of high permeability in the unsaturated region, sharp knee, and low
permeability in the saturated region and low hysteresis loop[3]. Corresponding
characteristics are shown in Figure 1.2 below.
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Figure 1.2: Core characteristics of saturated reactor [3]

1.3.2 Thyristor Switched Reactor (TSR)

Thyristor switched reactor is a very basic form of TCR in which reactors are in either
full conduction, or no-conduction. In other words, system is working according to
on/off principles. Thus, reactive power is controlled in a stepwise manner and it is
not much flexible. However, if the load also has stepwise changing characteristics, or

if it changes slowly then this simple solution can be useful.

1.3.3 Thyristor Switched Capacitor (TSC)

Thyristor switched capacitor is a variable susceptance in a stepwise manner. The
structure consists of a combination of parallel connected capacitors; thyristors
connected inversely parallel, and a reactance as shown in Figure 1.3. For each of
three phases, the structure seen in the figure is connected parallel to form a
combination of capacitor groups. This results in stepwise controllable capacitive

reactive power.
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Figure 1.3: Thyristor switched capacitor

Reactors connected in series with the TSC capacitors are used not only to damp the
inrush currents but they also limit the switching transients. Moreover, reactors and
capacitors form a harmonic filter to filter out the harmonic currents arising from

power system itself or any other shunt connected system.

Three phase thyristor switched capacitors can be connected in delta or Y forms.
However, delta connection is usually preferred due to its better harmonic
performance. In delta-connected structures 3" harmonic component of current is not

injected to the power system; instead, it circulates inside delta.

1.3.4 Synchronous Condenser

Synchronous condensers have been connected at sub-transmission and transmission
voltage levels in order to improve stability and maintain voltages within desired
limits under varying load conditions and contingency situations [5,6]. When
compared to capacitor banks, their advantage of being able to increase their output
voltage even in reduced voltage situations gave them an important role in voltage and

reactive power control.

Synchronous condenser is basically a synchronous machine which is kept unloaded
while its excitation is under control. The structure is represented in Figure 1.4. When
the machine is over-excited, it generates reactive power. On the other hand, if it is

under-excited, it absorbs reactive power.
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Figure 1.4: Synchronous condenser

1.3.5 Static Synchronous Condenser (STATCOM)

STATCOM is a shunt connected SVC system for which output voltage magnitude
and phase angle can be adjusted independent from the mains voltage. Therefore,
STATCOM can be used as a source or sink of the reactive power. STATCOM
systems can be voltage source (VSC) or current source (CSC) type. Figure 1.5
represents both types of STATCOM systems [4]. On the other hand, in Figure 1.6,

principal diagram for a voltage source converter type STATCOM is presented.
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Figure 1.5: STATCOM based on (a) Current source converter (CSC) and (b) Voltage source
converter (VSC) [4]
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Figure 1.6: VSC type STATCOM and its vector diagram

To sum up, as in [1], SVC types other than TCR based SVC can be tabulated
according to their strong and weak points like in Table 1.1;



Table 1.1: Comparison of SVC systems other than TCR

SVC Type Advantages Disadvantages
Saturated e Veryrugged e Essentially fixed in
Reactor construction value
e Large overload e Performance sensitive
capability to location
e No effect on fault level e Noisy
e Low harmonics
Thyristor e Simple in control e Un-flexible reactive
Switched power control
Reactor (TSR)
Thyristor e Can be rapidly repaired e No inherent absorbing
Switched after failures capability to limit over-
Capacitor e No harmonics voltages
(TSC) e Complex bus-work and
controls
e Low frequency
resonances with the
system
e Performance sensitive
to location
Synchronous e Has useful overload e High maintenance
Condenser capability requirement
e Fully controllable e Slow control response
e Low harmonics e Performance sensitive
to location and requires
strong foundations
STATCOM e Performance insensitive e Typically higher losses

to mains voltage

Fast response

Cost more money




1.4 Scope of the Thesis

In this research work, a 12-pulse thyristor controlled reactor based static VAr
compensator topology for medium voltage applications has been designed,
implemented and commissioned. Regarding the “Collaboration and Technology
Transfer Project For Static VAr Compensation (SVC) Systems Product And Service
Agreement” signed on 1.6.2011 between TUBITAK UZAY and King Abdullaziz
City for Science and Technology (KACST), a 3 MVAr SVC system is installed in
Dhurma in Saudi Arabia. The control system is mainly designed for voltage
regulation. However, other power quality concepts such as harmonic content and
power losses are also taken into account and optimized. Independent and parallel
(master-slave) mode of operations are defined and examined one by one. As a
subsection of parallel operation, two different control methods are investigated. For
all these scenarios, simulation results are obtained and analyzed. Simulation results
and laboratory tests are followed by field work. In order to solve the voltage
regulation problem in Dhurma / Saudi Arabia, designed system is applied and field
results are collected. Field results are compared with simulation results and
laboratory tests so that necessary comments are made to discuss about similarities

and/or errors between all those results.

Designed 12-pulse SVC system is composed of two parallel-connected 6 - pulse
structure. TCR for each system is composed of series combination of two back-to-
back connected thyristors and their reactors. TCR power capacity is 1.5 MVAr per
system. Both systems have coupling transformer and harmonic filters. Coupling
transformers are 1.6 / 2 MVA and 33kV/1kV in their power capacity and voltage
transform ratio respectively. One of the transformers is “YNyn0” and the other is
“Dynl1” in terms of coupling structure. Harmonic filters are the same for each
system and are tuned to eliminate 3", 4™ and 5™ harmonics. Although 5™ harmonic is
cancelled with the successive operation of 12-pulse algorithm, systems are designed
to operate independently as well. Thus, 5™ harmonic filter is included. On the other
hand, for current position of SVC, 4™ harmonic current may be generated if there is
an unbalance between positive and negative firings during dynamic operation.
Moreover; in future it is possible that systems may be relocated in another location

with new impedance and load characteristics that may require 4™ harmonic filter.
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This is why 4™ harmonic filter is included. Power rating of harmonic filters is

500kVAr each. Systems are designed to be inside containers except their coupling

transformers and heat exchanger for water cooling.

This research work has made the following contributions to the area of TCR based

SVC systems:

The SVC implementation within the scope of this thesis is the first 12 pulse
SVC in the literature which is specifically designed for voltage regulation in
the medium voltage level.

Various control strategies for 12-pulse TCR based SVC were investigated.
Their strengths and weaknesses are analyzed.

A design criteria for 12-pulse TCR based SVC based on analysis, simulation
work and laboratory test results is generated.

The data collected through field tests are compared with the theoretical

values and simulation results.

Design and implementation process is completed by TUBITAK power electronics

team in collaboration with KACST (Saudi Arabia) engineering team. In this work,

responsibilities and contributions of the author are:

Simulation of the existing network in order to determine the nominal power
of SVC systems;

Design of all low voltage panels (control panel, protection and measurement
panel, auxiliary systems panel) using “EPLAN Electric P8” panel design
software;

Development of control philosophy regarding to the voltage regulation and
harmonic suppression;

Selection of equipment (36kV and 1kV circuit breakers, current and voltage
transformers, protection relays, panel equipment etc.);

Development of protection algorithm and protection coordination between
two systems;

Field measurements and analysis of the results.

10



The outline of the thesis is given below:

In chapter 2, operation principles of TCR based SVC systems is defined. Circuit
structure is described and then different types of configurations are investigated.
Mathematical expressions are also given to clarify the way system works. Then,
main objectives namely, reactive power compensation and voltage regulation are
explained. After introducing preliminary information about six-pulse operation,
twelve-pulse operation is presented. Circuit diagrams, expressions and figures
provide information about this type of operation. Explanation of other

implementation types concludes the chapter.

Chapter 3 is the structural design section about desired 12-pulse TCR based SVC
systems. Information about power system components is supplied in this part. First
of all, characteristics of Saudi Arabia Electricity system are provided. Then, the
design criteria about main parts such as TCR, coupling transformer and harmonic

filters are presented. Finally, protection logic is explained.

In Chapter 4, 12-pulse operation is analyzed in terms of control strategies namely,
independent operation and parallel operation (master-slave). Having concentrated on
the master-slave operation, different control algorithms are discussed. Harmonic
cancellation, sequential load sharing and asymmetrical load sharing types of controls
are simulated and their results are compered in terms of not only voltage regulation

capabilities but also harmonic performances and power losses.

Chapter 5 is reserved for field work and actual results. In this chapter, installation
and commissioning process are explained in detail. Applications of different types of
control strategies which are explained before in Chapter 4 are applied, and
corresponding results are shown. Moreover, simulation and field results are

compared, similarities and differences are discussed.

Finally, in Chapter 6, the study is briefly summarized in terms of both theoretical and

practical work. General conclusions and proposals for future work are given.
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CHAPTER II

TCR BASED SVC OPERATION

2.1 TCR Based SVC Working Principles:

TCR circuit is basically composed of two thyristors and a reactor. Oppositely poled
thyristors conduct current on alternate half-cycles. Current on the reactor is lagging
the voltage by nearly 90 degrees. An elementary thyristor controlled reactor circuit is

shown in Figure 2.1.

Controlled
Susceptance

I, T,

N

Thyristor
Controller

Figure 2.1: Thyristor controlled reactor

TCR based SVC is a controlled shunt susceptance whose reactive power is controlled
according to current requirement in an electric system. Susceptance control is
realized by adjusting the conduction angle of thyristors. Ideal current (I) — voltage

(V) characteristics of an SVC is given in Figure 2.2.
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Capacitive Inductive

Figure 2.2: Ideal 1-V characteristics of an SVC

73z
1

Instantaneous current

(2.1) and (2.2) [1],

J2v

and fundamental component of it is given by equations

i (cosa —coswt), a<wt<a+o
=9 X, [2.1]
0 : a+o<wWt<a+rw
o-sinoc
l,=——2V
1 X, [2.2]

where “V” is the rms voltage ; “X| = wL” is the fundamental frequency reactance of
the reactor (in Ohms) , “w=2pi*f” , “@” is the gating delay angle, “O ” is the

conduction angle. Gating delay angle and conduction angle has the relation,

a+ol2=r [2.3]

Considering equation (2.2), the circuit can be considered as having a variable

susceptance with the value of

14



B (0) = ;T [2.4]

According to the needs of the application SVC can be connected to the grid terminals
either directly or via coupling transformer. The point of common coupling (PCC) can
be the overhead line or a transformer substation, which depends on the location.

Several connection types are described in Table 2.1 and can be seen in Fig 2.3 [8].

SVC system can be a combination of FC/TCR (fixed capacitor as harmonic filter/
thyristor controlled reactor) or TSC/TCR (thyristor switched capacitor/ thyristor
controlled reactor). Generally FC/TCR is preferred for easiness of control.

SVC systems can be in one of two different connection types, namely A connected
or Y connected. The main differences between those connection types are current
and voltage ratings of circuit elements, and harmonic characteristics. In Y

connection, voltage on the reactors and thyristors are “1/ \/§ “times smaller when
compared to A connection. However, the current passing through these elements is
greater with the same amount of multiplication factor. On the other hand, in balanced
systems where the TCR’s are connected inA, there will be no triple harmonics
injected into the power system since triple harmonics flow within the A [9].

Therefore, TCR systems are generally connected inA.
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Table 2.1: TCR based SVC types

Description Figure Typical Compensation
Applications

Y connected TCR without filters | Fig 2.3.a | Public transportation systems in

connected via coupling transformer which long underground cables

Delta connected TCR without filters | Fig 2.3.b | generate nearly constant capacitive

connected via coupling transformer VArs while the converters demand
fluctuating VArs

TCR connected to MV bus where | Fig 2.3.c

2" 34 4™ 5™ and high frequency

harmonic filters are installed

TCR connected to MV bus where | Fig 2.3.d ]

2" 39 41 and 5" harmonic filters !:easnble. for arc and ladle furnace

are installed installations

TCR connected to MV bus where | Fig 2.3.e

34 4™ ad 5" harmonic filters are

installed

TCR connected to MV bus /| Fig2.3.f | Suitable for 6-pulse motor drives

Overhead line where 5" and 7"

harmonic filters are installed

TCR connected to MV bus /|Fig2.3.g | Dominant 12-pulse motor drives,

Overhead line where 5™, 7" and 11 variable frequency motor drives,

harmonic filters are installed rolling mill, compressor, fan drives

TCR is coupled to the MV system | Fig 2.3.h | Suitable for modern industrial

via transformer, filters are at the MV motor drives which produce current

side harmonics

TCR is coupled to the MV system | Fig 2.3.i | Conventional motor drives with

via transformer. Some filters are rapidly varying reactive power

connected parallel to TCR, some consumption. PCC may be

filters are at the MV side equipped with a detuned filter.

TCR and HF are coupled to the | Fig2.3.] | Conventional motor drives

HV/MV system via transformer

connected to harmonic free bus
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Figure 2.3: SVC connection types [5]
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2.1.1 Current Harmonics and Filtering:

In balanced operation, TCR current harmonics are determined by the firing angle.
For full conduction (meaning thyristors behave like diodes) TCR current is
sinusoidal. However, as long as the firing angles are increased (conduction angle is
decreased) current waveforms get further away from sinusoidal shape and harmonic
content increases. When firing angles are symmetrical, only odd harmonics are
generated. Magnitudes of these harmonic currents (in rms) can be calculated using
equation 2.5. Magnitudes as the percentage of fundamental current are also given in
Table 2.2. As it was mentioned earlier, triple harmonics do not penetrate into the

line, instead they circulate inA.

4V ssin(h+Da sin(n—-a sin nx
=—— + —COS
T X, 2(n+1) 2(n-1) n

] n=35,7... [2.5]

n

Maximum values of these harmonics for balanced operation are given in Table 2.2.
On the other hand, in case of a problem in firing cycle, firing angles of thyristors
may be unmatched. These unequal conduction angles would produce even harmonic
components in the current, including dc. Moreover, thyristors are heated up
unequally since current passing through the back-to-back connected thyristors will be
different in such a case. As mentioned earlier, TCR has two thyristors for controlling
the reactance for positive and negative half-cycles of the voltage. Hence, the current
passing through reactor can be considered as the superposition of two components;

I =1,+1, [2.6]
L=GV for V>0 [2.7]
l,=GV for V<0 [2.8]

where G; and G, to represent susceptances. Assuming positive half cycle susceptance

is bigger than negative half cycle susceptance,

G, >G, [2.9]
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Table 2.2: Maximum Amplitudes of Harmonic Currents in TCR for balanced operation

Harmonic Order | Percentage
1 100
3 (13,78)
5 5,05
7 2,59
9 (1,57)
11 1,05
13 0,75
15 (0,57)
17 0,44
19 0,35
21 (0,29)
23 0,24
25 0,2
27 (0,17)
29 0,15
31 0,13
33 (0,12)
35 0,1
37 0,09
In this case resultant current can be written as,
I:Vﬁ{ﬁsinwuﬁ{l—z D Si”gh‘m)}} [2.10]
2 Vs h-2as. N —1

Equation 2.10 shows that current passing through thyristors has even harmonic
components when G; and G, are not equal. The situation gets worse as the difference
between susceptances gets bigger. In the worst condition occurs when one of the
susceptances has the biggest value (with the highest conduction angle) and the other
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has the smallest value (with the highest firing angle). In this case one of the
susceptances is zero while the other is “G”. For that case, harmonic and dc

components of the current are,

Vv 242G sin(hwt)

| h=2,46... 2.11
" zh? -1 [ ]
| V26 [2.12]
dc —

T

Harmonic components have undesired effects on power system. As mentioned in

[10], main effects of voltage and current harmonics within the power system are:

e As the results of series and parallel resonances, possible amplification of
harmonic current levels,

e Reduced efficiency of the generation, transmission and utilization of electric
energy,

e Ageing of the insulation of electric power components with consequent
shortening of their useful life,

e Malfunctioning of system or plant components.

Therefore, harmonic components should be filtered as much as possible for power
quality purposes. In order to assure this point, there are strict regulations about
maximum value of harmonic levels. According to “IEEE STD 519-1992”, current
distortion limits for voltages from 120V to 69KV is given below (see Table 2.3).
Moreover, “AS/NZS 61000.3.6:2001 Standard” defines critical values for voltage

harmonics as given in Table 2.4. These are the standards used in Saudi Arabia.
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Table 2.3: Current distortion limits up to 69kV in distribution systems (IEEE STD 519-1992)

Maximum Harmonic Current Distortion
in Percent of Iy

Individual Harmonic Order (Odd Harmonics)

Tedis <11 11<h<17 <17<h<23 <23<h<35  35<h TDD
<20% 4.0 2.0 1.5 0.6 0.3 5.0
20<50 7.0 3.5 55 1.0 0.5 8.0
50<100 10.0 4.5 4.0 1.5 0.7 12.0
100<1000 12.0 5.5 5.0 2.0 1.0 15.0
>1000 15.0 7.0 6.0 2.5 1.4 20.0

Even harmonics are limited to 25% of the odd harmonic limits above.
Current distortions that result in a dc offset. e.g.. half-wave converters. are not

allowed.

*All power generation equipment is limited to these values of current distortion.
regardless of actual I./T; .

where

I,. = maximum short circuit current at PCC.

I; = maximum demand load current (fundamental frequency component) at
PEC,

Table 2.4: Compatibility levels for harmonic voltage (in percent of the nominal voltage) in
LV and MV power systems (AS/NZS 61000.3.6:2001)

Odd Harmonics non
multiple of 3

Odd Harmonics non
muitiple of 3

17 2 =21 0.2 10 0.5
19 15 12 0.2
23 1.5 >12 0.2
25 15
>25 02+13

{25/h)

Note: Total harmonic distortion (THD) 8 %

To sum up, harmonics are hazardous for power network and regulations force
customers to keep their harmonic components below some limits. The methods to

reduce or eliminate harmonics can be classified as follows:
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(1) To reduce harmonics in an inverse parallel-connected circuit of two
thyristor/reactor branches (UM-concept-type TCR) [11]

(i)  To reduce harmonics by changing taps of a transformer using an on-
load tap changer with thyristors [12]

(ili)  To eliminate triplen harmonics by a connection technique of TCRs in
secondary windings of a A-Y transformer [13]

(iv)  To reduce harmonics by a control technique of an asymmetrical firing
[14]

v) To reduce harmonics by use of multi-pulse topologies (12 pulse or

more)

In this thesis work, specific harmonics that will be discussed later is eliminated using

multi-phase (12-pulse) structure.

2.2 Control Strategies in SVC Systems:

Although there are different benefits of SVC systems as explained in introduction
section, the main purpose of using such systems can be classified into two parts,

namely power factor correction and voltage regulation.

2.2.1 Power Factor Correction:

The idea of power factor correction is to balance reactive power requirement of a
specific load via compensator that is shunt connected to the load. Therefore, from
source side the load is seen as a purely resistive component and there is no need to
generate or absorb and reactive power for that compensated load. By doing so, power
transfer capability of the source is increased. Moreover, the losses caused by that

extra reactive power transfer disappears and efficiency of the mains gets better.

Consider a resistive-inductive load (as most of the loads) connected to a bus

and drawing a current I, as represented in Figure 2.4. Assume the load admittance is;

Y, =G, + jB, [2.13]
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Figure 2.4: Uncompensated load

In this case the load current and apparent power I, and S has both active and reactive

components according to the equations;
|, =V (G, + jB)=VG +jVB =1 +jl, [2.14]
S, =VI;=V2G, - jV2B =P +jQ [2.15]

where “V” is the voltage phasor at corresponding bus. Although only real component

of current is used, current drawn from source side is greater by a factor of;

I, /15 =1/cosg [2.16]

In equation 2.16, “ COSﬂ” is defined as power factor because of the relationship

between apparent power and real power of the load;

cosg =R/S, [2.17]

In other words, power factor is the part of apparent power that can be used to obtain
other forms of energy. Power triangle as shown in Figure2.5 represents relationship

between real, reactive and apparent power.
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Figure 2.5: Power triangle

In case a compensator is connected to the same bus (Figure 2.6), then the reactive

power consumption of the load is supplied by the compensator.

P flow
L
Source > Load —
Is » II
( Qflow
iy
Compensator —I>
C
Load Bus

Figure 2.6: Reactive power compensation of the load

In this situation supply side current is sum of the load current and compensator
current. In order to compensate the load, compensator admittance is purely reactive
and equal to load reactive admittance with negative sign. Thus, compensator

admittance and supply current is;

Y.=—]B [2.18]
ls=1,+1.=V (G, +]B)-V(jB)
=VG, =1, [2.19]

Compensator current and power can also be calculated as;
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I =VY,=—]VB [2.20]
S.=P.+jQ.=VI; = jV?B, [2.21]
P.=0 and Q=V?B=-Q [2.22]

Equations 2.20-2.22 prove that compensator has zero active power (ideally) and
supplies the reactive current requirement of load. In Figure 2.7, current diagram is
presented. Red color shows real and reactive components of load current, while
yellow one is for compensator current. After compensation, supply current is equal to

real component of load current.

Ic

IX ||
Figure 2.7: Load, compensator and supply side current components

2.2.2 Voltage Regulation:

Voltage regulation can be defined as the proportional (or per-unit) change in supply
voltage magnitude associated with a defined change in load current (e.g., from no
load to full load) [1]. This difference in voltage magnitude is basically due to the
impedances between supply and load side. Supply impedance, transformer

impedances, and transmission line impedances cause voltage drop.

Voltage regulation is an extremely important quantity for power quality since almost

every load has a specific voltage tolerance. Under-voltage conditions result in
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degradation of performance whereas overvoltage causes magnetic saturation and
causes harmonics as well as failures because of insulation breakdown [8]. In case of

large load demand changes, even voltage collapses may occur.

Considering a simple system (Figure 2.8), Zs is the total impedance between supply

and load. Load admittance is shown as Y] .

R

Z= Rs+jxs

k

Yi=G+jB,

Figure 2.8: Basic schematic for load and supply

Voltage change from supply to load can be expressed as by showing phasors as bold;

AV=E-V=Z| [2.23]

Where the load current I is,

I =P'_TjQ' [2.24]

Thus;

26



AV= (R + jxs){P"—jQ'}

Vv
_(RP, +XSQ.)Jr (XsP -RQ,) [2.25]
= v J v
=AVg + JAV,
E
///AV /jxsls

Figure 2.9: Uncompensated load voltage regulation

If compensator is connected to the same bus, current supplied by source changes. In
[1], current voltage characteristics of TCR compensator is explained in detail (see
Figures 2.10 and 2.11). According to these figures, junction point for system load
line and TCR characteristics is the operating point. Positive slope of TCR

characteristics provide stability for operation.
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Figure 2.10: Formation of fundamental voltage / current characteristics in the TCR

compensator [1]
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Figure 2.11: Voltage / current characteristics of TCR with different combinations [1]
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In that situation, supply voltage and load voltage can be equated in magnitude. In
equation 2.25, the term Q, is replaced with Q, + Qc = Qs. Supply voltage magnitude

in squared form can be written using equations 2.23 and 2.25 as;

2 2
\Ef{w RsP \+/ Xst} {Xspu\;Rst} [2.26]

It is clear that for perfect voltage regulation; i.e. zero magnitude deviation, |E|=V|.

Using this equality and equation 2.26, solution for Qs yields,

VX J_r\/4v4x 2_4(R2+X [V2+RSP 2 EX 2P2—E2\/2}
s s ( s s ) ( |) s [2.27]

Qs = 2(R+ X4

Looking at equation 2.27, it is seen that there exists a solution for Qs independent of
the value of P, . Then the necessary compensator power can be found by subtracting
the reactive power of the load from Qs. For compensated load, vector diagram is
given in Figure 2.12. It should be noted that load voltage phase is not controlled,;

only magnitude is under control.

lc s

Figure 2.12: Compensated load voltage regulation
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According to power factor correction control algorithm, Qs should be zero. In that
case, equation 2.25 becomes;

AV = (RS + jxs){%} [2.28]

Therefore, voltage regulation goes out of the compensator control as there is no
related term in the equation. This proves, compensator cannot be used in both control
types. In other words, a compensator cannot maintain power factor correction and
voltage regulation at the same time. It can also compensate flicker which occurs in
weak distribution systems when heavy loads are turned on and off; however one

compensation type should be chosen.

2.3 Six-Pulse Operation:

Typical six-pulse thyristor controlled reactor is composed of back-to-back connected
thyristor group and a series reactor. Considering the reverse blocking voltage value, a
few numbers of thyristors are connected in series. Generally, a safety factor is also
considered or “n-1" principle is used in determining the number of thyristors in the

stack (string of series connected thyristors).

In order to protect thyristors against high voltages, protection devices (like small
surge arresters) are used. Moreover, interruption of current flow through inductor
results in a sharp rise in voltage. This voltage may cause unexpected turn-on of the
thyristor. Snubber circuitry consisting of series connected resistor and capacitor is
connected in parallel to each thyristor. Hence, the rate of rise of the voltage (dV/dt)

on the thyristor cannot reach the values that automatically trigger the device.

Six-pulse term comes from the fact that there are six firing pulses in a period. Back-

to-back connected thyristors are fired with 180 degrees apart. Working principle and

current relations are explained in Chapter 2.1 with equations 2.1-2.4. The

relationship between firing angle and conduction angle, and current waveforms for

different firing angles are represented in Figure 2.13. In figure, voltage on the
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thyristor is labeled with red color and the current is shown as green. Firing angle “ &
” and conduction angle “9 ” are also shown. Firing angle is measured from zero
crossing of voltage. As explained before, conduction angles of positive and negative

half-cyle thyristors are separated from each other by 180 degrees.

= - 7\/
o c

180°

Figure 2.13: Thyristor current and voltage waveforms

2.4 Twelve-Pulse Operation:

Twelve-pulse configuration is obtained using two six-pulse configurations. These
configurations are connected in parallel with different transformer or TCR couplings.
Main idea is to create phase difference between two TCR systems. However, due to
control problems regarding the neutral point and 3™ harmonic current, Y-connected
TCR is not preferred. Instead, phase difference is obtained by adjusting transformer
couplings. For example, if one of TCR system is connected using Y - Y connected
transformer, the other coupling transformer is chosen as Y - delta. Schematic

diagram is given in Figure 2.14.
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Figure 2.14: Twelve-pulse TCR configuration

As a result of this phase shift, 5™ and 7™ current harmonics do not appear on supply
side. For a six pulse configuration of current source converters, the frequency
domain representation of the a.c. current in phase a is given as;

23

i, =——1I,(cos(wt)— 1 cos(5wt) + 1 cos(7wt) — L cos(11wt) + 1 cos(13wt)... [2.29]
T 5 7 11 13

a

According to the equation, harmonic components of 6 pulse structure are of orders
6k £ 1 for integer values of k. Harmonics of orders 6k+1 are of positive sequence and
those harmonics of orders 6k-1 are of negative sequence. If the transformer
connection type is changed, frequency domain representation of the current changes
also. Having Y - delta connected transformers instead of Y - Y connected ones,
results in 30° phase shift for current and voltage signals in the primary side. The
frequency domain representation of the primary a.c current in “phase a” for Y - delta

transformer is;



i =%I 4 (cos(wt) += cos(5vvt)——cos(?vvt)—ilcos(llwt)

a

1 1 [2.30]
+-—c0s(13wt) + —cos(17wt) —...
13 17

Comparing this result with the one belongs to the star-star connected; the only
difference is the sign of harmonic orders 6k £ 1 for odd values of k, i.e, the 5th, 7th,
17th, 19th ...

In twelve-pulse configuration, the resultant AC current is given by the sum of two
Fourier series of the star-star (equation 2.29) and delta-star (equation 2.30)
transformers;

NG

= 2(2 )1, (cos(wt) — il cos(11wt) + %cos(l3wt)

1 1 [2.31]
——C05s(23wt) + — cos(25wt)...
23 25

This means that the primary current only contains harmonics of order 12k * 1. On the
other hand, the harmonic currents of order 6k 1 with k=1,3,5,7,... circulate between

the two converter transformers but do not penetrate into the AC network.

Vector diagram of currents proves the same result (Figures 2.15 and 2.16). As the
reference vector is chosen to be the primary A-phase fundamental line current, same
phase fundamental current is the same in the primary of transformer generated by the
two six-pulse TCR, and considering that two groups of transformer valve current is
the same as primary line current, which is made in transformer design. Therefore,
fundamental current magnitudes in primary are the same. And for 5 and 7 times or
higher (6(2n+1)+, n=0,1,2,...) harmonic current, harmonic current magnitude are
equal in the primary of transformer generated by two groups of 6-pulse TCR and the

phase is the opposite so these two counteract [11].
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Figure 2.15: Transformer primary current components in Y-Y connection
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Figure 2.16: Transformer primary current components in Y — A connection

In twelve-pulse operation, systems can be operated independently or they can be
operated in parallel. In parallel operation they share load equally, or asymmetrically.

If two systems are operated in parallel and share the load equally, firing angle is
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under the control for only one system (master system). The other system (slave) just

takes the reference from master and operates accordingly.

There are other advantages of such a system than having low harmonics. In [38] and
[39] these advantages are discussed. First of all, whole system becomes more flexible
in terms of load sharing. Assuming that the coupling transformer has enough
capacity, overall system power is doubled and this power can be divided into two
resulting in less current passing through thyristors so that the cooling requires less
energy. Secondly, overall system reliability is increased since even if one of the
systems has some problems and goes out of the work, the other can still work in six-
pulse algorithm. This opportunity creates a solution for emergency situations and
makes the overall system more stable.

2.5 Other Implementations:

As explained in [1], applying the same principle explained in previous section, pulse
number can be increased further. This basically means more structures connected in

parallel with different transformer couplings.

Four transformers is used to obtain 24-pulse configuration. In order to filter out the
harmonics in de order of 12k 1, those transformers should be connected in parallel
with 15° of phase shift. In this case, the lowest harmonic becomes 23th harmonic
component, and the next one is 25" harmonic component. Similarly, when 8
transformers with 7,5° of phase shift is used, 48-pulse configuration is obtained with
lowest harmonic components of order 47 and 49. Although distortion in supply
voltage waveforms makes the control of higher pulse configurations very hard,
theoretically pulse number can be increased further. The critical point is to design
coupling transformers so that common fundamental frequency voltages on their

primary and secondary sides are in-phase.

As the number of pulses increase the lowest harmonic component has higher order
values. General principle is that for a “p” pulse configuration, harmonics are in the
order of kpE1. Significant harmonics for different pulse configurations is

represented in Table 2.5 below.
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Table 2.5: Current harmonics for different pulse configurations in three phase steady state
balanced operation

1 (5 |6 |7 |11 (12 |13 |17 |18 |19 |23 |24 |25
Fundamental | X
6 - pulse X | X X [ X X | X X | X X
12 — pulse X X X X X
18 — pulse X X X
24 - pulse X X X

36




CHAPTER 111

12 - PULSE SVC DESIGN

3.1 Investigation of the Power System Before Installation of SVC:

Regarding the “Collaboration and Technology Transfer Project for Static VAr
Compensation (SVC) Systems Product And Service Agreement” signed on 1.6.2011
between TUBITAK and KACST, a 3 MVAr SVC system is installed in Dhurma in
Saudi Arabia. Design procedure of 12 pulse SVC system is provided in Figure 3.2.
The sizing is based on the contract (*). SVC system in Dhurma is located at 75 km.
south-west of Riyadh (Figure 3.3). The length of distribution line is nearly 40km
which causes the line characteristics to be highly capacitive during light load.
Moreover, for high load situations, drops on the line result in voltage problem at load
point. Characteristics of electricity system according to the measurements taken from
Al-Hassat substation that has similar results with Dhurma substation are given in
Figure 3.1, Figure 3.3 and Table 3.1. Figures 3.4 and 3.5 provide information about

the locations of Dhurma transformer substation and SVC systems.

(a5 h

| ~» 33kV_B

33

33kV Voltage Level

6/19 6/20 6/21 22 6/23
19_June to 25_June

Figure 3.1: Weekly voltage profile
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Figure 3.2: Design procedure of 12 pulse TCR based SVC for voltage regulation
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Table 3.1: Power system characteristics

Nominal ac system voltage, line-to-line 33 kV
Maximum continuous ac system voltage,line-to-line 34.7 kV
Minimum continuous ac system voltage,line-to-line 31.4 kv
Maximum short-term ac system voltage, line-to-line 42.9kV (130%)
Maximum duration of maximum system voltage 3s

Minimum short-term ac system voltage, line-to-line 9.9 kV (30%)
Maximum duration of minimum system voltage 10s
Continuous negative-sequence voltage component 1-2%
Continuous zero-sequence voltage component 1-2%

Nominal ac system frequency 60 Hz
Maximum continuous ac system frequency 60.2 Hz
Minimum continuous ac system frequency 59.8 Hz
Maximum shor-term ac system frequency 61.5 Hz
Duration of maximum short-term ac system frequency | 30s
Maximum rate of change of frequency (df/dt) 1.2 Hz/sec
Minimum shor-term ac system frequency 58.2 Hz
Duration of minimum short-term ac system frequency | A few minutes
Lightning impulse protective level (BIL) 170 kV
Switching impulse protective level 170 kV
Maximum three phase fault current 1 kA

The location where SVC system is connected to the grid is shown in Figure 3.4.
Moreover, Dhurma substation connections provided by Saudi Electricity Company
(SEC) are shown in Figure 3.5 below. In the figure, “F5” represents the feeder to
which the SVC is connected.
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Figure 3.4: SVC site before installation
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3.2 Design overview:

Considering the mains requirements, SVC system having rated power of 3 MVAr
consists of HF and a TCR whose ratings are given in Table 3.2 below. Although
there are some other alternatives like STATCOM, during design process 12-pulse
SVC system is chosen due to three main reasons. First of all, with two parallel
systems redundancy is an important advantage in case having problems with one
system. Secondly, 12-pulse design allows elimination of specific harmonics
explained in previous chapter. Finally, as an objective of technology transfer project,
12-pulse TCR with voltage regulation is a suitable choice since there is no identical
system in literature. System is simulated in PSCAD / EMTDC according to the

information taken from Saudi Electricity Company (SEC) as seen in Figure 3.6.
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Figure 3.6: Single line diagram of simulated electricity system with two SVC systems
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Table 3.2: SVC technical characteristics

ITEM

RATINGS

Voltage Rating:

1kV

Coupling

Transformer 1:

1.6/2 MVA, 33kV:1kV,

Y-Y (YNynO0), 6% UK

Coupling

Transformer 2:

1.6/2 MVA, 33kV :1kV,

A-Y (Dyn11), 6% Uk

Filter 1: 3" Harmonic Filter

1KV, 0.5 MVATr (170-180 Hz)
Filter 2: 4™ Harmonic Filter

1KV, 0.5 MVAr (230-240Hz)
Filter 3: 5™ Harmonic Filter

1KV, 0.5 MVAr (280-300Hz)
TCR: 1kV, 16 MVAr, Series

thyristor operation
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Single line diagram of designed system is given in Figure 3.7.
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Figure 3.7: Single line diagram of the developed system, only the 6-pulse master SVC

shown, slave SVC power system topology is also exactly the same

As explained before, there are two SVC systems connected in parallel. Their

alignment in the field is shown in Figure 3.8. There are two power connections for

each SVC system one of which is for compensation and the other is for internal

power requirement.
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Figure 3.8: Platform design of SVC systems

In Figure 3.8, top view of the overall system is provided. Coupling transformers with

characteristics, master and slave systems, and heat exchanger is labelled.

Both systems are designed to be fit in containers. There are mainly three parts of
containers. They can be differentiated as 33 kV side, 1 kV side and low voltage side.
In Figure 3.9, overall design of the container is seen with 33 kV side at the leftmost
and low voltage side at the rightmost. In 33 kV side, circuit breaker cubicles are
placed (1). This is the connection part of the system to the mains. The other part, 1
KV side, is composed of distribution panel (3), thyristor panel (4) and harmonic filter
groups (2). Water cooling system panel (6) is also placed in this part of container.
Finally, there is the low voltage room in which control panel, auxiliary systems panel
and protection/measurement panel is placed (7, 8, 9). Rectifier (used to convert ac to
dc) is also in this part (10).

Finalized overall design with side view is also represented in Figure 3.10. Overall
platform dimensions are 22m x 12.5m. Dimensions for container, coupling
transformer and heat exchanger are 12.8m x 3.1m; 2.2m x 3.03m; and 2.2m x 1.1m
respectively. Thus, platform area is nearly 275 m?.
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Figure 3.9: SVC container design
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Figure 3.10: System design

3.3 Thyristor Controlled Reactor Design:

TCR can be considered as the most important component of SVC system since it is
the part that reactive power is controlled. Therefore, both component selection and

control issues should be considered carefully.

3.3.1 Technical Specifications of Thyristor Group:
It is a very important criterion for thyristors to meet the voltage and current
requirements of design. Thyristors are characterized by their technical properties:

Rms Forward Current, ltrms:

Itrims OF a thyristor defines the limiting value for the absolute maximum value of on-
state rms current for a specified current waveform and cooling situation. In case of
excessing the limit for Itgms, thyristor may be burned due to excessive heat
generation depending on the ambient temperature. Itrms can be calculated as [13],
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y (7 —a) x[1+ 2cos? (7 — )] -1.5sin[2(7 — a)]
r

[3.1]

ITRMS = ITCR

Mean On-state Current, ltay:

Similar to Itrms, Mmean on-state current is the maximum value of on-state load current
for a thyristor for a defined temperature and cooling situation with a defined current
waveform. Iray can be calculated as [13],

V2 [3.2]

liay = lier x—x[SiN(7 — ) — (7 — ) cos(7 — )]
T

It is important to note that in this limit value (Itav) there is no safety margin for
thyristor cooling. Hence, in practice usually 0.8ltayv is used as continuous on-state

current.

Another important point to care about is the operating frequency. If standard diodes
and thyristors (designed for line operation) are used at frequencies between 200Hz
and 500Hz, then their maximum current carrying capabilities should be reduced by

considering the switching losses that are no longer negligible.

Surge On-state Current, lygu:

Surge on-state current, lysy is the maximum value of surge current that the thyristor
can withstand. Surge current is in the form of single sinusoidal wave with duration of
10ms. After carrying a surge current with defined duration, thyristors can withstand

the reverse blocking voltages given in datasheets.

Repetitive Peak Reverse and Off-state Voltages:

Repetitive peak reverse voltage (Vrrm) and repetitive off-state voltage (Vprw)
defines maximum permissible voltage value for repetitive transient reverse and off-

state voltages. They may have different values.
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dv/dt:

Critical rate of rise of off-state voltage (dV/dt) defines the maximum rate of increase
of the voltage across anode and cathode of the thyristor that the device will hold-off,
with gate open, without turning on. If this value is exceeded, then misfiring may
occur. Although, this type of turning-on is not destructive if the resultant current is in

the limits of thyristor ratings, control on the thyristor is completely lost.

dl/dt:

“di/dt” rating of a thyristor defines the upper limit of the rate of rise of current that
the thyristor carries during turn-on process. Such a limit exists because when
thyristor is triggered, at first, only part of the chip conducts current. Pushing the
limits may cause localized overheating and damages the device.

According to [14], di/dt of a surge current can be calculated using equation,

di _ 7(lpy)
i [3.3]

as it is also seen in Figure 3.11.

di/dt
lw |- ---/---

t= 8.3 ms For 60 Hz
10 ms For 50 Hz

di _ = (ltm)

dt t
» TIME
0 t

Figure 3.11: Rate of rise of current for surge condition [14]

Cooling Strategy:

Excessive heat generated by thyristors must be taken out. For that, there are different
kind of methods; namely, air natural cooling (AN), air forced cooling (AF), and

liquid based cooling.
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Heat generation capacity of thyristors and other design objectives are considered
when determining the cooling type.

In liquid based cooling, some type of a material such as de-ionized water is used.
lonization level of the water should be checked carefully since above a limit, it may

cause electrical arcs.

Power Losses:

Although thyristor controlled reactor systems are assumed to be lossless structures
ideally, they dissipate power in reality. According to [8] which is compatible with
IEEE 1031-2011, this dissipation can be classified as,

e Thyristor losses (conduction, switching and on-state losses)
e Snubber losses

e Equalizing resistor losses

e Valve reactor losses (if present)

e Protection circuit losses

e Gate triggering circuit losses

e Bus bar or cable losses

The last three type is usually negligible when compared to the other losses. For
thyristors, the conduction losses are the most significant part and it can be calculated

as,

P =Vio X lpay + 1 x o [3.4]

where Vr, is on-state voltage drop on thyristor and ry is the conduction slope
resistance.
3.3.2 Firing Circuitry:

Thyristors must be triggered at the angle that is calculated by control system. Firing
circuitry supplies the required current to gate terminal of the thyristors. Moreover,

usage of fiber optical cables guarantees the voltage isolation and noise immunity.
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The firing system is composed of a main gate driver card and individual gate cards
for each thyristor in the stack.

The only power requirement of the system is a mains supply to the gate driver card.

Isolation to the individual gate drives is provided by the transformer action of the
loop from the main gate driver card. The amount of isolation is governed by the
insulation rating of the loop cable. Figure 3.12 shows the gate driver card

manufactured by Dynex Company.

Figure 3.12: Dynex gate driver circuitry

3.3.3 Technical Specifications of Reactors
Shunt reactor design is a very important part of the system and should be compatible

with the standards.

Reactance value for reactors is determined according to the calculations given
before. Once system size is known with required current and voltage values,

reactance can be calculated easily.

“IEC standard for reactors” [16], and IEEE guides [17-18-19-20] should be checked

for analysis of design, protection, test procedures and loss concepts.
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In general, technical specifications and critical points are determined using
simulation tools. Corresponding information is supplied to the manufacturer and the

rest is done accordingly.

3.3.4 Thyristor and Reactor Alignment

Thyristors are used ascontrolled switches to adjust the conduction of reactors.
Detailed working principle has been given in previous chapters. Thyristors are
connected in series to reactors. Reactors can be divided into two parts or they can be

used as single part. Both alignments are shown in Figure 3.13.

l \
A y
| o) Y
KA 4
PB LA PC PB

(a) (b)
Figure 3.13: Reactor alignments, a) single piece, b) two pieces

According to [8], dividing the reactors into two pieces with the same reactance helps
protecting thyristors against a short circuit. Connecting the thyristor valves in
between these series reactors will limit the maximum fault currents. If one reactor is
short circuited, the fault current will be limited by the other reactor. If phase is short

circuited, no fault current will flow through thyristors.

3.3.5 Design Aspects

Thyristors are chosen to be suitable for indoor installation as they should be mounted
in panels in the container. For each phase, single back-to-back thyristor stack is used.
Thyristors are designed for vertical mounting. Their snubbers are mounted on the
heatsink and triggering circuitry is mounted on the stack. Triggering operation is

based on fiber-optic interconnection.
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According to the design specifications, thyristor stacks are obtained as seen in Figure
3.14 and Figure 3.15 below.

Figure 3.15: Three phase thyristor alignment

Technical specifications of thyristor based on [12] and corresponding stack is
represented in Table 3.3 and Table 3.4 respectively. Reactors are also designed for
system requirements and their technical properties are also given in Table 3.5.
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Table 3.3: Thyristor characteristics

Rms forward current at 85 °C, ltrms 550 A
Mean on-state current at 85 °C, Itav 225 A
Surge (non-repetitive) on-state current, Itsm | 10.5 kKA
Repetitive peak reverse voltage, Vprwm 4200 V
Maximum linear rate of rise of off-state | 1500V /us
voltage, dV/dt

Rate of rise of on-state current, dl/dt 400A/us

Table 3.4: Thyristor stack characteristics

Rated system voltage ( Viom) 1 kv

System Highest voltage 1.5kV
Voltage safety factor (Vstack/Viom) 3

Basic insulation level (BIL), Stack to ground | 20 (kV, peak)
Rated frequency 60 Hz
Maximum ambient temperature +50 (°C)

Table 3.5: Shunt reactor characteristics

Rated system voltage 1 kv
Reactor voltage 0.5 kv
System highest voltage 1.5kV

BIL (across reactor and reactor to ground) 20 kV (peak)
Rated frequency 60 Hz

Rated inductance per reactor unit 2.36 mH
Tolerance on rated inductance 3%

Rms total current 550 A

Rated short time thermal / mechanical

currents

o 1 (kA, rms/2s)
o 2.5 (KA, peak)

Cooling method

AN/water cooled

Maximum ambient temperature +50 °C
Winding material Aluminum
Standards ENG60076

54




3.4 Harmonic Filter Design:

Capacitor banks themselves are sources of capacitive reactive power and it is
common to strategically place capacitor banks to help raise the voltage profile back
to nominal values [21].

Passive harmonic filters are the combinations of capacitors and reactors. In addition
to supplying reactive power to the system, these structures filter harmonic currents
that they are tuned to. As explained in [22]; passive filters, which consist of reactor
and capacitor, typically provide an alternative impedance path for harmonic currents
generated by the harmonic sources. Single tuned passive filters are cheap and easy to
operate in practice. However, unlike active filters, they cannot adopt the changes in
the system to filter out other harmonics. Therefore, single tuned passive filters need
to be custom designed considering specific system impedances, load current
harmonics, background voltage distortions; otherwise it results in poor performance

due to interactions, and overall system performance may get worse [7, 23, 24].

Another important point is not to cause a parallel resonance during filter design.
Parallel resonance is very dangerous since if the parallel resonance peak is aligned
with the frequency of a characteristic harmonic injected by the load, high voltage and

currents can flow causing damage to equipment in the network [25].

Harmonic filter device selection process begins with defining rated voltage, required

reactive power and tuning frequency. Then, to meet reactive power requirement,

VZ

x.-x, 2 [35]

where “V” and “Q” are rated voltage and reactive power respectively. “X¢” and “X”

are reactances of the capacitor and the reactor, respectively.

X o=t
(27 f)xC

X, =(27f)xL [3.7]

[3.6]

55



Secondly, tuning frequency is determined according to equation,

1

= f
271_ ’LXC tuning

[3.8]

Hence, equations 3.8 and 3.5 should be solved simultaneously yielding capacitance

and inductance values.

Voltage rise on capacitor should also be taken into account in order not to damage

the equipment. Capacitor voltage rating should be selected according to the equation,

[3.9]

Moreover, switching transients and voltage transients on mains side should also be
taken into account. Usually, voltage is multiplied with a safety factor as well.In the
light of these information, the parameters are conducted to the manufacturer (see

Table 3.6). Capacitors are designed with built in fuses and are compatible for indoor

installation.

Table 3.6: Technical specifications of capacitors
Material Stainless steel
Dielectric Polypropylene film
Impregnate Non-PCB
Discharge resistors Built in
Standards IEC 60871-1
Voltage 1.2 kv
Maximum continuous voltage 1.3 kv
BIL 20 kv
Reactive power rating for each | 540kVAr (@ 1kV)
capacitor
Capacitance per phase Y 4775 uF
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3.5 Coupling Transformer Design:

Coupling transformers for SVC systems require more attention than regular
distribution or power transformers. According to [5], these differences can be
tabulated as given in Table 3.7.

As explained in Chapter 2, TCR itself is a source of harmonic currents. Some of the
harmonics can be (and in general they are) filtered using harmonic filters; however
all the harmonics cannot be filtered out due to economical and practical reasons. This
brings the obligation for coupling transformer to tolerate harmonic components in
current. Harmonic components cause extra heat generation as they increase
transformer losses. Moreover, if they coincide with parallel resonance frequency of

the system, they are amplified and become more dangerous for system safety.

Dc bias current may saturate the transformer resulting in an increase of the
harmonics. Main reasons of dc bias current in the valve windings of converter

transformer can be summarized as [11];

- Firing angle asymmetry: This is the result of firing error. If a thyristor

valve firing is delayed dc bias current is generated [12]. The firing angle asymmetry
in triggering system is mainly the result of low digital resolution (especially in terms
of PLL generation) and delays due to hardware. Typically it is about 1.0°.

- Unbalance of the converter transformer commutation reactance: It

causes an overlapping time during which one valve is commutated to another one.
The unbalance in commutation reactance is usually less than 2.5%.

- Asymmetrical AC voltages (negative sequence 3rd harmonics): Voltage

unbalance can produce harmonics by its influence on the firing angle and overlap in
the different phases resulting in harmonics of the order n = k x p = 3 where k takes
the integer values 0, 1, 2...., and p is the pulse number of the converter. Within these
harmonics, the 3rd harmonic is the lowest one and the most probable cause of dc bias
on the valve-side of the converter transformer due to its sideband influence. The
percentage of the negative sequence voltage is normally less than or equal to 0.5% in
normal operating condition and 2% in extreme condition.

In order to prevent coupling transformer from undesirable effects of direct current

component and harmonics generated by TCR, the magnetic operating point can be
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placed to the linear portion of the B-H characteristics [13]. By, can be selected below

1.6Wh/m? instead of 1.8 Wh/m? which is used normally for distribution transformers

[8].

Table 3.7: Comparison between conventional power / distribution transformers and SVC

coupling transformer

Property Conventional Power or | SVC Coupling
Distribution Transformer
Transformers

Total demand distortion | Limits defined by High if filters are mostly

(TDD) [28,29,30] at the primary side

Even harmonics in the | Limits defined by Higher than limits

load (and SVC) [28,29,30]

Dc current None Depends on the controller,

may be excessive in

misfiring conditions

Voltage fluctuation

Limits defined in [31,32]

Depends on load bus,

mostly higher than regular

Transformer design

IEC 600076-1, ANSI C.57
[33,34]

IEC 76, ANSI ¢.57; with

minor additions

Core size and physical

Regular

Core and case dimensions

dimensions are bigger for the same
MVA
Overloads Rare, depending on load Usual, depending on load
busbar busbar
Load fluctuation Low High, especially in arc
furnace applications
Saturation IEC 600076-1 Needs extra precautions

Hot spot probability

IEEE/ANSI C.57.91-1995
[34]

IEEE/ANSI C.57.91-1995
[34]
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Two transformers with A-Y and Y-Y type of coupling (requirement for 12-pulse
operation) is another important concept to pay attention. For A connection, triplen
harmonics do not penetrate into the power system, instead they circulate in A (see
chapter 2). Hence, transformer windings must be capable of carrying those currents

also.

Coupling transformer in the developed system is designed to be used outdoor. It is oil
impregnated. In terms of protection, it has bucholtz relay as well as thermal
detector/relay for winding and oil temperatures. Offline tap changer is added so that
for different operating conditions (for summer and winter for example) voltage ratio
can be changed. Considering solar radiation level and heavy pollution, appropriate
painting is selected. Technical properties are presented in Table 3.8 and 3.9.

Finally, according to the document sent by the manufacturer; magnetic field strength,
specific power losses and apparent power of transformer is provided in Figure 3.16.
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Table 3.8: Coupling transformer technical characteristics

Connection Type

YNynO / Dynll (2 different connection

types as required for 12-pulse operation

Rated power 1.6/2 (MVA)
Rated primary voltage 33 (kV)
Rated secondary voltage 1 (kV)
Primary highest voltage 38 (kV)
Secondary highest voltage 1.2 (kV)

Insulation (1 min, AC)

70/ 3 (kV, peak)

BIL 170/ 20 (kV, peak)
Rated frequency 60 Hz
Short-circuit impedance voltage % 6

Rms primary total current 3B5A

Rms secondary total current 1155 A

TDD (secondary)

% 4 (see Table 3.8 for details of

maximum values)

Rated short time currents (secondary)

Thermal : 23 (kA, rms / 3s)
Mechanical : 58 (kA, peak)

Magnetic flux density (B)

<1.55 (Tesla)

Cooling method ONAN / ONAF

Number of taps +15%/-15%, 7 taps (5% steps)
Maximum ambient temperature +50 (°C)

Solar radiation level 1127.4 (W/cm?)

Maximum altitude a.m.s.1. <1000 (m)

Standards IEC 60076-1
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Table 3.9: Harmonic currents for 3 seconds average (without considering the voltage
harmonic levels from measurement at the PCC), 1,.=924 A

Harmonic Order Transformer Secondary
Nominal Current (%)
2 0.92
3 2.71
4 0.43
> 1.95
° 0.25
! 1.52
8 0.2
) 0.5
10 0.13
1 0.5
12 0.12
13 0.4
14 0.11
1 0.4
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3.6 Power System Protection Design:

During the operation of SVC systems there is always risk of facing with electrical
faults. Short-circuits, overloads, thyristor misfiring problems etc. are typical faults. In
case of an electrical fault both the SVC system and electrical network must be

protected.

Protection action should be as quick as possible to minimize the damage. Moreover,
part of the system that requires isolation should be detected carefully in order not to

de-energize unnecessary parts.

Protection system consists of protection relays, measurement transformers (current

and voltage), a digital signal processor (protection DSP) and circuit breakers.

Designed system has 5 protection relays and one DSP as the main controller of
protection coordination. According to the single line diagram (see Figure 3.3), their
sources of signals, protection types and corresponding circuit breaker operations are

given in Table 3.9.

According to IEEE standard [26], there are two levels of alarms; first level alarms

lead to a warning and second level alarms lead to a shutdown.

When selecting the switchgear equipment power factor impact should be taken into
account. This is because most of the switchgear equipment are suitable to operate at
high power factors. Therefore, their rated values are smaller for low power factors. In
SVC system it is very possible to have highly inductive and/or capacitive currents.
Especially purely capacitive and purely inductive currents may cause re-striking
which imposes high voltage surges because of arcing. In such cases, a damping or
snubber circuit may be necessary [27]. In order to solve any possible re-striking,
special attention is paid. Firstly, switchgear equipment is selected in a way that its
capacitive current operation limit is more than rated filter current. Moreover, in
faulty conditions thyristor triggering is stopped to prevent excessive current on
thyristors. Finally, 3™ harmonic filter being parallel with TCR behaves like a snubber

circuitry for reactor currents.
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Table 3.10 summarizes protection coordination. In the table, “X” represents circuit

breaker openings (see Figure 3.5 for corresponding positions). In addition to

overload and overvoltage protections, DSP protects system against dc current fault.

Threshold value for dc current fault is calculated assuming that the firing angles for

positive and negative cycles are at limiting values, meaning full conduction for

positive half-cycle and zero conduction for negative half-cycle. Then by adding a

safety factor to that dc value, threshold is set. DSP creates measuring windows to

calculate dc value.

Table 3.10: Protection coordination

) Circuit Breaker
Protection )
) Source Fault Type Action
Device
CB1(CB2|CB3|(CB4
Transformer
Busbar
Overload/Overcurrent X X X X
Protection |PT1/CT1
Overvoltage X | X X
Relayl
IRF X X X X
Busbar TCR Overload/Overcurrent X X X
Potection PT2/CT3 |Undervoltage X | X X
Relay?2 IRF X [ X X
Feeder 3" HF Overload/Overcurrent X X X
Protection |CT4
Relayl IRF X X X
Feeder 4™ HF Overload/Overcurrent X X
Protection |CT5
Relay2 IRF X | X
Feeder 5" HF Overload/Overcurrent X
Protection |CT6
Relay3 IRF X
Overvoltage X [ X X
Protection
DSP PT2/CT7 |Dc current fault X X X
Overload / Overcurrent X X X
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In developed system, 36kV switchgear is manufactured as cubicles by the
manufacturer. 1 kV circuit breakers; on the other hand, are designed to be fit in the

panels. They are seen in Figures 3.17 and 3.18 respectively.

Figure 3.17: 36kV circuit breaker cubicle
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Figure 3.18: 1kV circuit breakers mounted on the distribution panel
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CHAPTER IV

VOLTAGE REGULATION STRATEGIES FOR 12 - PULSE OPERATION

In this thesis work, two parallel 6-pulse systems are designed to be suitable for both
independent and parallel (master-slave) operation. Simulation results and field
achievements are obtained for both conditions. Main objective during studies is to

regulate voltage while suppressing 6n+ 1 (n is odd) harmonics.

4.1 Independent Mode of Operation

In independent mode of operation, systems do not interact with each other; instead,
they behave like 6-pulse individual systems. They do not have to communicate with
each other since they generate their own reference current and so their own firing

angles.

Independent mode is the basis for master-slave operation. It can be explored in two
main structures, firing angle calculation and phase locked loop (PLL) generation.

For calculating firing angles; transformer primary side voltages (line-to-line),
primary side currents and secondary side voltages (line-to-line) are measured as
inputs. Using equations explained in Chapter 2, SVC voltage is calculated. Then this
voltage is compared with the reference voltage, which is adjustable and initially
33kV for this system. As a result, voltage error is generated. Voltage error shows
how much SVC current should be adjusted. Using Proportional-Integral (PI) type
controller, magnitude of current that SVC should generate is calculated. Finally, this
current is converted into firing angle using pre-generated lookup table. Figure 4.1

summarizes working diagram of the control system in independent mode.
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On PLL generation, secondary voltages (line-to-line) are used. Each phase is
considered alone and PLL is generated independently for all three phases. According
to line-to-line voltage measured, other two phases are generated by creating 120
degrees of phase difference. Firstly, these three voltage components are transformed
into two components using alpha-beta transformation matrix. Then, d-q
transformation is applied. Reference frame is chosen in such a way that direct (d)
component and corresponding line-to-line voltage are on alignment. At the end, d-
component is compared with zero and error is fed to PI controller in order to stick to

correct angle. In Figure 4.2, PLL generation algorithm is shown.

Reference
Voltage

Transformer
Primary Voltages
LU DY Voltgge pojtees Pl Controller ——> TCR current
Transformer measurement Calculation Error
Primary Currents l
TCR current
Transformer Phase Locked - /
Secondary Voltages Firing Angle
Loop (PLL) .
Conversion

Firing Pulse
Generator

TCR Block

Figure 4.1: Operational diagram for independent mode of operation

D-component
Pl Controller ——————— Thetaangle

Transformer
Secondary ———>|

Alpha-Beta D-q

Voltages transformation transformation )

Q-component

Figure 4.2: PLL algorithm
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SVC slope is one of the critical points on control algorithm. Slope (or voltage droop)
can be considered as the tolerance of SVC to the difference between reference
voltage and actual voltage. Slope creates a reduction in SVC response. With no
slope, SVC system shows very large changes in its output as a response to small
changes in the mains voltage. Moreover, slope prevents early reaction of SVC
systems so that it is useful for parallel operation. Slope can be either positive or
negative (see Figure 4.3). However, it should be selected as positive for stability
reasons since negative slope causes avalanche effect for changes in the bushar
voltage. For designed SVC system, resultant SVC I-V characteristics for different
topologies are presented in Figure 4.4 below.

/ Positive Slope
T,

P Negative Slope

e rann e

Figure 4.3: Slope effect on SVC characteristics
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Figure 4.3: 1-V Characteristics of SVC system with different topologies

On simulation environment it is proven that as long as SVC power is enough,
algorithm is successful on voltage regulation. PLL generation, firing angle
calculation and triggering operations are controlled for different reference voltages
and the results are satisfying. In Figure 4.5, PLL and triggering pulse waveforms
with corresponding voltage component is given. At that figure firing angle is

measured as nearly 115 degrees.
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Figure 4.5: Waveforms for firing angle of nearly 115 degrees (simulation)
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Load sharing is the main disadvantage of independent operation. In detail, since
systems do not communicate with each other, they don’t share load equally.
Although they have the same control parameters, one system reacts faster and injects
reactive power after a change in voltage. The other system tries to follow the first
one by taking some of the load. Then the first system reacts to this change. As a
result, there may be an oscillation and unbalance of reactive power distribution
between SVC’s. To show the affects clearly, reactive power of both systems are
drawn according to the changes in reference voltage. In Figure 4.6, reference voltage
is changed from 33kV to 31kV with the steps of 0.5kV. Figure represents the
distinction between reactions of two systems. Oscillations in reactive power
generations and so in mains voltage is also seen in the figure.
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4
Figure 4.6: Load sharing for independent operation showing asymmetrical operation and
oscillations (simulation)
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4.2 Parallel (Master - Slave Operation)

In parallel mode of operation, two systems share total reactive load, behaving like
one 12-pulse SVC system. One of the systems is defined as master (control
authority) and the other is defined as slave.

Master behaves like an independent SVC up to some point. It takes necessary
measurements from voltage and current transformers. Moreover, it has all the control
parameters like K, and K; values. After making calculations, required reactive
current is determined by the master. Up to this point, there is nothing different from
independent mode of operation. What creates difference is the process for

dispatching total reactive current between two systems.

Master SVC should determine how much reactive power will be generated /
absorbed by each system. These shares depend on the control mode. There are three

different control algorithms, namely;
e Asymmetrical load sharing
e Equal load sharing
e Sequential load sharing

Once each system has taken information about how much current they need to
generate, they try to reach that current by adjusting firing angles with the help of
proportional / integral (PI) controller. On the other hand, each system has to generate
their own phase locked loop (PLL) structure from secondary side of their coupling
transformers. This is preferred due to the phase difference and any other dissimilarity
between two systems. Operational diagram for master-slave operation is given in
Figure 4.7. Details of “current dispatch” and “TCR current / Firing angle conversion”
blocks for master svc are given in Figure 4.8. Moreover, susceptance to firing angle
relation taken from lookup table is presented in Figure 4.9.
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Figure 4.7: Master-Slave mode operation diagram

Maximum current carrying capability of the reactors is another important point to be
considered. If the required current is greater than the maximum continuous current of

TCR, then it damages the system. Thus, reference currents are compared with that

limit before current / firing angle conversion.
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4.2.1 Asymmetrical Load Sharing

Asymmetrical load sharing is kind of an open loop operation. In this mode, control
system does not generate any reference current. Instead, reference currents are set
externally by the user. Master system just sends that reference current to slave.
Hence, this mode is generally used as a test procedure or to see the system situation

for a specific reactive power generation.

4.2.2 Equal Load Sharing (Harmonic Cancellation)

In equal load sharing mode the total reactive current generation is dispatched to two
systems equally. Thus, both SVC systems generate the same amount of reactive
current.

When this mode of operation is realized, 5™ and 7™ harmonics generated by each
system Kill each other due to phase difference, resulting in no such harmonic current
in the primary side as explained in Chapter 2.

For successive operation of harmonic cancellation, currents should be the same in
magnitude. Theoretically, if both systems work with the same firing angles then their
currents should be the same. However, in practice there are always dissimilarities.
For example, reactance values of two TCR systems may differ from each other. In
such a case, working with the same triggering angle yields different amount of
currents passing through the thyristor controlled reactor. Hence, 5™ and 7" harmonics
are not filtered completely. However, as current is chosen as reference systems are

not loaded asymmetrically. Thus, overload risk is reduced.

4.2.3 Sequential Load Sharing

In sequential load sharing mode of operation, one of the TCR systems is chosen to be
loaded firstly, and the other to be kept as idle. In other words, one is kept unloaded
until reactive power requirement reaches a predetermined value. When adjusted

capacity of first system is exceeded, other system is triggered.

Sequential load sharing has the advantage of keeping one system as spare. In order to
see the affects; sequential limit, the limit above which second SVC system is fired, is
set to 485 amperes which nearly corresponds to 1.2 MVAr. 4™ and 5™ harmonic

filters are off for both systems. Then, reference voltage is changed from 33kV to
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32.7kV with the steps of 100V. According to changing values of required reactive
current, shares of systems are tabulated in Table 4.1 below. Moreover, waveforms
are shown in Figure 4.8. In Figure 4.8, “I,¢f” represents the total inductive reactive
current requirement. “refl” and “ref2” are the current references for master and slave

systems respectively.

As seen in Figure 4.10, reference current of master SVC follows total reactive
current requirement up to its sequential limit. Then, the difference between total
reactive current requirement and the sequential limit is sent to slave SVC as its

reference current.

Table 4.1: Sequential mode of operation

Reference Voltage | Required Generation of Generation of
Inductive Master SVC Slave SVC
Reactive Current

33kV 147.74 A 147.74 A 0

32kV 375 A 375 A 0

31kV 658.24 A 485 A 173.24 A

30kV 905.3 A 485 A 420.3 A
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Figure 4.11: Variation in reactive power generations of two TCR systems (simulation)

Figure 4.11 shows how reactive power generation changes for sequential load
sharing mode of operation. As expected, slave system (the lower graphic) does not
operate until the reactive power requirement is more than the sequential limit. It is
also important to note that the reason why QTCR1 decreases when the reference
voltage is decreased to 30kV is because the power generation of TCR depends on the
voltage. Thus, although the current of TCR in the master SVC stays constant

decrease in voltage level causes the reactive power to be lower.
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4.3 Comparison of 12-Pulse Control Strategies

12-pulse control strategies (equal load sharing and sequential load sharing) are both
successful on regulating the mains voltage. However, they have different load
dispatch characteristics. Hence, their power quality performances are not identical. In
order to see the advantages and disadvantages of both systems, they are compared in

terms of three performance criterion, namely;
e Dynamic response
e Harmonic current reduction
e Active power losses

4.3.1 Dynamic Response

During SVC operation, transients such as voltage sags and swells may occur.
Compensation systems should be able to react well against these changes. Main
objectives are fast response and small overshoot. However, there is a trade-off

between these goals and optimization is required.

In order to check dynamic response quality, voltage reference is changed with the
steps of 3kV (nearly 10% of the nominal voltage) and response curves are obtained.
Results are compared for control methods, equal load sharing and sequential load
sharing. Then, response curves are improved by adjusting four control parameters to
finalize the responses. Two of these parameters are K, and K; for voltage reference

settlement and the other two Ky and K for reference current settlement.

As comparison, it is observed that both control methods result in the same
characteristics. This is because they have the same control algorithm except the
dispatch equations for reference current. Different equations do not change reaction

time.

Firstly, the results for over-damped response are obtained. Over-damped response
has the advantage of not having overshoot; however, its reaction time is quite large.

Results for over-damped response are represented in Figures 4.12 and 4.13.
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Figure 4.12: Over-damped response curve from 30kV to 33kV (simulation)

SVC_Dyn14 : Graphs -

P -

sso mVveet 0 |=vpimay =
; 5 ' X 32.997
340 : : ©30.105
A-2892
33.0 Min 30.105
= | Max 32.997
g %20
1]
# 3101
Gl
> 3004
29.0 -
28.0 - : : =
x 2.00 220 240 280 2.80 3.00 320 X244
time (secon 0265
. ’ f 494

Figure 4.13: Over-damped response curve from 33kV to 30kV (simulation)

For over-damped response parameters are 0.8, 0.1, 1e-4 and 4e-6 for K, K;, K, and
Kic respectively. Although there is no overshoot, response time is nearly 200 ms with
these controller parameters. 200 ms is a very large value since it is expected that the
system should react such changes during 3 or 4 cycles meaning 50 to 64 ms. Then
control parameters are changed to decrease response time. When parameters are set
as 250, 3, 8e-4 and 8e-6 underdamped response is obtained with nearly 30ms of
response time. As seen in Figures 4.14 and 4.15, response is oscillatory so it has

stability problems.
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Figure 4.14: Under-damped (and oscillatory) response curve from 30kV to 33kV due to

unproper parameter settings (simulation)
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Figure 4.15: Under-damped (and oscillatory) response curve from 33kV to 30kV due to

unproper parameter settings (simulation)

At the end, control parameters are adjusted to have a critically damped response.
When parameters are 250, 0.7, 8e-4 and 8e-6; critically damped response is achieved
with results given in Figure 4.16 and Figure 4.17.
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Figure 4.16: Critically damped response curve from 33kV to 30kV (simulation)
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Figure 4.17: Critically damped response curve from 33kV to 30kV (simulation)

For critically damped response, reaction time (considering 5% of settling time) is
about 50ms. On the other hand, its overshoot is nearly 10% of the step value.

Positive and negative step changes result is very similar results.

4.3.2 Harmonic Current Reduction

As explained in Chapter 2, due to its working dynamics SVC systems behave like
current sources and they generate current harmonics. In previous chapters, damages
caused by current harmonics and corresponding penalty limits are also explained.
The most problematic harmonics generated by TCR are low order (3", 5™ and 7™)

harmonics (see Table 2.2).
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3" harmonic component of the current in balanced operation is basically eliminated
by using appropriate configuration for TCR. If Y-connected TCR structure is used,
then 3™ harmonic causes problems even in balanced firing. However, delta-
connected structure eliminates this probability since 3™ harmonic currents in
balanced operation flow inside the delta. In order to prove this functionality, TCR is
fired at 94 degrees and results are obtained in PSCAD. In figures 4.18 and 4.19,
current harmonics with fundamental component are tabulated.
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Figure 4.18: Harmonic currents inside delta for balanced operation (simulation)
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Figure 4.19: Harmonic currents going out of delta for balanced operation (simulation)

These figures prove that if TCR phase branches are triggered at the same angles, then

no significant 3 harmonic current will appear out of the delta. On the other hand, in
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case of an unbalance then 3™ harmonic current flows out of delta and it should be
filtered.

When TCR block is fired with 5 degrees of difference between triggering angles (95,
100, and 105 degrees) then the current composition inside TCR delta and outside of
the delta is shown in Figures 4.20 and 4.21 respectively. According to these figures,
3" harmonic current goes out of delta with significant amount. It is measured that for
705 amperes of fundamental current component, 3" harmonic magnitude is about 35

amperes going out of delta. This corresponds to 5% of fundamental current.
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Figure 4.20: Harmonic currents inside delta for unbalanced operation (simulation)
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Figure 4.21: Harmonic currents going out of delta for unbalanced operation (simulation)
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3" harmonic filter is used to filter out this component. After filtration, 3" harmonic
current is measured about 4 amperes for a 406 amperes of fundamental component
and this means 0,98 % of fundamental component (see Figure 4.22). Thus, 3"
harmonic filter is useful and it will filter out any 3™ harmonics during unbalanced

operation.
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Figure 4.22: Harmonic currents measured from transformer secondary after 3™ harmonic

filtration (simulation)

The next most problematic harmonics are 5" and 7 harmonics. As explained in
chapter 2, the main objective of 12-pulse configuration is to filter out 5™, 7%, 17",
19™. ... harmonics. In order to test this functionality, 5™ harmonic filters are switched
off and reference voltage is set to 33kV. In this situation, harmonics at TCR branch,
transformer secondary and point of common coupling (PCC) are measured for two
different control methods: sequential load sharing and equal load sharing. For
sequential load sharing mode, sequential limit is set to 500kVAr at 1kV side which
corresponds to 288 amperes in line. For this specific condition total reactive power
generation is nearly 1.9 MVAr; thus, the slave TCR is loaded with 1.4MVAr. On the

other hand, for equal load sharing mode both TCR systems are loaded with nearly
1IMVAr.

If sequential load sharing mode is used, then the harmonic components at the point of
common coupling are given in Figure 4.23. However, with the use of equal load

sharing mode, the results are tabulated in Figure 4.24. Results for 5" and 7™

85



harmonic components are also tabulated as the percentage of their rated components

in Table 4.2.
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Figure 4.23: Current harmonics at PCC with sequential load sharing (simulation)
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Figure 4.24: Current harmonics at PCC with equal load sharing (simulation)

Table 4.2: Maximum harmonic currents at PCC as the percentage of their rated current
when reference voltage is set to 33kV

Control 5" harmonic | 7" harmonic | 17" harmonic | 19" harmonic
method current current current current
Sequential %2.4375 %0.8982 %0.2 %00.0956

load sharing

Equal load %0.075 %0.0973 %0.0411 %0.045
sharing
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This is an expected result since in order to eliminate 5™ and 7" harmonics, current
magnitudes should be as close as possible. The same situation is analyzed with 10%
difference between the reactor values of TCR systems. Although there is an increase
in harmonic content, resultant harmonics are less than 2% for each component (see
Figure 4.25) as expected. Even though systems try to produce the same current in
terms of fundamental magnitude, their firing angles differ. This brings different
harmonic content. Figures and the table clearly shows that equal load sharing has

much better harmonic reduction performance than sequential load sharing mode.
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Figure 4.25: Current harmonics at PCC with equal load sharing for unbalance (simulation)

4.3.3 Active Power Losses

Theoretically SVC systems do not have active power consumption. However, in
reality their active power requirement is not zero as there are reactor losses,

transformer losses, thyristor losses etc.

In order to see the power consumption of each system as well as the total active
power requirement, 12-pulse configuration is run under different voltage references.
As the reactive power requirement is changed, power loss of each system is also
changed and results are recorded. For sequential mode of operation, sequential limit
is set to IMVAr.
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Voltage reference is changed from 33kV to 31.5 kV with the steps of 500V. Active
power consumption of each SVC system and the total loss is shown in Figure 4.26
and 4.27 respectively.
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Figure 4.26: Losses for each system under sequential load sharing mode of operation

(simulation)

Figure 4.26 shows that the power losses for master SVC is constant since its reactive
power generation is not changed during the operation. As the total requirement
increase, losses of the slave also increase. Looking at Figure 4.27, total loss variation

according to reference voltage is given.

On the other hand, for equal load sharing mode both SVC systems has the same
power losses and the total loss behavior is represented in Figure 4.28.
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Figure 4.27: Total Losses under sequential load sharing mode of operation (simulation)
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Figure 4.28: Total Losses under equal load sharing mode of operation (simulation)

Finally, relationship between power losses, mains voltage and reactive power
generation of TCR is investigated in detail. In Figure 4.29, power losses are recorded
for different reference voltages. Although each mode has different voltage limits, the
figure gives idea about their common operating points. Moreover, Figure 4.30
represents the relationship between total inductive reactive power generation of TCR
systems and power losses. In figures results for equal load sharing (ELS) and
sequential load sharing with three different sequential limits 500, 1000 and 1500
(SLS-500, SLS-1000, SLS-1500) are shown. Both figures prove that equal load
sharing mode always results in lower power losses. This is mainly because of the fact
that losses are proportional to the square of the current. Thus, dividing the current
equally decreases total loss. Losses of sequential load sharing mode has nearly the
same value with equal load sharing mode when the total reactive power requirement

is double of sequential limit, means system is working like equal load sharing mode.
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Figure 4.29: Power losses according to reference voltage (simulation)
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CHAPTER YV

FIELD IMPLEMENTATION

5.1 Installation of Proposed SVC System

After design process, SVC system is shipped to Saudi Arabia. Civil work including
pour, placement of containers and coupling transformers, and channel excavation for
cables are all completed by KACST team. Moreover, they prepared connections for
auxiliary supply. Figure 5.1 shows one of the containers ready for work. Then; for
cabling between containers and other outer equipment, de-ionized water cooling
system preparation, and commissioning the system field work is conducted between
at 28" of February and 21" of March.

Figure 5.1: SVC master system container

91



Saudi Electricity Company (SEC) made the connection between SVC system and
grid according to regulations. For this, they installed insulators on the pole. Surge
arresters and 33kV XLPE cables are connected to mains with the help of these

insulators. Figure 5.2 shows how they connected XLPE cables to the insulators.

De-ionized water cooling system is installed according to design (see Figure 5.3 and
5.4). On the other hand, coupling transformer connections are completed as seen in
Figure 5.5. SVC system with delta— Y coupling transformer is selected as master.

Figure 5.2: PCC connections
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Figure 5.4: De-ionized water cooling system panel
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Figure 5.5: SVC container, coupling transformer and heat exchanger

1kV side power equipment has already been installed before shipment. In the field,
1kV cables are connected to distribution panel and ground connections are
completed. Thyristor panel, harmonic filter panel and TCR reactors are seen in
Figure 5.6 (a), Figure 5.6 (b), Figure 5.7 (a), and Figure 5.7 (b). Then, the designed

system has taken its final form (see Figure 5.8).
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(a): Thyristor panel (b): 1kV side of container

Figure 5.6: (a) Thyristor panel and (b) 1kV side of container
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(a): Harmonic filter panels (b): Harmonic filter reactor and
capacitor connections

Figure 5.7: (a) Harmonic filter panels and (b) Reactor capacitor connections

- = _—

Figure 5.8: SVC platform (front view)
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5.2 Implementation of Control Strategies and Harmonic Performance

Field installation process took nearly one week. Then, SVC system is commissioned
step by step. First of all, each system is commissioned independently. Then, equal
load sharing mode is investigated. Sequential load sharing mode is also performed

and finally, asymmetrical load sharing situation is observed.

Voltage, current, and reactive power measurements are taken for each step. For all
these steps measurements are taken. “Circutor Power Analyzer — AR5” is used as

measurement device. All measurements are based on 5 second averages.

5.2.1 Independent Mode of Operation

For independent mode of operation, measurements can be classified in two main
groups, namely creating voltage profile for a single SVC system, and investigating
operational harmonics. Balanced and unbalanced situations are considered
separately. For balanced condition, measurements are taken from one phase only. On

the other hand, three phase information is taken for unbalanced condition.

Firstly, TCR is triggered from zero conduction to full conduction with the steps of 10
degrees . In order to be more precise near full conduction, another measurement is
taken at 100 degrees. Two different scenarios, with all filters active and only 3"
harmonic filter active, are followed. Result is shown in Figure 5.9 and Figure 5.10.
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Figure 5.9: Voltage versus firing angle relationship with harmonic filters (field data)
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Figure 5.10: Voltage versus firing angle relationship with one filter only (field data)

According to figures, for this specific measurement period under full load TCR effect

on the 33kV bus voltage is nearly 0.5kV.

In order to investigate harmonics during balanced and unbalanced operation, current
measurements on TCR line are taken. 3, 5" 7" 17" and 19" harmonics are

observed. All harmonic information is given as the percentage of rated current, i.e.

866 amperes (see Figure 5.11).
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Figure 5.11: TCR fundamental current (line) versus firing angle relationship (field data)
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3rd harmonic vs. Firing angle
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Figure 5.12: 3" harmonic current versus firing angle relationship (field data)

3" harmonic current measured from outside of delta is shown in Figure 5.12.
According to the figure, 3 harmonic current is less than 0.3 % of rated current. In
ideal situation, for delta connected structure it is expected to be zero in balanced
operation; however, dissimilarities between phases, firing angle mismatches, source

voltage unbalance cause this result.

5™ and 7" harmonics are dominant harmonics for 6-pulse scheme as explained in
previous sections. Their variation with firing angle is represented in Figure 5.13. On
the other hand, 17" and 19" harmonics are other harmonics under interest of the
study. Their variation is also shown in Figure 5.14. According to figures, each

harmonic component has different characteristics relating to the firing angle.

Finally, TCR harmonics for unbalanced operation is measured. Firstly, firing pulses
with 5 degrees of difference are created for operation near full conduction. When
thyristors are triggered with 95-100-105 degrees, current and voltage harmonics are
as given in Figure 5.15. In the figure, RS (L1)-ST (L2)-TR (L3) phases are shown
separately. Then, the measurement is repeated when firing angles are 120-130-140

degrees (Figure 5.16).
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5th and 7th harmonics vs. Firing angle
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Figure 5.13: 5™ - 7" harmonic currents versus firing angle relationship (field data)

17th and 19th harmonics vs. Firing angle
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Figure 5.14: 17" - 19™ harmonic currents versus firing angle relationship (field data)

During investigation of unbalance, 4™ and 5™ harmonic filters are disabled to see
effects more clearly. As the figures are raw outputs of PQ analyzer device (AR5),

values are shown as the percentages of fundamental component. This means, for
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unbalance scenario I, 3 harmonic current is about 17.8 amperes even though it
differs a little from phase to phase. 5" and 7" harmonics are 25 and 13 amperes
respectively. On the other hand, for scenario I1, 3 harmonic current is about 10
amperes. 5™ and 7™ harmonic components did not change much they are still nearly
26 and 13 amperes. Results prove that if thyristors are fired with different angles, 3"
harmonic current becomes comparable with 5™ and 7" harmonics in line. This 3"

harmonic magnitude gets bigger as unbalance situation happens for lower firing

angles.
= mE ] = = =
% Vn L1 % Vn L2 % Vn L3 % In L1 % In L2 % In L3

1,5

1,0
=
2
S

0,5+

%In
N

LI

| 2 | L ol | | — Il it | - 1 oL

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29

Figure 5.15: Current / voltage harmonics for unbalance of 95°-100°-105°%in RS-ST-TR
phases (field data)
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Figure 5.16: Current / voltage harmonics for unbalance of 120°-130°-140° in RS-ST-TR
phases (field data)
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5.2.2 Sequential Mode of Operation

When both SVC systems are enabled and mode is selected as sequential load sharing,
voltage control mode (closed loop) is operated. Measurements are taken from two
points, primary side of master SVC and point of common coupling (PCC). Two
different sequential limits (500kVAr and 1MVAr) are applied and firstly, for a
specified total reactive power generation harmonics are observed. Then, voltage
reference is changed step by step from 32.2 to 31.8 kV. When total inductive reactive
power generation is nearly 700kVAr, resulting current and voltage harmonics are
given in Figure 5.17 and 5.18 for 500kVAr sequential limit. Likewise, Figures 5.19
and 5.20 are for IMVAr limit.
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Figure 5.17: Current / voltage harmonics at primary side of master with 500kVAr sequential
limit (field data)
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Figure 5.18: Current / voltage harmonics at PCC with 500kVAr sequential limit (field data)
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Figure 5.19: Current / voltage harmonics at primary side of master with 1IMVAr sequential

limit (field data)
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Figure 5.20: Current / voltage harmonics at PCC with IMVAr sequential limit (field data)

Although specific harmonics (5", 7™,17",19™) are reduced at PCC side, reduction rate
is not satisfying with sequential mode of operation. For IMVAr sequential limit, it
seems harmonics are lower. It is because of the fact that the reactive power
generations of two systems are closer to each other.

5.2.3 Equal Load Sharing Mode of Operation

In equal mode of operation, the same steps are followed and results are observed as
in Figure 5.21 and Figure 5.22 for the same amount of total inductive reactive power
generation (700kVAr).
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Figure 5.21: Current / voltage harmonics at primary side of master with equal load sharing

(field data)
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Figure 5.22: Current / voltage harmonics at PCC with equal load sharing (field data)

Figures present that, equal load sharing has successful results on eliminating 6-pulse
harmonics. For example, although 5" harmonic current is between 5-10 % of
fundamental current at primary side of master SVC, it is only about 0.8% at PCC
side. The same reduction effects can be seen for 5", 7" 17" and 19" harmonics

meaning equal load sharing is effective on eliminating these harmonics.

In order to see the results for different voltage levels, systems are operated in closed
loop and voltage reference is changed from 32.2kV to 31.8kV when the voltage level
is 32kV without SVC. Variation of 5", 7" 17", and 19th harmonic currents during
this process is shown in Figures 5.23 — 5.26. Moreover, total harmonic distortion
measurements taken from PQ device during this process are also given in Figure
5.27.
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Figure 5.23: 5™ harmonic current as percentage of rated current for different voltage levels

and control algorithms (field data)
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Figure 5.24: 7" harmonic current as percentage of rated current for different voltage levels

and control algorithms (field data)
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17th Harmonic Current vs. Voltage
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Figure 5.25: 17" harmonic current as percentage of rated current for different voltage

levels and control algorithms (field data)

19th Harmonic Current vs. Voltage
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Figure 5.26: 19" harmonic current as percentage of rated current for different voltage

levels and control algorithms (field data)
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voltage difference created between transformers to see harmonic

performance of equal load sharing mode for such dissimilarity. Tap positions are

changed and a voltage difference of 8,69 % is created between two couplings. Then

for the same voltage levels results are tabulated (see Figure 5.28 and 5.29).

5th Harmonic Current vs. Voltage
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Figure 5.28: Relationship between 5™ harmonic current as percentage of rated current for

different taps (field data)
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7th Harmonic Current vs. Voltage
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Figure 5.29: Relationship between 7™ harmonic current as percentage of rated current for
different taps (field data)

Figures prove that equal load sharing mode of operation has much better harmonic
elimination characteristics. However it should be noted that for current loads and
operating points sequential load sharing algorithm has also acceptable results in
terms of harmonics. Considering short circuit current is as 1kA (given from SEC)
and nominal current for the systems (3MVAr in total) as 52.49 A, then according to
Table 2.3 harmonic limits are 4 %, 2 %, and 1.5 % for harmonic orders up to 11,
from 11 to 17, and from 17 to 23 respectively. Thus, investigating Figures 5.23-5.26,
it is clear that even sequential load sharing algorithm has below limits although it has
small margin at some points. Moreover, at some operating conditions sequential load
sharing modes has similar results with equal load sharing. This is because total
inductive reactive power generation is double of sequential limit which yields the
systems are working like equal load sharing mode. On the other hand, when
simulation results are also considered, it is seen that any dissimilarity between
systems (in terms of transformer voltage ratio, reactor values...) decreases the

efficiency of harmonic cancellation.
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5.3 Dynamic Performance

Dynamic response quality is measured for three phase current change. In order to do
the measurement, voltage reference is changed between 32.5kV and 33kV. These are
limit values for that specific time. Above and/or below these limits at least one phase

is stuck to upper or lower firing angle limit.

There is no difference between control strategies in terms of dynamic performance
since the reference currents are generated using the same algorithm, only equations

are changed.

As there are two PI controllers (one for reference voltage error and the other for TCR
current error) four parameters are tuned one by one and results are achieved as given
in Figure 5.30 and Figure 5.31 below. In order to check dynamic response quality,
DSP is used. Thyristor currents inside delta which are measured via hall effect
current transformer are presented with a triggering pulse. In figures; yellow, green,
and purple waveforms show thyristor currents. The blue signal is the instant that

voltage reference is changed.

Dralasyie]

YOKOGAWA Normal Edze CHA, £ 1,.22. V
o ]
div 21 (2 2> 500mY div.i <> 2.00 Vv
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Figure 5.30: Transient response from 32.5kV to 33kV
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Figure 5.31: Transient response from 33kV to 32.5kV

These pictures prove that response time is nearly 4 cycles when going from one limit
to another. On the other hand, to see performance in a more clear way, transient
response is seen on one phase only. By doing so, new voltage limits become (for
phase AB) 32.9 and 32.2kV.

Results for changing reference from 32.9kV to 32.2kV and vice versa is presented in
Figures 5.32 and 5.33 below. In figures, phase voltage is seen as red colored and
corresponding current is given as yellow. Blue signal is again the triggering instant.

Response time is observed to be 4 cycles again.
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Figure 5.33: Transient response from 32.2kV to 32.9kV
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5.4 Discussion of Results

As the achievements of simulation work and field measurements following results
can be concluded,;

12 - pulse TCR based SVC system having 3™ and 4™ harmonic filter is an
effective solution for voltage regulation problems caused by long distribution
lines and high load during summer in Dhurma / Saudi Arabia. Moreover, with
the use of equal load sharing algorithm the system suppresses harmonics
below limits with a safety margin.

Dynamic response is measured as 4 cycles. Control parameters are adjusted
to make the system critically damped to reach an optimum point in terms of
fast response and low oscillations.

Some dis-similarities such as transformer Uy mismatches, source voltage
unbalances, reactor value differences, thyristor firing delays, etc... make total
filtration of 6n+ 1 (n is odd) pulse harmonics impossible; however especially
with equal load sharing algorithm, harmonics are suppressed significantly.
When harmonic limits are considered (see Table 2.3) sequential load sharing
algorithm has also acceptable results. However, equal load sharing has
greater safety margin.

As a comparison of control algorithms, if the systems are intended to be
operated in parallel, then although sequential load sharing algorithm has
advantage of keeping one system as spare equal load sharing is a better
choice. First of all, equal load sharing topology based systems have better
harmonic reduction capability. Secondly, power losses are reduced in equal
load sharing mode.

There are some differences between simulation work and field results about
the voltage range of SVC system. This is because of some wrong information
and assumptions during the modelling of power system. Although from
control perspective this does not change anything, especially capacitive
power of the system may be required to be increased in the future. In such a
case, TSC can be a solution. Adding a TSC parallel to TCR increases
capacitive reactive power capability which is good when load is high
especially in summer. Moreover, during light load (in winter with capacitive
line characteristics) TSC can be shut-down not to reduce inductive reactive
power capacity.

Having two systems to get 12-pulse ability has a disadvantage of being
expensive. Based on the same design specs and cost, STATCOM and/or TSC
can also be considered as alternatives. In current situation, STATCOM
system can be an alternative.
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CHAPTER VI

CONCLUSIONS AND FUTURE WORK

This master thesis work deals with design, implementation and analysis of 12-pulse
TCR based SVC. As a result of collaboration agreement signed between TUBITAK
and King Abdulaziz City for Science and Technology (KACST), prototype is
designed considering unique requirements and implemented in Dhurma / Kingdom
of Saudi Arabia. Within the scope of the project, SVC technology developed by
TUBITAK is transferred to KACST Institute in Saudi Arabia. An extended research
and demonstration for 12-pulse TCR operation is also achieved, which constituted a

basis for the scope of this Thesis.

The developed system is composed of two parallel connected 6-pulse SVC. Systems
are designed to be suitable for both parallel and independent operation. Moreover,
they are capable of being transferred to another location easily. Each system has its
own coupling transformer and harmonic filters as sources of capacitive reactive
power. A special control algorithm is developed to share load between systems

equally.

Designed system is implemented in Dhurma / Kingdom of Saudi Arabia to solve
voltage regulation problems mostly because of irrigation and air-conditioner based

loads during summer time.

As results of theoretical work, analysis and field measurements carried out in the

scope of this master thesis, following conclusions /contributions can be drawn:
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e 12 pulse TCR based SVC system working at voltage regulation mode is designed
and implemented. Voltage regulation is done successfully in the meantime 6n+1
(n is odd) harmonics are suppressed.

e For independent mode of operation; TCR voltage, current, and harmonic
performance characteristics are investigated both in simulation environment and
reality.

e For two different parallel operation modes (sequential load sharing and equal load
sharing) quality of performances are compared in terms of voltage regulation
capability, dynamic response, harmonic content, and power losses in simulation
environment. It is concluded that, equal load sharing algorithm has better
harmonic reduction and power loss performance. If sequential load sharing limit is
set to the full capacity of one system then voltage regulation capability is similar
for both algorithms. Dynamic performance is also similar for two different control
methods.

e For parallel operation modes, field results are collected and it is seen how they
respond in the implemented 33kV power system. Although a greater installed
capacity is required, due to the agreement signed between TUBITAK and
KACST, the total installed capacity is limited to 3 MVAr. With this capacity, it is
measured that the voltage can be regulated up to +/-1kV.

e As a result of comparison, it is proven that with the algorithm of equal load
sharing specific harmonics (5", 7, 17", 19" harmonics) are suppressed. For
current IEEE limits (as explained in chapter 5.2.3) harmonics are all below limits
with a safety margin.

e Dynamic response for the two different modes of operation is investigated and
optimized by adjusting control parameters. System is set to critically damped
response.

e Dissimilarities such as transformer unbalances and reactor variations are
investigated in simulations and field work. Their effects on power quality (in
terms of harmonic content) are discussed. It is seen that when there is dissimilarity
harmonic reduction performance is reduced. However, according to field results,
even with nearly 9 % of voltage unbalance between systems, harmonic levels are

still below limits.
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As further work, whole system can be designed in a way that coupling transformer is
also placed in container so that relocation process becomes much easier. For that,
coupling transformers may be designed as dry types. However, it will increase power
losses. If losses become critical, then transformers can be designed as outdoor but
with special platforms connected to control container. By doing so, re-locatability is

improved.

Although response time is acceptable (about 4 cycle), feed-forward controller and/or
fuzzy logic can be added to further improve these response characteristics. However,
in that case stability problems may occur. Parameters should be investigated

carefully.

For current situation, control algorithm is designed to share inductive reactive load
equally between systems and it is seen that the algorithm is successful. However, if it
Is required to eliminate corresponding harmonic components completely, another
control algorithm having harmonics as its controlled variable can be developed.
Moreover, if it is necessary to eliminate higher order harmonics then an active filter
may be designed. In order to increase reactive power control capability in capacitive
region, a TSC implementation can also be considered.

115



116



REFERENCES

[1] T.J.E. Miller, “Reactive Power Control in Electric Systems”, john Wiley &
Sons, 1982

[2] Lee, H. (2001).An investigation into the inherent robustness and optimal
harmonic performance of the advanced static VAr Compensator (ASVC). Ph.D.
Thesis. The University of Northumbria: U.K.

[3] M.A. Carvalho, and D.O. Campones Application of saturated reactors on
power transmission system”, IPST *95- International Conference on Power Systems
Transients, Lisbon, 3-7 September 1995

[4] Bilgin, F. (2007), “Design and implementation of a current source converter
based statcom for reactive power compensation”.Ph.D. Thesis. Middle East

Technical University: Turkey

[5] Mutluer, H. B. (2008), “Design implementation and engineering aspects of
TCR for industrial SVC systems”.Ph.D. Thesis. Middle East Technical University:
Turkey

[6] R.H. Lasseter, and S.Y. Lee,;”Digital Simulation of Static VAR System
Transients”; IEEE Trans. Power Apparatus and Systs., Vol. PAS-101, No.10,
pp4171-4177; Oct.; 1982

[7] J.Arrilaga, N.R. Watson, “Power System Harmonics”, Wiley, 1982

[8] Hammad, A.E., and Mathur, R.M.: 'A new generalized concept for the design
of thyristor phase controlled VVar compensators Part I: and fundamental
characteristics of a new variable inductor for steady state performance’, IEEE Trans.,
1979, PAS-98, pp. 219-226

117



[9] Patel, H.K., and Dubey, G.K.: '"Harmonic reduction in the static VAR
compensator by sequence control of transformer taps', IEE Proc C, Gener., Trans. &
Distrib., 1983, 130, (6), pp. 300-305

[10] Tam, K., and Lasseter, R.H.: 'Alternative twelve pulse arrangement for static
VAR control applications', IEEE Trans., 1983, PAS-102, pp. 3728-3735

[11] Himei, T., Funabiki, S., and Komatsubara, H.: 'Principles and fundamental
characteristics of a new variable inductor for improved waveforms', Trans, Inst.
Electr. Eng. Jpn. Part B, 1983, 103 pp. 498-504

[12] Yunbo, L., Han, Y., Zhengpai, C.,Jianhua, Z., ‘Development of Dynamic Var
Compensator Based on 12-pulseThyristor Controlled Reactor’ |IEEE Trans

[13] “IEEE Guide for the Functional Specification of Transmission Static Var
Compensators” IEEE Std 1031-2000 (Revision of IEEE Std 1031-1991)

[14] http://www.eettaiwan.com/ARTICLES/2001JUN/
2001JUN14_AMD_AN2013.PDF#page=1&zoom=130,0,409

[15] IEC 60289 “Reactors”, 1988

[16] IEEE Std. C57-125, “IEEE Guide for Failure Investigation,

Documentation,and Analysis for Power Transformers and Shunt Reactors” 1991

[17] ANSVIEEE Std. C37.109, “IEEE Guide for the Protection of Shunt Reactors”
1988

[18] “IEEE Loss Evalution Guide for Power Transformers and Reactors” IEEE
Std C57-120-1991

[19] IEEE Standard Requirements, Terminology, and Test Code for Shunt Reactors
Rated Over 500 kVA, IEEE Std. C57.21-1990

[20]  http://www.dynexpowersemiconductors.com/downloads/product-
area/DNX_DCR780G42.pdf

[21] F.C. de la Rosa, Harmonics and Power Systems. Boca Raton: Tylor and
Francis Group, 2006, pp.85-86

118


http://www.eettaiwan.com/ARTICLES/2001JUN/%202001JUN14_AMD_AN2013.PDF#page=1&zoom=130,0,409
http://www.eettaiwan.com/ARTICLES/2001JUN/%202001JUN14_AMD_AN2013.PDF#page=1&zoom=130,0,409
http://www.dynexpowersemiconductors.com/downloads/product-area/DNX_DCR780G42.pdf
http://www.dynexpowersemiconductors.com/downloads/product-area/DNX_DCR780G42.pdf

[22]  Young-Sik Cho and Hanju ChaSingle-tuned Passive Harmonic Filter Design
Considering Variances of Tuning and Quality Factor

[23] M. E. Habrouk, M. K. Darwish and P. Mehta, “Active Power Filter; A
review”, IEE Proc. Electr. Power Appl., Vol. 147, no. 5, pp. 403-413, September
2000.

[24] Y. S. Cho, “Analysis and Design of Passive Harmonic Filter for a Three-
phase Rectifier”, KIEE Magazine, 58P-3-13, pp. 316-322, September 2009

[25] S.J. Bester and G. Atkinson-Hope , ‘Harmonic Filter Design to Mitigate

Two Resonant Points in a Distribution Network’

[26] “IEEE Guide for the Functional Specification of Transmission Static Var
Compensators” IEEE Std 1031-1991)

[27] A. Agik, A. Cetin, M. Ermis, A. Terciyanli, T. Demirci, I. Cadirci, C. Ermis,
A. Aydmay, ‘A Fully Static Solution to Power Quality Problem of Light Rail
Transportation System in Bursa, Turkey’, ACEMP 2004, istanbul, Turkey, May
2004, pp. 446-452.

[28] IEC 61000-4-30, “Testing and measurement techniques - Power quality

measurement methods”

[29] IEEE 519, “IEEE Recommended Practices And Requirements for Harmonic

Control”,1992

[30] IEC Std. 61 000-4-7, General Guide on Harmonics and Interharmonics

Measurement and Instrumentation for Power Supply Systems and Equipment

Connected Thereto, 2002

[31] IEEE 141,” IEEE Recommended Practice for Electric Power Distribution for
Industrial Plants™, 1993

[32] IEC 61000-4-30, “Testing and measurement techniques - Power quality
measurement methods”

[33] [IEC 61642 Industrial a.c. Networks Affected by Harmonics - Application of
Filters and Shunt Capacitors

[34] IEC 76-1 “Power transformers Part 1: General”, 1997

119



[35] I Norheim, “Suggested methods for preventing core saturation instability in
HVDC transmission

systems”, Norwegian University of Science and Technology, Faculty of Information

Technology, Mathematics, and Electrical Engineering, February 18, 2002.

[36] “HVDC — Connecting to the future”, Alstom Grid, 2010

[37] J. Arrillaga et al. “High voltage direct current transmission” (IEE Power and
Energy Series 29), 2nd Edition, The Institution of Electrical Engineers, London,
United Kingdom, 1998.

[38] N. Kose, B. Mutluer, A. Terciyanli, B. Giiltekin, A. Cetin, F. Bilgin, M.
Ermis, S. Hasbay, E. Akgiil, Y. Bahtiyaroglu, T. Ahi, M. Keyifli, ‘Design and
Implementation of a 12-Pulse TCR for a Ladle Furnace in ISDEMIR Iron & Steel
Works, ACEMP 2004, Istanbul, Turkey, May 2004, pp.438-445

[39] N. Kose, B. Mutluer, A. Terciyanli, B. Giiltekin, A. Cetin, F. Bilgin, M.

Ermis, S. Hasbay, E. Akgiil, Y. Bahtiyaroglu, T. Ahi, M. Keyifli, ‘Two-Folded

Implementation of a 12-Pulse TCR with Dissimilar Transformers for a Ladle

Furnace: Reactive Power Compensation and Power System Redundancy’, IEEE IAS

39th Meeting, October 3-7, 2004, Seattle, USA

120



