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VOLTAGE REGULATION AND REACTIVE POWER COMPENSATION
USING STATCOM

ABSTRACT

In this thesis, a novel five level multilevel converter has been designed as
STATCOM application. Star or delta connected, five-level Static Synchronous
Compensator with reduced number of switches is proposed for compensation of
balanced and unbalanced loads. The active and reactive powers demanded by the
load are estimated by using two different methods that are single phase P-Q and
impedance matching methods. Firstly, single phase P-Q is applied on each phase
independently to compensate the reactive power from star-connected compensator.
Secondly, compensator is connected in delta-form to carry out load balancing with

reactive power compensation.

The system is implemented in the laboratory by using floating point DSP
TMS320F28335 central processor unit. The control algorithm is programmed in C
language by using Code Composer Studio compiler and is tested by co-operating
Matlab/Simulink with DSP. This interactive method assures elimination of
programming mistakes before implementation circuit. A dedicated model of single-
phase converter has been obtained at synchronously rotating reference frame. The
performance of proposed converter is compared with results of simulation, dedicated
model and implementation. A feed forward controller is designed by using dedicated

model to make system settle down in shorter time.

Finally, the novel converter is connected to grid first time for bi-directional
power control. All results from the dedicated model, Simulink and implementation
work are compared to each other and it is verified that this converter has all the

features of conventional H-bridge converter.

Keywords: Reactive Power Compensation, Digital signal processor, Single Phase P-
Q, Load Balancing, STATCOM, AC/DC Converter



GERILIM DUZENLEMESI VE REAKTIF GUC KOMPANZASYONUNDA
STATCOM UYGULAMASI

0z

Bu tezde, STATCOM uygulamalar1 i¢in bes seviyeli yeni konvertdr yapisi
tasarlandi. Yari iletken sayisi azaltilmis bes seviyeli STATCOM yildiz ve iicgen
baglanilarak dengeli ve dengesiz yiiklerin kompanzasyonu i¢in onerilmektedir. Yiik
tarafindan talep edilen aktif ve reaktif yilikler iki farkli metot kullanilarak
hesaplanmustir, bunlar tek faz P-Q ve empedans esleme metodudur. Ilk olarak, her bir
fazdaki reaktif gii¢c talebinin bagimsiz olarak kompanze edildigi tek faz P-Q yildiz
bagl kompanzatdre uyguland:. ikinci olarak, kompanzator iicgen baglanarak reaktif

giic kompanzasyonu yaninda aktif yiik dengelemesi yapilmaistir.

Sistem kayar noktali DSP TMS320F28335 merkezi iglem birimi kullanilarak
laboratuvarda uygulanmistir. Kontrol algoritmas1 Code Composer Studio derleyicisi
kullanilarak C programlama dilinde yazilmis ve Matlab/Simulink ve DSP’nin ortak
calistirilmasiyla yazilan program kodu test edilmistir. Bu etkilesimli metot uygulama
devresi Oncesi programlama hatalarinin giderilmesini garanti etmektedir. Tek faz
konvertore ait model senkron hizda donen referans diizlemde elde edilmistir.
Onerilen konvertdriin - performans:  benzetim, model ve uygulama sonuglari
kullanilarak karsilagtirilmistir. Konvertére 6zel model kullanilarak sistemin daha

hizli kararli hale gelmesi ileri beslemeli denetleyici tasarlanarak saglanmistir.

Sonug olarak, yeni tasarlanan konvertdr ilk kez sebekeye baglanmis ve iki yonli
giic akist yapmasi saglanmistir. Onerilen konvertdre ait benzetim, model ve
uygulama sonuglar1 birbirine gore karsilastirilmis ve sonu¢ olarak oOnerilen
konvertdriin geleneksel H- kdprii yapisina sahip konvertdriin tiim 6zelliklerine sahip

oldugu dogrulanmastir.

Anahtar Kelimeler: Reaktif gii¢ kompanzasyonu, Sayisal isaret isleyicisi, Tek faz
P-Q, Yiik dengeleme, STATCOM, AC/DC doniistiiriicii
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CHAPTER ONE
INTRODUCTION

In an ideal transmission system, voltages and currents should be pure sinusoidal
and in phase. Maximum efficiency can be obtained from transmission line if the
voltage and current harmonics cancel out and power factor can be reached unity.
Quality and performance of the power system can be improved by managing the
reactive power compensation if the power system is free from harmonics. Reactive
power should be compensated as close as to the load. As a result, transmission lines
are not loaded unnecessarily and transferring of the real power is achieved with less
loss of power (Miller, 1982).

Static synchronous compensator (STATCOM) using voltage source inverter is a
state of art technology for reactive power control in power system. It is also capable
to replace conventional thyristor switched capacitor (TSC), Thyristor Switched
Reactor (TSR) and Thyristor Controlled Reactor (TCR) which inject current
harmonics and voltage spikes into power system (Lai, 1996; Al-Hadidi, 2003; Miller,
1982; Hingorani, 1999). While the Transmission STATCOM (T-STATCOM) has an
important role in high voltage level transmission system in terms of voltage
regulation (Giiltekin, 2013), Distribution STATCOM (D-STATCOM) has an
important role in terms of reactive power compensation in medium voltage

distribution systems (Sano, 2012).

The flying-capacitor, diode-clamped and H-bridge cascade inverters are widely
used multilevel topologies in STATCOM applications because of their advantages
with low frequency switching, specific harmonic elimination and high voltage
applications (Cheng, 2006; Peng, 1998; Rodriguez, 2002). A detailed comparison of
multilevel converters is given in (Abu-Rub, 2010) on the basis of topology,
application, control algorithm and switching frequency. The multilevel converters
can be connected medium voltage distribution line without the use of transformer by

increasing the number of output level enough. Since power switches share high



voltage among them and lower voltage resistant switches can be used at high voltage
(Sano, 2012).

There are many papers published on multilevel converters having reduced
number of solid state switches and their drive circuits but most of them are
designated for inverter applications without grid connections (Banaei, 2011; Babaei,
2008). Decreasing the number of devices in the converter tends to increase the
reliability and efficiency of the system. The quality of the input and output voltage
waveforms of the converters is highly affected from the topology and control
algorithms used. The chopper-cell type modular multilevel converter (Lesnicar,
2003) has been presented as an alternative topology for high power and high voltage
applications. The voltage balancing control (Hagiwara, 2009) and circulating current
between converter arms are still the current research area on this converter
(Jiangchao, 2012). H-bridge and chopper-cell type of modular multilevel converters
can be used for STATCOM and energy storage systems, while the chopper-cell type
is also suitable for adjustable speed drives since its structure has the terminals for

single DC voltage input (Hagiwara, 2009).

Three-phase Transmission STATCOM (T-STATCOM) and Distribution
STATCOM (D-STATCOM) are usually considered for the three-phase power system
without the neutral line at high and medium voltage levels (Giiltekin, 2013).
However, these reactive power compensation systems (Abu-Rub, 2010) can be taken
into consideration as an alternative solution to the techniques (i.e., multi-stage
capacitors with relays) implemented at low voltage level when the control is carried
out on each phase. The unbalanced and single phase reactive power demands in a
three-phase distribution system can be compensated by using the star connection of
STATCOM with neutral line (Xu, 2010; Song, 2009).

The reactive power demand of the load can be estimated by using the various
algorithms given in (IEEE std, 2010). The instantaneous reactive power method
among them (Mulla, 2013) is widely used in three-phase system for reactive power

compensation and extraction of current harmonics for active power filters. But



recently, this method has been expanded for single phase systems while keeping the
same assumptions made on three-phase voltages and currents (Sharma, 2011,
Khadkikar, 2009; Haque, 2002).

There are many modulation techniques used in multilevel topologies. The
fundamental harmonic frequency switching technique based on selective harmonic
elimination method is the most preferred one for high voltage applications. Whereas
higher switching frequency modulation techniques are preferred for low voltage
applications in order to reduce total harmonic distortion at the source current, the
carrier based Sinusoidal Pulse Width Modulation (SPWM) method has been used for
the proposed converter as the modulation technique (Malinowski, 2010; McGrath,
2002; Saeedifard, 2009).

The DC link voltage balancing that is important issue for multilevel converters,
affects stable operation and harmonic content at the output voltage. DC capacitor
voltage levels are regulated by the PI controllers whose output is the power angle
(phase difference) between AC source voltage and converter voltage (Giiltekin,
2013; Chen, 1997; Peng, 1996; Peng, 1997). In the meantime, the charging time
intervals are swapped for balancing the voltage levels.

The control algorithm is programmed in C language by using Code Composer
Studio compiler for TMS320F28335 floating point Digital Signal Processor (DSP)
(Sepulveda, 2013). The converter model built in Matlab/Simulink is co-operated with
DSP (Balikci, 2010; Balikci, 2011). This interactive method assures elimination of
programming mistakes (Vardar, 2009; Vardar, 2011) and it is a useful tool for fast
prototyping and functional test of software. A modelling approach for single phase
AC to DC converter based on rotating reference frame theory (Rao, 2000; Kumar,
2008; Kumar, 2009; Sirisukprassert, 2003; Blasko, 1997; Saeedifard, 2009) has been
used here for the analysis of STATCOM. This system is implemented in the
laboratory under three-phase balanced and unbalanced inductive and capacitive loads
(Balikci, 2012a; Balikci, 2012b; Balikci, 2013).



This thesis is organized as follows:

In chapter two, Flexible AC Transmission System (FACTS) devices and
definitions are introduced. Single phase and three-phase reactive power estimation
methods are given. The method that is single phase P-Q is investigated with pure

sinusoidal and distorted waveform.

In chapter three, advantages and disadvantages of existing multilevel topologies
are given and compared with the proposed converter. Applied methods of switching
are compared. The comparison is supported by the results of the simulation and
implementation. The details are given for selected level shifted carrier based SPWM
method. Lastly, switching conditions of conventional H-bridge converter and

proposed converter are given and compared for SPWM method.

In chapter four, a design procedure for five level proposed STATCOM is
presented. Hardware and software designs are shown in detail, respectively. In
hardware design, the circuit schematics and photography of designed STATCOM are
given and encountered problems and their solutions are included. In software design,
a detailed flow chart of the program code and execution times of each task are given.

In chapter five, a detailed model of single phase converter has been investigated at
the synchronously rotating reference frame which is useful to generate average value
model of switching functions and the complete block diagram of the system with
adequate transfer functions. Phase A of multilevel converter is transformed into d-q
reference frame and its transient and steady state characteristics versus reactive load

variation are observed.

In chapter six, proposed multilevel STATCOM structure is examined for star and
delta connections by using simulation and implementation results. The single phase
P-Q method is tested in Matlab/Simulink and is performed in implementation of
proposed STATCOM. Proposed converter and single phase P-Q algorithm are tested

for compensation of balanced and unbalanced loads at star and delta connections.



In chapter seven, delta-connected proposed STATCOM topology is examined
with impedance matching algorithm by using simulation and implementation results.
The impedance matching method is based on converting unbalanced delta-connected
load into balanced resistive star-connected load. As a result, active power balancing
has been done with proposed STATCOM in addition to reactive power

compensation.

Finally, the contributions of thesis are briefly summarized and conclusion on

designed five level proposed STATCOM are given.



CHAPTER TWO
REACTIVE POWER AND COMPENSATION

2.1 FACTS Concepts

Flexible AC Transmission System is power electronic based static controller that
increases power transfer capability of existing transmission system. In the IEEE
terms and definitions, the FACTS and FACTS Controller terms are described as
below, respectively (Hingorani, 1999).

Flexible AC Transmission System (FACTS): “Alternating current transmission
systems incorporating power electronic-based and other static controllers to

enhance controllability and increase power transfer capability.”

FACTS Controller: “A power electronic-based system and other static equipment
that provide control of one or more AC transmission system parameters.” (IEEE

Terms and Definitions, 1997)

The FACTS Controller is used to improve system performance against electro-
mechanical controller device used in power system. Active and reactive power flow
can be controlled faster and more consistent than conventional reactive power

controller in order to use distribution and transmission system more efficiently.

FACTS Controller is divided basically into four sub categories;

1. Series Controller injects variable voltage to the line by serial connection. As
in Figure 2.1a, it has power electronic based variable voltage source with DC
storage and inductor.

2. Shunt Controller injects variable current to line by shunt connection. As in
Figure 2.1b, it has variable source with DC storage and coupling inductor.
Aim of this study is to investigate the shunt reactive power compensation in

three-phase system.



3. Combined Series-Series Controller is a combination of individual series
controller that can work independently in multiline transmission system and
compensate unbalanced reactive power. It can be seen in Figure 2.1c, that
each line has a series controller using a common DC Storage.

4. Combined Series-Shunt Controller is a combination of individual series
and shunt controller. While current is injected by the shunt controller to the
line, series part injects variable voltage to the line. It has a DC storage
element and common control algorithm with coordination in Figure 2.1d
(Hingorani, 1999).

-V
Grid | Grid
W mF—= — —=
|4
1
DC Storage _I
(a) 1 1
DC Storage
(b)
-V -+
Grid | Grid
A np—— — i A==
| L4
] l ] ]
DC Storage - DC Storage
1
Grid —
-l I —
-V
(c) (d)

Figure 2.1 Types of Facts controller a) Series controller b) Shunt controller c) Combined series-series

controller d) Combined series-shunt controller

2.2 Shunt Connected Controller

The most popular FACTS controller is shunt type controller, which has a variable

impedance and variable source or combination of them, such as capacitors. It is



connected in parallel to the load and injects variable current to the system. Shunt
FACTS controller can only supply or consume reactive power because the controller
current is phase quadrature with source voltage. Thyristor Controlled Reactor (TCR),
Thyristor Switched Reactor (TSR), Thyristor Switched Capacitor (TSC) and Static
Synchronous Compensator (STATCOM) are used as Static Shunt Compensators for
variable loads.

Vv Grid
1
I
E
VA YR [ w
Converter
i
Vdc
TCR TSC
(TSR)
SVC STATCOM

Figure 2.2 Reactive power compensation units

2.2.1 Static VAR Compensators

Static VAR Compensator (SVC) is based on switching thyristor to compensate
reactive power by absorbing or generating it. SVC is defined in IEEE terms as “4
shunt connected static var generator or absorber whose output is adjusted to
exchange capacitive or inductive current so as to maintain or control specific

parameters (voltage level and/or power factor) of the electrical power system.”

(IEEE Terms and Definitions, 1997)

Reactive power can be compensated dynamically using TCR and TSR where anti-
parallel thyristors are connected in series with compensation inductance. The reactive
power supplied is varied by adjusting thyristor’s delay angle in TCR. In IEEE terms
and definitions TCR and TSR terms are given below.



Thyristor Controlled Reactor (TCR): “A shunt-connected, thyristor-controlled
inductor whose effective reactance is varied in a continuous manner by partial

conduction control of the thyristor valve.” (IEEE Terms and Definitions, 1997)

Thyristor Switched Reactor (TSR): “A shunt-connected, thyristor-switched
inductor whose effective reactance is varied in a stepwise manner by full- or zero

conduction operation of the thyristor valve.” (IEEE Terms and Definitions, 1997)

Reactive power can also be compensated by anti-parallel connected thyristors in
series with a capacitor. Compensating capacitors are switched to full or zero

conduction mode by thyristor. In IEEE terms and definitions TSC term is that

“A shunt-connected, thyristor-switched capacitor whose effective reactance is
varied in a stepwise manner by full or zero conduction operation of the thyristor
valve” (Hingorani, 1999). (IEEE Terms and Definitions, 1997)

2.2.2 Static Synchronous Compensator (STATCOM)

STATCOM is one of the essential shunt connected FACTS controller. It is
defined in IEEE definition as “A static synchronous generator operated as shunt-
connected static VAR compensator whose capacitive or inductive output current can
be controlled independent of the AC system voltage”. It may contain the voltage
source converter or current source converter. The voltage source converter is the
preferred one since it can control reactive current flow by adjusting its output
voltage. The structure of STATCOM also has the ability to work as active power

filter to cancel out current harmonics.

In IEEE definition, Static Synchronous Generator (SSG) is defined as “A static
self-commutated switching power converter supplied from an appropriate electric
energy source and operated to produce a set of adjustable multiphase output
voltages, which may be coupled to an AC power system for the purpose of



exchanging independently controllable real and reactive power.” (IEEE Terms and
Definitions, 1997)

2.3 Reactive Power Compensation Using Shunt Connected STATCOM

STATCOM generates alternating output voltage (AC) by modulating DC

capacitor voltages. It is coupled to the grid via serial inductor as shown in Figure 2.3.
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Figure 2.3 Basic connection of STATCOM to AC supply

Active power flow can also be controlled by adjusting the power load angle
between the STATCOM output voltage and supply voltage. The reactive power flow
is determined by magnitude differences of supply and STATCOM voltages.
Therefore, STATCOM can control reactive power flow by changing fundamental
component of converter output voltage level while charging or discharging DC link

capacitor is controlled by changing power load angle.

If the real power is not transferred to the supply, the source voltage is almost in
phase with STATCOM voltage and current is leading (or lagging) STATCOM

10



voltage by 90 degrees. Phasor diagram for capacitive mode of operation is given in

Figure 2.4, here; compensation current leads STATCOM voltage by 90 degrees. The

source voltage V, and STATCOM output voltage E, are the fundamental components

at power frequency. AVy is the voltage drop on the inductance, L.

Ia

>

Figure 2.4 Phasor diagrams of STATCOM on capacitive mode

Phasor diagram for inductive mode of operation is shown in Figure 2.5, where the

compensation current lags STATCOM voltage by 90 degrees.
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Figure 2.5 Phasor diagrams of STATCOM on inductive mode

The phasor relation (2.1) can be written by using basic connection of STATCOM

per phase at steady state given in Figure 2.3. Subscript of a defines phase A. The

phase current can also be written in (2.2) by using Figure 2.3.

V. =1 X, +E,
PVE ME[, g
Xoo| X |

where X, =2x=fL,

11
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(2.2)



When the resistance of inductor is neglected, the reactive power flow is obtained

as follows;

Q=V,—*—+= (2.3)

Equation (2.3) shows that reactive power flow through STATCOM can be
controlled by adjusting amplitude of output voltage of STATCOM.

According to phasor diagram and reactive power equation in Equation (2.3), when
amplitude of E, is equal to V, STATCOM does not generate or absorb reactive
power. If amplitude of E, is higher than V,, STATCOM generates reactive power,
hence current leads STATCOM voltage and STATCOM operates in capacitive
mode. If amplitude of E; is lower than V, STATCOM absorbs reactive power,
current lags STATCOM voltage and STATCOM operates in inductive mode.

While reactive power flow is being controlled by changing amplitude of
STATCOM output voltage, the real power demanded by the converter is controlled
by adjusting phase angle (&) between STATCOM output voltage and source voltage
as shown in Equation (2.4). Figure 2.6 and 2.7 show the effect of phase angle in
reactive power control when STATCOM works capacitive or inductive mode,

respectively.

P J%.sin(a) (2.4)

L

At steady state, phase angle of STATCOM output voltage can be positive or
negative according to voltage levels of DC link capacitors and also direction of
reactive power flow. Reactive power equation can be written with load angle for

sending end terminal.

V,—-E,.coso

X (2.5)

Q=V,
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(b)

(b)

Figure 2.7 Phasor diagrams of STATCOM on inductive mode with power angle
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2.4 Estimation of Instantaneous Reactive Power
2.4.1 Three Phase Instantaneous Reactive Power Theory

When three-phase system has sinusoidal and balanced voltage source, the
instantaneous reactive power can be found by using three-phase instantaneous
reactive power theory (IRPT). According to this method the active and reactive
powers can be estimated based on instantaneous value of voltage and current (Akagi,
1984). Three-phase voltage and current waveforms are transformed to two-phase
equivalent components by using Clarke transform. Three-phase voltage of a balanced
sinusoidal source and current waveforms of a non-linear load are given in Equations
(2.6) and (2.7).

vV V sin(wt)

¢ . 2
Vb - V Sln(Wt - ?) (26)
V

V sin(wt + 2?”)

S0, sin(n(ut) —g,)

l, | = élnsinm(m—%)—m @.7)

iln sin(n(wt+2§)—¢n)

Using the Park transformation matrix (Ks), voltage and current waveforms are

transformed to synchronously rotating reference frame.

[Xd Xq XO]T = [Ks]'[xa Xb Xc ]T (2-8)
_sin(e) sin(@—%) sin(0+2?”)—
K, (6) _2 cos(6) cos(e—z—ﬂ) cos(0+2—”) (2.9)
3 3 3
1 1 1
2 2 2

The angular displacement (0) can be estimated by using Equation (2.10)

14



0= jw(r)d 7+6(0) (2.10)

where w is the speed of the reference frame.

After conversion of three-phase instantaneous voltages and currents to the two
axis coordinates at synchronously rotating reference frame, then the active and

reactive power equations are as follows;
3, . :
qu :E(led +Vq|q) (211)

3, . .
Quq ZE(Vqu —Vig) (2.12)
2.4.2 Single Phase Instantaneous Reactive Power Theory

Three-phase instantaneous reactive power method has been expanded for single
phase systems while keeping the same assumptions made on three-phase voltages
and currents (Khadkikar, 2009; Haque, 2002). Using this approach, each phase is
controlled independently. The real and reactive powers are developed on direct and
quadrature axis components. Voltage and current in a single phase system are given

below;

v, =~/2V sin(wt) i, = > /2i,sin(nwt —g¢,) (2.13)
n=L,3,5,..

The actual values of voltage and current in time are considered as a-axis

components and 90 degrees lag fiction quantities are generated as [-axis

components. These stationary reference frame variables are obtained as follows;

K“} = _ﬂ.xa (2.14)
sl L

v [V sin(wt)

“l=|. . T (2.15)
{VJ _V sin(wt _E)]
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=| na3s. (2.16)
> i, sin(n(wt —%) ~4.)

n=1,3,5..

r } S, sin(nwt - ,)

Is

Single phase real and reactive powers can be calculated by using the stationary

reference frame variables as follows;

1, . .
Paﬁ :E(Vala +Vﬁ|ﬁ) (217)
Lo i 2.18
Qaﬁ :E(Valﬁ _Vﬁla) ( . )

Direct and quadrature components of voltage and current can be obtained by

multiplying d-q transform matrix K with . and 3 component.

S

{ sind cosd

—cos@ sin 9} and H:E[W(T)d’[—f—e(()) (2.19)

where w is the speed of reference frame. 0(0) is the initial position of reference

frame.

By selecting the speed of reference frame at the supply frequency the variable
Xgand X, can be obtained at synchronously rotating reference frame as given in

(2.20).

Xg | | sin@ cos@| X, (2.20)
X, | |—cos@ sind | x, '
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2.5 Investigation of Single Phase P-Q with Distorted Waveform
2.5.1 Investigation of Single Phase P-Q with only Current Harmonics

The voltage is defined to include the fundamental component; current is defined
with harmonic components as Equation (2.13). The following relations can be
obtained for reactive powers using single phase P-Q method under distorted current
waves. Where, Q is defined as fundamental reactive power that is obtained with
multiplication of fundamental voltage and current and Qi is defined as distortion
power that is obtained with multiplication of fundamental voltage versus harmonic
currents (2.21).

Q=Q,+) Q, (2.21)
k=1

Using the Equations from (2.13) to (2.20) the reactive power is calculated with

sinusoidal and non-sinusoidal currents.

In the first case study, voltage and current waveforms are pure sinusoidal as
shown in Figure 2.8, instantaneous reactive power is calculated as DC value. Voltage

and current waves are given in Equations (2.22) and (2.23), respectively for this

analysis.
v, =+/2.130.sin(wt) (2.22)
i, =~/2.10.sin(wt +30°) (2.23)

where w=2.7.(50),

Voltage is kept as pure sinusoidal and 31% and 33" switching harmonic
components are added to supply current (2.25). Although the effect of switching
harmonics is included, reactive power calculation give correct result as shown on the
right side of the Figure 2.8. The average reactive power can be filtered with a first

order low-pass filter and will be used in controller.
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v, =+/2.130.sin(wt) (2.24)

] :ﬁ.lo.(sin(vvt+30°)+%.sin(31.(vvt+30°))+%.sin(33.(vvt+30° ))j (2.25)

Supply Voltage
| T

Supply Yoltage
T T

Supply Currenl t Supply Current
T T T T T T T T

101 10
5_ 5k
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sl 5H
A0k A0t
a5k i i i i i i i a5k
Reactive Power (Qep) Reactive Power [Qap)
200, ‘ , . 800 : o ek
00
EO0 -
s00f
4n0f- 400
300F-- - 300 B
200 : 200 ;
DD oo d e ] A8 s
ol i i i i i i i ol i i i i i i i
016 0165 017 0175 018 0185 013 0195 02 0 0165 017 0175 [iXE] 0185 013 0195 0z

Figure 2.8 Reactive power calculation in Single Phase P-Q algorithm under pure sinusoidal
waveforms

In Figure 2.9, 3 and 5™ harmonics are sequentially added to current signal and
supply voltage is kept as pure sinusoidal as in Equations (2.26) and (2.27). As shown
in Figure 2.9, increasing the magnitude of harmonics causes harmonic oscillations in
reactive power. So, implementation of single phase P-Q method without using a low

pass filter will result in significant calculation errors.

v, =+/2.130.sin(wt) (2.26)

i :ﬁ.lo.(sin(wt +30%)+ %.sin(&(wt +30%) +%.sin(5.(wt +3o°))j (2.27)

18



Supply Valtage Supply Voltage
T T

150 7 . . . . 150 : , .

AO0f o

15 i i i i 150l i i i i
Supply Current
T

Supply Current
T

T T T 18 T i T

_15i i i i 1 I i _15; i i I ; i i

Reactive Power (Qug) Reactive Power [Qep)
T T T T T

800y
BOO =
[il1] SR N i
a0
300 .

oo : : : :
400f:
: : . a4 .

fn i 1 i i I i I 1 i L i i L i I
016 0,165 017 0175 01e 0185 019 0195 nz DEI_'IB 0,165 017 017 n1s 0185 019 0135 nz

Figure 2.9 Reactive power calculation in Single Phase P-Q algorithm under non-sinusoidal waveforms
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CHAPTER THREE
PROPOSED MULTILEVEL CONVERTER

3.1 Introductory Remarks

The concept of multilevel inverter proposed in 1975 and applied with five level
diode-clamped multilevel converter (Nabae, 1981). In multilevel converters, output
voltage waveform approaches to sinusoidal waveform with increasing the number of

capacitor.

Cascaded multilevel converter is introduced in 1996 and the advantages and
disadvantages of this new topology are discussed (Lai, 1996). This converter is quite
ideal for high power application due to its modular design. It can be connected
medium and high voltage transmission systems without requiring a transformer with
the increasing number of output level. Besides the structure of modularity, it does not

need clamping diodes or flying capacitors like other multilevel converters.

Despite the advantage of being modular, increasing output level of cascaded
multilevel converter may lead to problems in terms of cost and size. The main
semiconductor switches and driver units bring considerable cost and space problems
in the power cabinet. Thus reducing the number of semiconductors has become a
subject of the study. The simulation results show that some proposed converters can
produce the same output voltage with conventional ones. Unfortunately, some of

them work only in inverter mode of operation (Babaei, 2008; Banaei, 2011).

The multilevel converter used in this study was presented at first in (Banaei, 2011)
with the simulation results taken from the inverter operations. In this thesis, proposed
converter has been connected to the power system and operated under bi-directional
power flow. It is investigated if the performance remains same with conventional
cascaded multilevel converters or not, while reducing the number of semiconductor

and drive units.
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3.2 Type of Multilevel Converters as STATCOM

3.2.1 Diode-Clamped Multilevel Converter

Diode-clamped multilevel converter can produce m-level output voltage with m-1
units DC link capacitor. Bus voltage on DC link is shared with series connected
capacitors. Five level diode-clamped converter contains four DC bus capacitors for a
phase. Three-phase structure is given in Figure 3.1. Voltage stress on each capacitor
and semiconductor is limited to V4./4 when DC bus voltage is equal to V.

It

=C1

Tk

1t
8!
[E]

Tk

=C3

Tk

EC4

Figure 3.1 Five level diode-clamped multilevel converter for three-phase

The operational logic is given in Table 3.1.

Table 3.1 Switch states of five level diode-clamped multilevel converter

Output | S1 | S2 | S8 | S4 | S1” | S2° | 83’ | 4’
2V e 1 1 1 1 0 0 0 0
Ve 0 1 1 1 1 0 0 0
0 0 0 1 1 1 1 0 0
-Vc 0 0 0 1 1 1 1 0
-2V4 | O 0 0 0 1 1 1 1
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Advantages of diode-clamped multilevel converter against other topologies are;

¢ All of the phases can be connected common DC link capacitors. So
the converter requires fewer capacitors (cost, weight and volume is
reduced).

e The capacitors can be pre-charged.

¢ Can be connected to a single DC source.

Disadvantages are;

e Clamping diodes are subject of high voltage stress when there is more
than three output level. Clamping diodes need series connection in
order to avoid high voltage stress.

e Difficult to keep in balance of DC link capacitors when there is more
than three output level.

e Number of diodes grows quadratic ally according to number of output
level.

e Difficulties with active power flow. (Rashid, Power Electronic
Handbook, 2006)

3.2.2 Flying-Capacitor Multilevel Converter

Flying-capacitor multilevel converter can also produce m-level output voltage
with  m-1 units DC link capacitor. Capacitors in converter are connected as ladder
structure and each capacitor voltage differs from the others. In three-phase structure,
outer loop capacitors from C; to C4 are DC link capacitors and inner loop capacitors

are balancing capacitor for each phase.
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The operational logic of the converter is given in Table 3.2.

Table 3.2 Switch states of five level flying-capacitor multilevel converter
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Figure 3.2 Five level flying-capacitor multilevel converter for three-phase
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Output | S1 | S2 | S8 | S4 | S1” | S2° | 83’ | S4°
2Vc 1 1 1 1 0 0 0 0
Ve 1 1 1 0 1 0 0 0
0 1 1 0 0 1 1 0 0
-Vie 1 0 0 0 1 1 1 0
-2V4 | O 0 0 0 1 1 1 1

Advantages of flying-capacitor multilevel converter against other topologies are;

e V/oltage can be balanced with redundant switching state.

e Active and reactive power transfer can be controlled.

e Converter can ride interruption and voltage sag in short duration, since

converter has a too many number of capacitor.
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Disadvantages are;

e Requires many capacitors (A large number of capacitors are bulky and
expensive than clamping diode that used in diode-clamped multilevel
converter).

e Pre-charging of all the capacitor to the same DC voltage level is
complex.

e Controlling of DC voltage levels for all capacitor is complicated.
(Rashid, Power Electronic Handbook, 2006)

3.2.3 Cascaded-Multilevel Converters

The most popular multilevel topology is cascaded-multilevel converter that
produces desired output voltage level with separated DC capacitors, batteries, fuel
cells or solar cells. Number of semiconductor material does not increase as other
multilevel topology when the output voltage of the converter is increased. This
topology is desirable for high voltage and power applications. Single phase H-Bridge
converter cell is given in Figure 3.3a. As it can be seen, each converter cell can
generate three output voltages Vg, -Vq4c and zero. Different voltage levels can be
created by connecting more converter cells in series as in Figure 3.3b.

51{@ 52{@
514 sz-l@ : SH@ SHKEE a
v, L = Ea

dcT Ea
534 54{(} _ 55_@% 55{@ -
v, i | Ea:
S?{@ 53{}
(a) (b)

Figure 3.3 a) Single phase H-Bridge cell b) Cascaded converter cell

Series combination of the individual cells creates desired output voltage as it is

expressed in Equation (3.1).

E,=E_,+E,+..+E, (3.1)
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where N is equal to number of capacitor and m defines output voltage levels of
converter. To obtain a five level output voltage, two H-bridge cells and two DC link
capacitors are needed. Switching states of five level cascaded multilevel converter

are given in Table 3.3.

Table 3.3 Switch states of five level cascaded multilevel converter

Output | S1 | S2 | S3 | S4 | S5 | S6 | S7 | S8
2V e 1 0 0 1 1 0 0 1
\ATS 1 0 0 1 1 1 0 0

0 1 1 0 0 1 1 0 0
-Ve 1 1 0 0 0 1 1 0
-2V4 | O 1 1 0 0 1 1 0

Advantages of cascaded multilevel converter against other topologies are;
e Has modularized layout and packaging (manufacturing process is
more quickly and cheaply).
¢ Output voltage level twice as high as the number of capacitors that is
used in converter.
¢ The capacitors can be pre-charged.
Disadvantages are;
e Each of the H-Bridge needs separated DC voltage source. (Rashid,
Power Electronic Handbook, 2006)

3.2.4 Modular Multilevel Converter

Modular multilevel converter (MMC) is one of the most important new
generations multilevel converter that based on cascade connected one leg converter
cells. Each half-bridge module contains two cascaded semiconductors with anti-
parallel diodes and a capacitor as it is shown in Figure 3.4. Three-phase connection
of modular multilevel converter is given in Figure 3.4. It is suitable for medium and
high voltage applications by operating them multilevel converter due to flexible

compact converter design and packaging.
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Figure 3.4 Three phase connection of modular multilevel converter

Advantages of modular multilevel converter against other topologies are;
e Has modularized layout and packaging (manufacturing process is
more quickly and cheaply).
¢ The capacitors can be pre-charged.
e Each capacitor is charged up half of the V. voltage level according to
cascaded multilevel converter.
e Peak inverse voltage (P1V) of each semiconductor is limited to voltage
across the each half bridge cell.
Disadvantages are;
e Each of the half bridge cell need separated DC voltage source
(increase cost and size).

e There is a circulation current in each leg.
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3.3 General Appearance of Proposed Converter

There are many works on multilevel converters such as having reduced number of
solid state switches and their drive circuits while performance of converter remains
same as conventional ones. But most of them are designated for inverter applications
without grid connections. Circuit schematic of proposed converter and conventional
H-Bridge are given in Figure 3.5 for five level output voltages. A proposed converter

structure has reduced the semiconductor switches and associated drive circuits.
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Figure 3.5 a) Proposed multilevel converter b) Cascaded multilevel converter
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Table 3.4 Switch states of five level proposed multilevel converter

Output | S1 | S2 | S3 | S4 | S5 | S6
2V e 0 1 1 0 0 1
Ve 0 1 1 0 1 0

0 1 0 1 0 1 0
-Vc 1 0 0 1 0 1
2V | 1 0 0 1 1 0

The switching states of the solid state devices in Figure 3.5a are given in Table
3.4 for five level output voltage, E,. It is obvious that S;-S,, S3-S, and Ss-Sg are
complementary pairs. In order to eliminate the short circuit between capacitor

terminals, dead time is required during commutation between devices in a pair.
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The decreasing number of devices in the converter tends to increase the reliability
and efficiency of the system. In addition, converter can be established with a lower
cost. The most commonly used multilevel converters were compared according to
number of components in Table 3.5, where, m indicates the number of the output

levels.

Table 3.5 Comparison of multilevel converter in terms of power component requirements per phase

Diode Flying Conventional Modular
Component ) ] Proposed
Clamped Capacitor Cascaded Multilevel
Main Switches 2(m-1) 2(m-1) 2(m-1) 2(m-1) 1
m- m- m- m- m+
(IGBT)
Main Diodes 2(m-1) 2(m-1) 2(m-1) 2(m-1) L
m- m- m- m- m+
(Anti-Parallel)
DC Bus - _
. my | @ (m-1 my | O
Capacitors 2 2
Clamping
) (m-1)(m-2) 0 0 0 0
Diodes
Balancin ~Nm-
_ g 0 (m-)(m-2) 0 0 0
Capacitors 2

Figure 3.6 shows total component requirements with respect to number of output
levels. The component requirement is increasing exponentially for diode-clamped
and flying-capacitor multilevel converters when the output voltage level is increased.
Total component requirements of the cascaded and proposed multilevel converters
increase almost linearly. According to Figure 3.6 minimum number of component is

needed for proposed converter for all output levels.

Advantages of proposed multilevel converter against other topologies are;
e |t needs less number of power semi-conductor and related drive unit
for the same output voltage level (decrease cost and size).
e Power loss of converter is decreased (less semi-conductor is
conducting per switching).
¢ Output voltage level twice as high as the number of capacitors that is
used in converter as cascaded multilevel converter.

¢ The capacitors can be pre-charged.
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Disadvantages are;
e Each of the H-Bridge needs separated DC voltage source.
e Peak inverse voltage of the semi-conductor that is located at the
middle of the converter is doubled when it is compared to other

devices in the circuit.

Topology Component Requirements

350 T T T T T T
diode clamped ‘!

3p0 L | — flving capiacitnr'g:' ]
modular m
cascaded'f’j':'

250 proposed®’

200

150

100

Mumber of Compenent Requirements

50

U 1 1 1 | | | |
3 4 5 6 7 g 9 10 1

Mumber of Level

Figure 3.6 Comparison of multilevel converter in terms of power component requirements per phase

3.4 Switching States of Proposed Converter

The current paths and the direction of current (1) in the solid state devices during
different voltage levels are shown in Figure 3.7. There are twelve possible switching
modes for five level output voltages. When the gate pulses are applied to S2, S3 and
S6, current can flow through body diodes of S2, S3 and S6 in mode 1 or S2, S3 and
S6 in mode 2 according to direction of current flow to generate 2V at the output of
STATCOM. To generate -2V at the output of STATCOM, current can flow through
S1, S4 and S5 in mode 3 or body diodes of S1, S4 and S5 in mode 4. According to
direction of current flow, V4 can be generated by mode 5 and 6; -Vq4 can be
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generated by mode 7 and 8. Other four modes (mode 9, 10, 11 and 12) show zero
levels of voltage for different switching state.

I

mode 5 ©)

. |
s1 52 s1 16}_
$3 s4 s3 -r
s5 561 s5 4
)

mode 9
(e

mode 10 mode 11 mode12

Figure 3.7 Current paths of the proposed converter when input voltage is a) 2Vdc b) -2Vdc ¢) Vdc d) -
Vdc e) zero with left side f) zero with right side
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The transient analysis mode of PSPICE program computes the voltage waveforms
across the nodes defined on the circuit as a function of time by using a large signal
analysis. The non-linear characteristics of semiconductor devices are taken into
account in this approach. In the power electronic circuit proposed here, some default
values of the PSPICE program are changed without losing accuracy of the solution.
IGBT gate pulses that are used in PSPICE program are given in Figure 3.8. These
pulses are in sequence from top to bottom for the switches named S1, S2, S3, S4, S5
and S6. The stray inductance of the wiring is included into the analysis. The
inductance of 200nH is used in the path of circulating current from DC link
capacitors to IGBT module. The IGBTs part number in the implemented circuit is
SKM75GB123D by Semikron. The detailed parameters of the device related to turn-
on and turn-off behaviour have been obtained from the manufacturer data book that
Is given in Appendix B. The converter output voltage over one period is obtained
from the PSPICE analysis as it is given in Figure 3.9.

When the gate pulses are applied to S1, S3 and S5 in mode 9 and mode 10, output
voltage of STATCOM decreases to zero during t; time interval as shown in the
Figure 3.9. After turning off the gate pulses applied to these devices and turn on the
devices S2, S4 and S6 at time instant 8 msec. in Figure 3.9 a dead time of 3.5 ps are
spent in order to get rid of possible short circuit across the capacitors. During this
dead time, the current circulates through the body diodes of S2, S3 and S6 and
capacitors in the network given in mode 1 and mode 2 during t; in Figure 3.9. It is
clear that there is a voltage spike at the level of capacitor voltages (2 Vg4c) between
collector and emitter of IGBT (S4) during this period and it appears on the output
voltage of converter even if the effect of stray inductance is neglected. After the dead
time, S2, S4 and S6 are activated and output voltage of STATCOM goes to zero

during ts. Experimental result of switching signals is also given in Figure 3.10.
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Figure 3.8 PSPICE simulation results of IGBT gate pulses in sequence S1 through S6 for fundamental

switching conditions.
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Figure 3.9 PSPICE simulation result of output voltage waveform of proposed converter for

switching conditions
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Figure 3.10 Experimental results of IGBT gate pulses (S1, S2 and S3) and output voltage waveform of

proposed converter for fundamental switching conditions

3.5 Discussing on Employed Modulation Techniques for Proposed Converter

The purpose of designed STATCOM s reactive power compensation at low
voltage levels with minimum current harmonics. Reactive power compensation is
based on the control of modulation index parameter that controls the rms value of the
output voltage. Modulation techniques are generally categorized in two groups
according to switching strategies described below (Rashid, 2006).

1.Fundamental Switched Modulation: In this method, semiconductors are

switched once in a period. It is divided into two sub-categories as follows;
e Selective Harmonic elimination

e Space Vector Control
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2.Pulse Width Modulation (PWM): All of the methods have high switching
frequency. It is divided into three sub-categories as follows;
e Space Vector PWM
e Phase Shifted PWM
e Level Shifted PWM

In the thesis, selective harmonic elimination and level shifted carrier based

SPWM are implemented on proposed converter.

3.5.1 Selective Harmonic Elimination Methods

Harmonic elimination at the output voltage of multilevel converter is based on the
values of switching angle which can be estimated by using Newton-Rhapson method.
Consequently, modulation index, m defined in Equation (3.6) is also considered to
control the voltage magnitude of multilevel converter. Output voltage waveform of a
five level multilevel inverter in Figure 3.5a is depicted in Figure 3.11a. 01, 6, 03, 04,

05 and B¢ indicate the instant of level change on the voltage waveform.

The square-wave voltage signals are given in Figure 3.11b through 3.11g. The
output voltage waveform is obtained by summing these voltage waveforms by using

equation below;

Vouir=V1-Vo+V3+Vs-Vs+Vg (32)

Equations of each voltage waveform can be written as Equation (3.3) and Fourier

series expansion of them are written as Equation (3.4).

—Vye» m+60, <0 <27—-06,
V, (0) = (3.3)
AT .
V(at)= Y] (cos(nd, ))sin(nat) (3.9)
n=135,.. 7T
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By using the linearity property of Fourier transform which claims that if multiple

signals can be summed, their Fourier spectrums will also be summed.

According to this relationship, the Fourier series expansion of the voltage

waveform is given in Equation (3.5).

V(at) = i W (cos(n@,) —cos(né,) + cos(né,) + cos(nd,) — cos(nd;) + cos(nb;))sin(net) (3.5)

n=135,.. Nnrw

Let us define modulation index, m;
where s is defined as number of switching angle,

m= 1% (3.6)
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Figure 3.11 a) Output voltage waveform of converter b) V; ¢) V, d) Vs e) V, f) V5 g) Vs
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The third harmonic in the line currents is automatically cancelled out for a
balanced three-phase system, if the STATCOM is delta connected as shown in
Figure 3.12. Therefore, 5%, 7, 11™ 13" and 17" order harmonics are eliminated to

minimize the Total Harmonic Distortion (THD) value of output voltage.

Figure 3.12 Delta-connected configuration of STATCOM

Six equations are written to solve unknown parameters 61, 6, 63, 04, 65 and 6,

simultaneously. This set of equations can be written in matrix form as follows;

f(0) = H (3.7)

Where 0<0,<0,<03<0,4<05<0¢<m/2

The Taylor series for a non-linear function f(6+A0) is as follows;

f(0+A0)=f(0)+f (0)A0 (3.8)

High order terms are neglected.
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[ 1,(0)] cos 6, —cos 6, +cos 8, +cos 6, —os &, +Cos G, m]
f,(0) Cos 56, —cos 56, + cos 56, +cos 56, —cos 56 + €os 56, 0
f3(@)| | cos76,—cos78, +cos 76, +cos 76, —cos 76, +Cos 76 10 (3.9)
f,(0)| | cos114, —cos116, +cos11d, +cos11d, —cos1lg, +coslld, | |0
f. (6) c0s136, —c0s136, +c0s136, +c0s136, —cos136, +c0s136, 0
| f(0) | \cosl76, —cos176, +cos170; +cosl76, —cos176; +cosl76; ) | O |
CAAR A A
06, 06, 00, 06, 00, 06,
' | H Oy O O, o O
n-LBO.60.60.60.60.60)] |30 20 a6 a0 a6 o6 |40
0- £,(6(0),6,(0),65(0),6,(0), 65(0), 6;(0)) % % % (3_]‘3 % (3_]‘3 A6,(0)
0-1,(6,(0),6,(0),6:(0),6,(0),6:(0),6,(0)) | |06, 06, o6, 06, 06, 06, |A6(0)
Slof, o, o o o of (3.10)
0- 1,(6,(0),6,(0),6,(0).6,(0).6,(0).6,0)) | | s ot oy o A | AG,(0)
0~ 1,(4,0).60.40).6,0,40.40) | |04 % oG 0L 0 | A6(0)
0 0
0-1,(6,(0).6,(0).6,(0).6,0),6,(0).6,0)) | | = —> == = —= —S]AG(0)
S RS o0, 00, o6, 06, o6, o6, -
B LA AR A A A A
H-f(0) 106, 06, 06, 006, 06, 06|
Let us define;
[H-1(©]=30)*[26(0)] (3.11)

The variables A01(0), A0x(0), A83(0), A04(0), ABs(0) and AB(0) can be calculated
by taking J"(0). Then the estimated values of 8:(1), 82(1), 63(1), 84(1), 0s5(1) and 0s(1)

are calculated from

6,()=6,(0)+A6,(0)
0,1 =6,(0)+A6,(0)
6,(1) =6,(0) + A6,(0) (3.12)
6,1)=6,(0)+A6,(0)
6;(1) =6,(0)+ A, (0)
6;(1) =65(0) + A6, (0)
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The algorithm can be generalized as follows;

The Jacobean matrix (J) of f(0) is evaluated

of, of, of, of of of ]
06, 00, 00, 00, 00, 00,
of, of, of, of, of, of,
06, 00, 00, 00, 00, 06,
of, of, of, of, of, of,
06, 00, 00, 06, 00, 00,

3(0) = 3.13
O)=|5t, of, of, of, of, of, (3.13)
00, 00, 00, 00, 00. o0,
of. of, of. of, of. of.
06, 00, 00, 00, 00. o0,
of, of, of, of, of, of,
26, o0, 00, 00, 00, 00,
o
A6,
I (3.14)
AO,
A6,
A0, |
0 (k+D=0 () + IO [H - T O] (3.15)
where (k1) = 0(k)+A0 (k) (3.16)

3.5.2 STATCOM Application with Selective Harmonic Elimination

3.5.2.1 Delta-Connected Operation

Using the selective harmonic elimination method instants of level changes are
estimated for cancelling out dominant harmonics that are the lowest order harmonics.
For the delta connected STATCOM, 5", 7™ 11" 13" and 17" order harmonics are
eliminated and third harmonic and its multiples (9" and 15™) will be cancelled out in

line to line voltage. Estimated six switching angles are given in Figure 3.13, where
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angles versus modulation index are to reach a solution in a narrow range, since the
solver cannot produce any solution for all the modulation index parameters. The

most important problem of this method is that it has a narrow operating range.

The fast Fourier transform (FFT) has been applied on output voltage waveform
for modulation index of 1.45. Figure 3.14 shows that 5%, 7 11" 13" and 17"
harmonics are eliminated in converter output voltage. The third harmonic and its
multiples (9™ and 15™) are still available in converter voltage that will be cancelled

out on line to line voltage for delta connected converter.
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Figure 3.13 Calculated firing angle versus modulation index
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Figure 3.14 Output voltage waveform of converter and its FFT

39



The general block diagram of five level delta-connected multilevel STATCOM is
given in Figure 3.15. The estimated reference reactive power is compared with actual
one; in order to generate the modulation index. When the modulation index is
known, the switching angles are obtained from look-up table that contains pre-
estimated angles. Thus, the conduction window of each semiconductor element is

obtained by adding switching angles with power angles.
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Figure 3.15 Control schematic of delta-connected STATCOM

The entire system is simulated in Matlab/Simulink. The control algorithm of
STATCOM is also programmed on DSP and run in co-operation with power block in
Matlab/Simulink for testing the logic applicable. Table 3.6 shows the load

parameters.
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Table 3.6 Loading conditions for selective harmonic elimination method using a delta-connected
STATCOM

Reactive Power (VAR) Load
seconds Qa Qb Qc type
time<1 0 0 0 No-load

1<time<2| 2500 2500 2500 inductive
2<time<3| 2500 2500 2500 |capacitive

The results of simulation in Matlab with DSP co-operated are given in Figure
3.16. A 2.5 kVAR inductive load per phase is connected to the supply at t= 1 second.
The reactive power supplied to the load is computed as shown in Figure 3.16a. The
source current and phase voltage of STATCOM are given in Figure 3.16b. The
source current and voltage per phase are given in Figure 3.16c. It shows that current
becomes in phase with voltage after the system settles down with the response of
STATCOM. The variations of capacitor’s voltage in one phase are given in Figure

3.16d under the reference value of 300 volts.

aooofi — e o s s .

el
Figure 3.16 Matlab/Simulink-DSP Co-operation result at inductive load a) Reactive power b)

STATCOM voltage & current ¢) Source voltage & current d) DC link voltages
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The inductive load is changed to capacitive one at t=2 seconds. Capacitive loading
Matlab-DSP co-operation results that are given in Figure 3.17 indicates the
STATCOM output voltage level is lower than source voltage level, therefore, the
reactive power is absorbed by STATCOM and unity power factor is obtained at the
source side. This verifies that the program developed on DSP is correctly organized
for all loading conditions.
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Figure 3.17 Matlab/Simulink-DSP Co-operation result at capacitive load a) Reactive power b)

STATCOM voltage & current ¢) Source voltage & current d) DC link voltages

Digital signal processor and Matlab/Simulink are operated together to simulate the
three-phase delta-connected STATCOM under balanced reactive load conditions.
Harmonic elimination technique, capacitor voltage balancing and control of single

phase instantaneous reactive power are successfully carried out.

As a result of the simulation study, this new structure of power stage is first time
implemented as STATCOM successfully. But the method has narrow operating
range as STATCOM applications, because the switching angles for all modulation

index values are not available.
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3.5.2.2 Star-Connected Operation

While testing the application circuit, selective harmonic elimination method was
used for only 5™ harmonic component on output voltage of converter. The Fourier
series expansion of voltage waveform is given in Equation (3.17). Calculation of
firing angles using method of Newton Rhapson is given in detail from Equation (3.2)
to (3.16).

V(at) = i %(cos(nel)+cos(n6?2))sin(na>t) (3.17)
n-135,.. N7

As a result of the numerical solution of Equation (3.17), firing angle versus
modulation index was obtained as it is given in Figure 3.18. The waveform in Figure
3.19 will be obtained by using this calculated firing angle. In DSP programming, a

look-up table is created for conduction angles versus value of modulation index.
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Figure 3.18 Calculated firing angle versus modulation index
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Figure 3.19 Output voltage waveform of converter for elimination fifth harmonic
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Figure 3.20 Control schematic of star-connected STATCOM

Control algorithm of the star-connected converter is applied as indicated in Figure
3.20, where pre-calculated firing angles versus modulation indexes were entered as
look-up table in DSP microcontroller. Five level output voltage in fundamental
switching is tested with no-load conditions. Source voltage is 40 volt (rms) and each
DC capacitor voltage is selected as 30 volt (the total will be 60 volt). STATCOM
was connected star with neutral connection and was operated at no-load condition.
Source current contains only the third harmonic because it flows through star point of
STATCOM.
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Figure 3.21 Experimental results at no-load a) Source current b) STATCOM voltage
c) Source voltage

3.5.3 Sinusoidal Pulse Width Modulation (SPWM) Method

There are several modulation techniques to minimize the supply current
harmonics of AC to DC multilevel converters. The level shifted carrier based
Sinusoidal Pulse Width Modulation (SPWM) method which compares the triangular
(Vearrier) Wave with sinusoidal reference wave (vsi,) have been used in this work.
There are three different application types according to state of carrier signal. They
are named as phase disposition (PD), phase opposite disposition (POD) and

alternative phase opposite disposition (APOD) that can be seen in Figure 3.22.

1. All carrier signals are in phase in Phase Disposition (PD).

2. The positive and negative carrier signals have a phase difference of 180
degrees in Phase Opposite Disposition (POD).

3. Each carrier has a phase difference of 180 degrees from its adjacent ones in

Alternative Phase Opposition Disposition (APOD).
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In this work, PD type level shift carrier based SPWM method is implemented in
the control algorithm of STATCOM.

carrier 1
carrier 2
carrier 3
carrier 4
(a)
carrier 1
carrier 2
carrier 3
carrier 4
(b)
carrier 1
carrier 2
carrier 3
carrier 4
(c)

Figure 3.22 Kind of level shifted carrier based SPWM a) Phase Disposition (PD) b) Phase Opposite
Disposition (POD) c) Alternative Phase Opposition Disposition (APOD)

Amplitude modulation index (m,) is defined as the ratio of reference and carrier
signal amplitudes in Equation (3.18). Vreference IS the peak value of sinusoidal
reference signal that kept as constant and V cqrier IS peak value of the triangular carrier
signal that adjusted according to the reactive power demand.

. Vreference

ma oA (318)

Vcarrier

The modulation frequency (my) is defined as the ratio between the frequency of
carrier wave and reference wave as given in Equation (3.19). The frequency of
reference signal determines the fundamental frequency of converter output voltage
on the other side the frequency of carrier signal determine the switching frequency of

solid state power devices.
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f

carrier

mf:f

(3.19)

reference

Harmonic components will be moved to the carrier frequency as it is formulated
in Equation (3.20), where f; shows fundamental frequency. In application, the
reference voltage frequency is 50 Hz and carrier frequency is selected as 1600 Hz
(Arrillaga, 2003).

fharmonic: (mf $:I') fl (3.20)

When FFT analysis is performed on converter output voltage in Figure 3.23, the
highest harmonic magnitude is observed at 31™ and 33" harmonics around the

switching frequency.

FFT window: 10 of 100 cycles of selected signal
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Figure 3.23 Harmonic analysis of STATCOM output voltage with SPWM method

In level shifted carrier based SPWM, n-1 carrier signal is required to obtain n-
level output voltage. Hence, four triangular carrier signals are used to obtain five

level output voltage waveform as it is shown in Figure 3.24.
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Figure 3.24 Level shifted carrier based SPWM

Comparison logic of SPWM is given in Figure 3.25, where T shows switching
period that is equal to 1/fcamier. When reference sinusoidal signal is greater than
triangle signal, the output goes to logic 1 otherwise goes to 0.

| gate signal to IGBT

e

Figure 3.25 Level shifted carrier based SPWM comparison logic and generated gate signal
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In Figure 3.26, five level proposed and cascaded multilevel converter structures
are given again. The comparison logic of reference signal and triangular carrier
signal are given for cascaded multilevel converter and proposed multilevel converter
in Table 3.7 and Table 3.8, respectively. The switching states of each semiconductor
are defined for level shifted carrier based SPWM methods. In Figure 3.24, tril, tri2,

tri3 and tri4 are shown as triangular carrier signals and Vsin is shown as sinusoidal

514@ 524@
iy 534 54{@ Fa1

Ea

554@ 554@ -
57 534@

(b}

Figure 3.26 a) Proposed multilevel converter b) Cascaded multilevel converter

reference signal.

=)
o
]

dc 5

Table 3.7 Switch states according to reference and carrier signals for cascaded multilevel converter

S1 S2 S3 S4 S5 S6 S7 S8
Vsin < tri2 Vsin > tri2 Vsin < tril Vsin > tril
& Vsin>0 & Vsin>0 & Vsin>0 & Vsin>0

Vsin >0 or Vsin<0 or Vsin<0 or Vsin>0 or
Vsin > tri3 Vsin < tri3 Vsin > tri4 Vsin < tri4
& Vsin<0 & Vsin<0 & Vsin<0 & Vsin<0

Table 3.8 Switch states according to reference and carrier signals for proposed multilevel converter

S1 S2 S3 S4 S5 S6
Vsin < tri2 Vsin > tri2 Vsin < tril Vsin > tril
& Vsin>0 & Vsin>0 & Vsin>0 & Vsin>0

or or Vsin>0 Vsin<0 or or
Vsin > tri3 Vsin < tri3 Vsin > tri4 Vsin < tri4
& Vsin<0 & Vsin<0 &Vsin <0 & Vsin<0

The resulting switching states of cascaded and proposed multilevel converter are
given in Figure 3.27 and Figure 3.28, respectively. Considering the switching
signals, switching states of the proposed converter are the same as the conventional

cascaded multilevel converter.
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Figure 3.27 Switching logic of conventional five level cascaded multilevel converter
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Figure 3.28 Switching logic of proposed five level multilevel converter

3.5.4 Simulation and Experimental Verification of SPWM on Converter

This novel AC to DC grid connected converter is tested at no-load for verification
of bi-directional reactive power flow and its control algorithm. The AC source
voltage is adjusted to 40 volts (rms) per phase via variable transformer. Each DC
capacitor voltage is boosted to 40 volts; therefore, two capacitor voltages are totally
80 volts. The STATCOM is connected in wye configuration, as it is shown in Figure
3.29.
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Figure 3.29 Control schematic of star-connected STATCOM

The control algorithm contains the SPWM as the modulation technique. The
system is simulated in Matlab/Simulink. The converter draws very small current to
charge up DC capacitors. The output voltage is five level PWM waveform and has
no average value. Figure 3.30 and 3.31 show simulation and experimental results,
respectively. Simulation and experimental results have been validated for no-load

test conditions.
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Figure 3.31 Experimental results at no-load a) Source current b) STATCOM voltage ¢) DC link

capacitor 1 voltage d) DC link capacitor 2 voltage
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The specific harmonic elimination method is known as fundamental switching
technique that can be dealt with only a harmonic content for five level converter.
Hence, low-level harmonic components appear on the source current. The multi-
switched selective harmonic elimination method can eliminate more than one
harmonic. But modulation index range is limited that confines the field of use in
STATCOM applications. The other method implemented in this work is level shifted
carrier based SPWM. It shifts harmonic contents towards the switching frequency.

As a result the low-order harmonic components lose their effectiveness.

Consequently, level shifted carrier based SPWM technique has been chosen as the

method of switching.
3.6 DC Capacitor Voltage Balancing

Proposed converter topology requires two separated DC link capacitor for five
level output voltage similar to cascaded multilevel converter. The DC link capacitors
are charged at the beginning by the three-phase uncontrolled rectifier built by the
anti-parallel diodes of IGBTs. The sum of two capacitor voltages is charged to the
peak value of the supply voltage. The converter draws the active power demanded by
the internal resistances of DC link capacitors, switching inductors and switching loss
of power devices in voltage source converter. Capacitor voltages of converter are
increased to about 1.5 times after operating STATCOM. The voltages of each
capacitor must be kept same and determined from the reference value to operate it
stable and avoid the unpredicted harmonics on STATCOM voltage and supply
current waveforms. Therefore, two different capacitor balancing algorithms have
been implemented simultaneously for controlling and balancing the voltages across

the DC link capacitors.

The first one is the swapping of charging period for capacitors in a fundamental
period. The mean value of capacitor voltage is regulated by swapping the conduction
of two capacitors. Figure 3.32 shows the method of voltage balancing based on
swapping algorithm where the working sequence of each capacitor can be seen (V1
is generated by capacitor 1 and V2 is generated by capacitor 2). Although the
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conduction sequence of the capacitor is swapped, the output voltage of converter
remains same.

4 Period 1 Period 2
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Figure 3.32 DC link capacitor rotating algorithm
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Five level output voltage can be generated different switching modes as given in
Figure 3.7. In this switching modes, V4. and —Vg. can be generated more than one
combination that creates redundancy switching conditions. When producing the same
output voltage, the current can flow through switches and capacitors by using
different paths. As a result, swapping of the capacitors is caused to operate under
different charging and discharging conditions, when generating same output voltage
level. The output voltage V. can be generated by the switches (S1, S3 and S6) or
(S2, S3 and S5) as shown in the Figure 3.33a and also -V, can be generated by the
switches (S1, S4 and S6) or (S2, S4 and S5) as shown in the Figure 3.33b.

Figure 3.33 Switching conditions for swapping algorithm a) Converter output voltage is V4. b)
Converter output voltage is V.
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The second one is the adjustment of phase difference between converter output
voltage (STATCOM voltage) and source voltage. The real power flow through the
converter can be explained by using power load angle equation in (3.21), where, o is
defined as phase difference between source and converter voltages. V and E are the
rms values of source and converter output voltages. X=2x=fL is the switching

reactance.

ac

V.E .
P =7.S|n5 (3.21)

In Figure 3.34, IGBT conduction window is defined in fundamental switching
conduction window for each capacitor. Capacitor voltage charge or discharge over
STATCOM current with changing load angle are shown as below. Phase difference
between current and conduction window are exaggerated in order to understand the

capacitor voltage control with load angle.

iz it ;|||II||.. _ Statcom
: W\ | u|II|||||||: | W\ Current
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| 1 1 | |
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Tdc j
(a) (b) (c)

Figure 3.34 DC link capacitor charge and discharge with load angle

Two capacitor voltages in each phase are compared with the reference voltage and
error is passed through PI controller in order to obtain phase shift (3). Equation

(3.22) is valid for small values of 6 in radians.

sin(6) =0 (3.22)
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This relationship shows that P, is proportional to § in radians if that value is small

enough (i.e, o < %).

Figure 3.35 shows the results of voltage balancing based on phase shifting and
swapping algorithm for different loading conditions at steady state operation of the
system. The operation of swapping algorithm is clearly observed in Figure 3.35c and
d. Experimental result of swapping algorithm is given in Figure 3.36, where the
alternate variation can be observed for each period. There is high frequency noise
signal that are received by differential voltage meters on capacitor voltage waveform

as seen in Figure 3.36¢ and d.
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Figure 3.35 a) DC link capacitor voltages for phase A b) capacitor voltages under no-load condition c)

capacitor voltages under R-L load d) capacitor voltages under R-C load
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(a)

(b)

Figure 3.36 Experlmental result oswapplng algorlthm a) Source current b) STATCOM voltage ¢)
Capacitor 1 for phase A d) Capacitor 2 for phase A

3.7 Power Losses of Proposed Converter

Power losses in converter can be divided into two groups as conduction and
switching losses. Conduction loss can be calculated from Equation (3.23) where ratio
of conduction time (to,) versus period (T) defines duty cycle and Vce is collector-
emitter voltage drop and Ic is collector current of IGBT’s (Balikei, 2012b). For each
output voltage level of proposed converter, only three semiconductors are conducting
simultaneously as its operational logic is given in Table 3.4. But there are four
semiconductors conducting simultaneously in conventional H-bridge structure for
five level output voltages. Hence, the conduction loss in proposed converter is
expected to be less than that value in conventional H-bridge. The ratio between the
numbers of conducting devices can be expressed in terms of output voltage level (m)
such that ratio is 2(m-1)/(m+1).
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1 T H ton
Pconduction = ?J.VCE (t)'lc (t)dt = ? (VCE A C ) (323)
0

In Figure 3.37 proposed multilevel converters have been compared with other
multilevel converters by the number of components that are in conducting. While the
output voltage level of converter is increasing, proposed converter has less conducted
semiconductors than that of topologies (diode-clamped, flying capacitor and

cascaded). As a result, conduction loss of the converter is reduced by using proposed

converter.
Conducted Components in Multi-Level Topologies
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Figure 3.37 Number of conducted components in multilevel converter topologies per phase

When conventional cascaded multilevel converter are compared with proposed
converter for switching losses and conduction losses under the same power rating, it
can be realized from the gate signals given in Figure 3.27 and 3.28 that four
semiconductors (S1, S2, S5 and S6) in both converters are carrying the same amount
of current and peak inverse voltages during the SPWM switching. However, the peak
inverse voltages (PIV) of two switches (S3 and S4) in proposed converter are two
times higher than the others. While the semiconductors (S1, S2, S5 and S6) are
switched at the SPWM frequency, two semiconductors (S3 and S4) with high PIV in
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proposed converter are switched at fundamental frequency in Figure 3.38. However,
the rest of semiconductors (S3, S4, S7 and S8) in conventional H-bridge structure are
still switched at SPWM frequency. Consequently, the switching loss in the proposed

converter is less than that of conventional converter under same power rating.

51 ‘”{?52 ‘|& # PIV=Vdc
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Figure 3.38 Peak inverse voltages of proposed converter
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CHAPTER FOUR
DESIGN OF THREE PHASE MULTILEVEL STATCOM

4.1 Introductory Remarks

In literature, DSP based three-phase STATCOM applications are presented. In
past the DSP is used for firing angle control, digital Phase Locked Loop (PLL),
digital Proportional Integral (PI) controller and reactive power estimation (Singh,
2000). Usage of conventional six-pulse voltage source converter, sinusoidal pulse
width modulation are applied with DSP that control reactive power flow,
synchronization with supply and DC link balancing (Xu., 2001). A distribution Static
VAR Compensator is controlled with DSP and its detailed circuit schematics were
given in (Mishra, 2006). A transmission static synchronous compensator is
implemented for reactive power compensation and power system stability. A master
DSP and slave DSP in a single application were used for system controller and a

FPGA was used for auxiliary operations (Gultekin, 2012).

In this chapter, hardware and software design for STATCOM are presented.
Implementation problems encountered and their solutions are included. Circuit
schematics and photography of the final version of the each hardware, switching
topology of the proposed converter are also given. A detailed flow chart of the

program code and execution times of each task are also presented.

4.2 Hardware Design
4.2.1 Design of Main Control Cards

Hardware of power converter is designed with SEMIKRON SKM75GB123D
IGBT modules. Technical specifications of dual pack IGBT modules are given in
Table 4.1 for 25 °C ambient temperature. While picture of semiconductor shows
power and driver connection pins for IGBT in Figure 4.1a, circuit diagram of dual
pack modules are given in Figure 4.1b. IGBT modules are driven with SEMIKRON
SKYPER 32 PRO R dual pack IGBT driver modules that have short circuit, over-
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heating and supply under voltage protection units. Driver modules are also equipped
with built in dead-time generator to keep from short circuit of dual pack modules.

(@ (®)

Figure 4.1 a) Photography of power semiconductor b) Circuit diagram

Table 4.1 Technical specifications of SKM75GB123D

Symbols Values Unit

Vce (turn off) 1200 \

lc 75 A
IGBT

Vee 15 \Y;

Vce (turn on) 2 \%
Inverse 2 75 A
Diode Ve 2 \Y,

Three-phase source voltages and DC link voltages are measured via LEM LV-25P
hall-effect voltage transducers. Connection diagram of voltage transducer is given in
Figure 4.2. The measured voltage source is connected to the primary side of

transducer and secondary side is connected ADC ports of DSP microcontroller unit.
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Primary Side Secondary Side

Rp Jvecce-
4 HT+
Measurement 94 KO P VCC+
. v ¥ s
Terminals P
HT- P
- e LM Output
Terminals
R| (1000

Figure 4.2 Voltage transducer circuit

Primary current of voltage transducer (4.1) is determined by primary resistor
value that is selected as 94 KQ and secondary current of transducer (4.2) is estimated

by multiplication of primary current and a constant gain as K=2.5.

Iy =~ (4.1)
- 4.1
p Rp

I, =K.l . (4.2)

Using Equation 4.3, adjusting secondary resistor output voltage of transducer can
be defined by predetermined interval that is selected as 0-3 volt for ADC voltage
levels. A constant gain as 0.0025 times input voltage gives output voltage of

transducer in Equation 4.4.

V. =1.R (4.3)

_2,5.100
“" R 7 100.10°

V =2510"V (4.4)

The photographs of three-phase voltage measurements card and six DC link

measurements card with LV-25P are given in Figure 4.3 and Figure 4.4, respectively.
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Figure 4.4 DC link voltage measurements card

Three-phase source currents are also measured via LEM LA-55P hall-effect
current transducers. Connection diagram of current transducer is given in Figure 4.5.
The cable that current flows through it is passed through a hole in the middle of the
transducers and secondary side is connected ADC ports of DSP microcontroller unit.
Secondary current of transducer is obtained with Equation 4.5, where Ky shows
conversion ratio between input and output. Output voltage is obtained by

multiplication of secondary current with measurement resistance on secondary side.

Is = KN I measured (4-5)
Vout - IS'Rm (4-6)
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Using Equation (4.7) and adjusting secondary resistor, the output voltage of
transducer can be defined by predetermined interval that is selected as 0-3 volt for
ADC voltage level. A constant gain Ky is equal to 1/1000 and primary cable has 2
turns in hole therefore, output voltage of transducer is equal 0.06 times input current

in Equation (4.8).

Vout = KN.'Rm'Imeasured (4-7)
V —2 30.1 0,06.1
out — ' U measured — Y * " measured (4-8)
1000
Primary Side Secondary Side
E—— WY -15v  +15V
: Jvce-
Measurement L | VCC+
Cable Hole YooY
L] Output
Terminals
Rm| |300

Figure 4.5 Current transducer circuit

The photography of three-phase current measurements card with LA-55P is given

in Figure 4.6.

Figure 4.6 Three phase supply current measurements card
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All of the measured voltage and current waveforms go through signal
conditioning circuit before going ADC ports of DSP. Voltage conditioning card has a
buffer and summing amplifier with op-amp as it is given in Figure 4.7. Current
conditioning card has an op-amp inverter and summing amplifier in Figure 4.8. Both
of the conditioning cards add input signals with 1.5 volt offset to shift negative value
of input signals to positive for ADC card. Anti-aliasing filter and 10 K resistor are

located at the end of the signal conditioning cards.

+15

10KQ = 10K
<> WAYA
VOV Y
~ LM741
=~ 10KQ N M741
LV_95p ™ VAN - 10KQ L0KQ
—T 1 = A AN DSP
- 50K ;;—L—// I L L
10nF —— 100K ijjjo'ipf I L 82pF I

—15

Figure 4.7 Voltage conditioning card
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JK Q2 10K Q§ 0K
—A\A—
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A 10K
e N\

—
50KQ §7
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R2pF —
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- .
>t
S

T

]

~15

Figure 4.8 Current conditioning card

Voltage and current signal conditioning circuit are placed on main control card
that connects all input and output variables through DSP microcontroller unit. The
TMS320F28335 eZdsp evaluation module is mounted onto the top of the main

control card with connector as it is shown in Figure 4.9.
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Figure 4.9 DSP and main control card

IGBT gate signals that are produced by DSP go to the hardware security circuit in
Figure 4.10 before going to driver unit Skyper 32 Pro R. Driver security circuit reads
error pins of driver to activate or deactivate buffer IC, if driver units detect over-
currents or over-voltages, error pins of driver unit goes from 0 to 1 and cut-off the
gate pulse of IGBTs. Photography of IGBT protection and driver card (Skyper 32
Pro R) can be seen in Figure 4.11. As it can be seen, each phase of STATCOM has a
protection circuit and four driver units.
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Figure 4.10 IGBT protection card
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Figure 4.11 IGBT protection card and Skyper 32 Pro R
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Figure 4.12 shows, designed control and conditioning cards placed in an electrical
cabinet with all cabling. The front side of cabinet have main control card with DSP,
driver units with hardware protection cards, voltage and current measurement cards
and DC power supply cards with transformers. The master management of
STATCOM has been made by Siemens S7-200 PLC unit that starts DC power
supply, DSP power supply and main line contactor. The back side of cabinet contains
IGBTs with heat sink (aluminium cooling units) and DC link capacitors. The bottom

side of cabinet has three coupling inductances of STATCOM.

o

)
B L o e e

e e,

{
A
A
18

(Front Side) (Back Side)
Figure 4.12 Completed installation of STATCOM.
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4.2.2 Design of Snubber Circuit

The proposed converter has been also investigated on the basis of switching
characteristics of IGBTs. The PSPICE transient analysis mode is used to predict the
spikes on the collector emitter voltages in order to design the snubber circuit. There
is a significant voltage spike between the collector-emitter terminals of two IGBTs
during turn-off. This spike appears when the devices are outgoing from the
conduction mode during positive half cycle of output voltage. Two snubber circuits
are used between the collector and emitter terminals of S3 and S4 in the converter as

it is shown in Figure 4.13 to mitigate the overshoots on the voltages during turn-off.

51 52

J_ L

534(5? 54 ¥
Vv o
dec 1
Al
S5, /4 S6

Figure 4.13 Proposed converter with snubber circuit.

A resistor (47Q) in series with a capacitor (100 nF) is selected based on the
magnitude of overshoot and time constant. The circuit values are estimated by the
help of PSPICE analysis. These values may not be optimum values in terms of power
loss but their functionality on mitigation of spike is appropriate. If the loss on the
series resistance is neglected, the energy stored in the snubber capacitor is given in
Equation (4.9).

\N:%cv; (4.9)
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This energy is transferred mostly to the resistor during conduction time of IGBT.
The transfer of energy is repeated twice in each period of converter output voltage.
Hence, the power absorbed by the resistor can be calculated from the Equation
(4.10).

P=CVZf (4.10)

Additional losses may occur due to the forward and reverse recovery process of

snubber diodes in converter, but this effect is not investigated in this work.

Simulation and experimental results after connecting the snubber circuits are given
in Figures 4.14 and Figure 4.15. The peak value of snubber current is limited by the
snubber resistance as it is seen in Figure 4.14. The time constant of snubber circuit

(4.7 15) is small enough compared to the shortest conduction time of IGBT that is

62.5us, appearing from sampling frequency of DSP (16 kHz.). The shortest expected
on-time for the IGBT is around sampling period, if device changes status at two
consecutive sampling. The peak value of spike on collector emitter voltage is around
1.2 times of the DC link voltage (sum of two capacitor voltages) as it is observed in
Figure 4.15a. The maximum level of converter output voltage is equal to the sum of
two capacitor voltages as it is shown in Figure 4.15b.

2000 peidve 1.00 Aldie

1 MS 2 G55 =30 mA of sl

(b)

Figure 4.14 a) Snubber current in simulation from PSPICE b) Snubber current in experiment
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Figure 4.15 a) Simulation from PSPICE and experimental results between collector-emitter voltage of

IGBTs without snubber b) Simulation from PSPICE and experimental results between collector-

emitter voltages of IGBTs with snubber
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4.3 Software Design

4.3.1 General Control Algorithm

Nowadays fixed step and floating point Digital Signal Processors (DSP) are used
as main controller in STATCOM and other power electronics applications. This is
due to the DSPs which are able to make complex calculations quickly with high
precision and high performance hardware features and low cost attracts attention.
Especially C2000 series DSPs include high-resolution ADC channels and PWM

output ports that can drive two three-phase bridge-type inverters simultaneously.

TMS320F28335 DSP microcontroller that is sold by Texas Instruments was
developed as evaluation board by Spectrum Digital, used for software programming
as main controller. 28335 DSP board comprise a floating point processor with 150
MHz clock speed, 512 KB internal flash memory, 68 KB RAM memory, 16 channel
12 bit analog to digital conversion (ADC) unit.

The software code generation has been accomplished in C++ compiler/linker that
is called as Code Composer Studio (CCS). The program on DSP is divided into two
parts; first part is named as main loop, where, ADCs, GPIO ports, interrupts and
other initialization routines are set up. After initialization is completed in the main
loop, software security and start & stop button loop run forever in it. Second part is
named as interrupt routines, that is adjusted to runs at constant sample time (62.5 ps.)

and all the control algorithms run in it.

In the programs, offset value of each ADC channels have been calculated at the
start-up of DSP by averaging each ADC channel during three periods and the
resultant value is defined as ADC offset. This error is defined as hardware offset that
is due to the ADC conversion error; resistance and op-amp tolerances which come
with signal conditioning cards. At each sample time, software checks if ADC offset
is ready or not. If it is ready, then it is subtracted from read ADC value so the ADC

value is compensated in software.
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ADC Channel A sampling sequence is reserved to read supply voltages and
supply currents and Channel B sampling sequence is reserved to read six DC link
voltages. All values that have been read from ADC, is converted to real values after

removing ADC offset and signal conditioning offset that is 1.5 V. The detail of
flowchart is given in Figure 4.16.

Cpu Titmet0 Intetrupt Iain Loop

[nitilize wariahles
Configure ADC and GPIO

Set Cpu Timer Internapt
Average ADC Channel for
ADC offset three period and find offzet B
Ready N
¥
True Check Security Conditions
ADC Channel & sampling seguence Check Start & Stop Buttan
Read Bupply Voltages Vs_abe Infinite Loop
Read Jupnly Cuttents s abe
Remowe offset and Convert real value

.

ADC Chartiel B sampling sequence
Read six DC link Voltages Vdo_abc
Eemove offset and convert real value

¥

FLL (phase of souree voltage)

DC link PT algosithn (power angle)
Obtain Reference Signal

¥
Single Phase PO) (estimate reactive powe)

PI control (find modulation index)
Generate Carrier Signal

¥
SPW Algorithm
Compate

referenice signal and
cattier signal

¥

Crate Pulse )
Swapping Algorthum (capacitor balancing)
Hend gate pulse GPIO

End of
Interrupt Service Routine
Cpa Titmed

Figure 4.16 General control algorithm of STATCOM
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4.3.2 Design of PLL

Phase information of supply voltage is needed for balancing DC capacitor
voltages. Three-phase PLL algorithm given in Figure 4.17 is used to obtain phase
information. A commonly used three phase PLL method is based on Clarke-Park
transformation, where supply voltages are transformed to stationary reference frames
by Clarke transform (Ct) given in (4.11) then the park transform (Pt) given in (4.12)
is applied to synchronize it to the supply frequency (Chattopadhyay, 2011). Phase
information is obtained by passing direct axis component of supply voltages (V) on
Pl controller and adding output of PI to the reference frequency (wrg), if the result

(W) is integrated then phase information is obtained (Phipps, 2006), (Chung, 2000).

p L+ 1
2 2
c, -2 o B _43 (411)
3 2 2
I
N
b _ cosé sind
T | -sin® coso (4-12)
The PLL application provides 6 and the supply voltages as follows;
V, =Sing (4.13)
i 27
Vb = Sln(6’ —?) (4.14)
i 2
VC = Sln(0+ ?) (415)

Therefore, the phase difference (3) between supply and STATCOM voltage can

be added to 6 in order to control real power flow.
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Figure 4.17 Block diagram of traditional PLL

4.3.3 Application of Digital Pl Controller

In the closed loop control of reactive power and DC link voltage, the error
between the reference and actual values are passed through a proportional-integral
(PI) controllers. Analog PI controller is expressed in Equation (4.16). The output of
analog PI controller is evaluated expressed by error signal (g(t)), proportional (Kp)

and integral (K;) error gains terms.
ut) =K, -t) + K, j &(t) - dt (4.16)

In DSP microcontroller, discrete (digital) form of the analog PI controller is used.
The output of digital PI controller is evaluated in terms of error, change of error and

sampling time (Ts) as follows:

Au(n-Tg) =K -Ae(n-Tg)+Kg -e(n-Ty) (4.17)

Integral time constant Kg is a function of sampling period. It is obtained by

multiplying of integral gain (K;) with sampling period (Ts) (Ke=K;.Ts). The change of
error constant (Kcg) is equal to proportional gain (Kp) (Kce= Kp). It is defined in DSP
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code as constant at the initialization. The block diagram of the digital P1 controller is

given in Figure 4.18.

Figure 4.18 Block diagram of PI controller.

4.3.4 Design of DC Link Voltage Controller

The DC link capacitors are charged at the beginning by the three-phase

uncontrolled rectifier built with the anti-parallel diodes of IGBTs in voltage source

converter. There are three resistors (in parallel with electro-mechanical relays)

connected between source voltages and converter. At the starting the relays are kept

open and inrush current through the capacitors and diodes is reduced. After charging

up the capacitors the switches are closed and the resistors are bypassed.

'S
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Figure 4.19 charging resistor connection in star connected STATCOM

The converter draws the active power demanded by the internal resistances of DC

link capacitors, switching inductors and switching loss of IGBTSs in voltage source

converter.

77



DC link voltage error signal is calculated by subtracting DC link voltage from
reference value. Digital Pl controller unit takes error signal and the result presents
the power angle (A38). Adding this angle to the output of PLL, reference sinusoidal

signal is generated.

4.3.5 Programming of Single Phase P-Q

The reactive power demanded by the load is estimated by using single phase P-Q
method. According to this algorithm instantaneous active and reactive power can be
calculated using components of real and imaginary parts of voltage and current under
balanced sinusoidal AC voltage source. In program code the imaginary part of the
current is obtained by using buffer. The size of the buffer (80 samples) is determined
by the sampling time so as to delay the voltage and current by 90 degrees. Cross-
multiplication of real and imaginary components of voltage and current are given in

(4.18) yields instantaneous reactive power (Qac).

Qact :Va'iﬂ _Vﬂ'ia (418)

In software, first order digital low pass filter is added to eliminate the harmonic
components on estimated reactive power. Filter with a cut-off frequency of 80 Hz is
programmed in the DSP microcontroller. Transfer function of the digital filter is
given in Equation (4.20).

Qfiterea [K]1= K - Qe [K]+ (L= K) - Qierea [k —1] (4.19)
K
Q Q
actual H(z)= K ﬁltn::red

1-(1-K)z*

first order low-pass filter

Figure 4.20 First order low pass digital filter
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where, K is a gain of low pass filter (K=0.005) that is given in Equation (4.21),

Qact 1S estimated value of reactive power using Equation (4.18) and Qfijeered IS @ OUtpUL

of low pass filter and also k defines sample.

fcut—off _

80

Y

sample

16000

=0.005

(4.21)

Bode plot of the low pass filter is given in Figure 4.21, where, cut-off frequency

80 Hz seems to be at -3 db.
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Figure 4.21 Bode plot of first order low pass digital filter
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4.3.6 Execution Times of Program Code

104

frequency

The prepared program using DSP 28335 floating point controller is working at 16

kHz constant sampling frequency. The CPU interrupt timer assures the interrupt

routine working at 62.5 ps. All the tasks and execution times were given in the Table

4.2. The durations may vary according to the values of variable. As a result of that,

total execution time of the entire task in DSP microcontroller should be less than
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62.5 us. If the task exceeds the sample time, sample based algorithm in single phase

P-Q algorithm can make mistakes in calculation.

Table 4.2 Execution times of Single Phase P-Q method in DSP

Task Execution time (us)

ADC conversion in main program(12 channel) 0.8
Signal conditioning (Sampling is converted to real value) 3.6
Three Phase PLL 4.6
Single Phase PQ 6.6

First Order Low Pass Filter 0.88

DC link P1 controller 10.2

Rotation Algorithm 0.94

Reference Signal Generator 5.72
Triangle Generator 3.3

Comparison Logic 13.88

Sending GP1O 3.06

Total Execution Time 53.58

4.3.7 Checking Program Code with Co-operation of Matlab/Simulink and DSP

All the program codes have been tested by hardware in loop algorithm (power
converter is simulated in Matlab and the controller is programmed in DSP) before the
real implementation. Using detailed simulation result in Matlab/Simulink the
controller parameters are estimated (i.e., K,, Ki and the others). All parameters and

sample times are kept same in the simulation program run in Matlab alone.

The co-operation of DSP and Matlab is organized as being described below.
While all program code working in DSP, Matlab/Simulink access to pre-defined
regions of memory in DSP and reads the switching state that is produced by DSP. It
writes the value of voltages and currents from simulation to specified memory

locations in each numerical integration step. A separate memory area in DSP for
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each input and output is reserved. In order to guarantee the operation of DSPs at
sampling time defined in Matlab/Simulink, the status bits are defined in DSP and
synchronization between DSP and Matlab is carried out. This interactive method
assures elimination of programming mistakes and it is a useful tool for fast

prototyping and functional test of software (Vardar, 2009).
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Figure 4.22 Matlab/Simulink and DSP28335 CCS interface

Code Composer Studio (CCS) interface that provides communication between the
Matlab/Simulink and DSP is shown in Figure 4.22. The CCS interface is written in
Matlab by using s-function while inputs are voltages and currents, outputs are gate

pulses. The detailed conversion process is given in Appendix A.
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CHAPTER FIVE
MODELLING OF STATCOM

5.1 Introductory Remarks

In literature, analytical model of cascaded multilevel converter can be obtained
using three-phase d-q reference frame theory and examined by using linearization
equations (Kumar, 2009). The source voltages are balanced and have sinusoidal
waveform. Furthermore, all switches and capacitors are assumed to be lossless and
harmonics of converter voltage are neglected. A simplified model is based on AC
small signal model that was derived from average value model of STATCOM.
Accuracy of model was verified by comparing dynamic responses with computer
simulation program. A feedback control unit is designed to balance DC link voltages
in the model (Sirisukprasert, 2003). Three-phase model of STATCOM is
transformed to synchronously rotating reference frame and nonlinearity of state
equations on control angle are linearized in the d-q frame. The stability of

STATCOM is examined independently from control strategy (Rao, 2000).

Single phase converters can also be examined in d-q reference frame. Model of
single phase inverter was obtained in two phase rotating reference frame (Zhang,
2002). By using two phase transformation matrix, single phase H-bridge converter is
transformed into the d-q reference frame. After transformation, open loop and closed
loop model are studied for inverter mode (Roshan, 2007).

In this chapter, a detailed model of single phase AC to DC converter has been
investigated at the synchronously rotating reference frame which is useful to generate
average value model of switching functions and the complete block diagram of the

system with adequate transfer functions.
Proposed multilevel converter structure has two separated DC sources and

produces five different output voltage levels: +2V4, +Vg, 0, -Vg, -2Vg by

combination of six semiconductors, namely S1, S2, S3, S4, S5 and S6. Using
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synchronously rotating reference frame fixed to the fundamental frequency, all AC
quantities of voltage, current and switching functions are expressed as DC quantities.

5.2 Single Phase Transformation from a-p to d-q Axis

The actual values of voltage and current in time are considered as o-axis
components and 90 degrees lag fiction quantities are generated as [-axis

components. They are given in Equation (5.1) and (5.2) at stationary reference frame.

’ [V sin(wt)
}z Vsin(vvt—%) (5.1)

O ilnsin(nwt—¢n)
! }: A ] (5.2)
Zlnsm(n(wt—g)—(/ﬁn)

Direct and quadrature component of the voltage and the current can be obtained

by multiplying d-g transform matrix (5.3) with o and B component (5.4).

. :[ sin @ c9s 0} (5.3)
—coséd sin@

Xg | sing cosé || X, (5.4)

X, | |—cos@ sind | x, '

0 can be estimated from the integral of reference frame speed, w.
t
0= j w(z)dz + 6(0) (5.5)
0

w is selected as the frequency of input voltage.

83



» — AT Phase C

®
5
Vh iStl itl l
I|—© b AT T Phase B I
"'"IIEI
{5

F L &y,
i K L e| =T e -
E la 8 i + - =
b b Bof @t B
e {ib Jia ad s sd
b @ &
LOAD

Figure 5.1 Circuit diagram of three-phase STATCOM with neutral connection

The set of differential equations are written by using Kirchhoff’s Voltage Law

(KVL) applied on circuit of STATCOM given in Figure 5.1. V, and €, are the

instantaneous values of source and converter output voltages and i, is the converter

phase current. The mathematical relation between supply and converter output

voltage for one phase is given in (5.6).

d. )
L—i,=—-R1,+Vv,—¢e
dt a a a a (56)

The actual values of voltage and current in Equation (5.6) are considered as o-axis
components (5.7) and 90 degrees lag fiction quantities are generated as B-axis

components in (5.8) using Equation (5.1) and (5.2).

L%ia =-Ri,+v,6 —e, (5.7)
d. :
LE s =—Rli;+v,—¢, (5.8)

Let us define A as follows;
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af = L'iaﬂ (59)
Differential equation in stationary reference frame can be rewritten as (5.10).

P-4

op = Ropl,; +V,,—€ (5.10)

af" aff
where p is the derivative term (p:%t). R is the resistance of coupling
inductance. Hence,

R

R 0‘ (5.11)

“’ _‘o R
Using Transformation matrix K all variable are transformed into synchronous
-1

rotating reference frame. 4,, = Kglldq,Raﬂ =Rygrigp =Kggy V= Ks'vg, and

€, = Kgledq are substituted into (5.10) and Equation (5.12) is obtained.

P.(Ks' Agq) ==K R sl + Ks'vyy — K'ey, (5.12)

aﬁidq
If both sides are multiplied by transformation matrix Ks:
K, p.(Kgl/idq) =-Kg Rw[,K_;lidq + K Ks‘lvdq - K K_;ledq (5.13)

Equation (5.14) is obtained by taking derivative term at left side of Equation

(5.13), where derivative of inverse transformation matrix p.[K;'] is given in (5.15)

and multiplication result with transformation matrix K p[K:']is given in (5.16).

Ks (p[KS_l])iqd + KSKgl(p/ldq) :_KSquKS_Iidq +qu _edq (5-14)
(K] cos@ -sin@ (5.15)
. =:- .
PL%s sin@ cosé
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0 -1 0
Ksp[Kil=w:|1 0 0 (5.16)
0 00

Equation (5.17) is obtained by substituting Equations (5.15) and (5.16) into
Equation (5.14).

Ohgq + P-Agq ==K Ry Ksligq +Ugq —€4q (5.17)
KsRgKs' =Ry (5.18)
OAgq + PAyq = —Ryglaq + Vuq —€4q (5.19)

Direct (5.20) and quadrature (5.21) components show that coupled elements are

appearing in single phase model and in three phase model of converter as well.

d . . i
L a(ld) =—Ri; —al i, +Vv,; —&, (5.20)

d . : :
L a(lq) =—Ri, +al 1; +v, —€, (5.21)

The real power balance equation between AC and DC sides can be written in

(5.22) considering that there are two capacitors in each phase for a lossless converter.
2V yedg. = €40y + 641, (5.22)

STATCOM input voltage eq and eq can be related to DC voltage by using the

switching functions Sq and S,

e, =S,V (5.23)

eq = Sq 'Vdc (5-24)
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DC capacitor current (5.26) can be obtained by substituting direct and quadrature
components of STATCOM input voltage in Equations (5.23) and (5.24) into real

power balance equation given in Equation (5.22).

2V o dge =S¢ Vyedg + S Ve, (5.25)
) 1 ) )

he =3 (Sydg +S,1,) (5.26)
Hence,

d 1 ) )

E (Vdc) == E (Sd 'Id + Sq.lq (527)

The d-q model of single phase STATCOM in (5.28) can be given in block

diagram in Figure 5.2.

R —-S,
i L W L Vv
i i
d id | w R 5 id 1 vd
de isd isq 0 de
1 2C 2C |
S,
]
Ls+R '
by id
o.L fdc 1 1 Vdc
Tal L
w.L
1 Iy
Ls+R
L.fq

Figure 5.2 Block diagram of d-g model of single phase STATCOM
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5.3 Switching Functions

The average value model of converter has been obtained based on switching states
of each IGBT’s. Table 5.1 contains the states (1 or 0) of devices S1, S2 and S3 and
their duals S4, S5 and S6, in order. The variation of switching functions, namely,
Savdes Svde, S-vac and S.ovgc are given in Figure 5.3 at four different DC link voltage
levels 2Vyc, Ve, -Vac and -2V, respectively. While the actual values are shown with
solid lines, the average values over each switching period are given with dashed lines

in Figure 5.3.

Table 5.1 Switching conditions of STATCOM

Switching | Sal | Sa3 | Sa5 | Sal’ | Sa3’ | Sa5’ | STATCOM
State Voltage
S3 1 0 1 0 1 0 2V e
S2 0 0 1 1 1 0 Ve
S1 1 1 0 0 0 1 Ve
SO 0 1 0 1 0 1 -2Vgc

The mathematical expressions of switching functions have been derived in terms
of phase difference (6) and angular position (6) by assuming that the peak of the
triangular wave is varied with the modulation index (m) and magnitude of control
signal is kept constant. Its value is set to two because the DC link voltage in the

model, V. represents the voltage across one capacitor.
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Figure 5.3 Switching function a) 2V b) Vg €) -V d) -2V,

When STATCOM input voltage is reached to 2V level indicated in Figure 5.3a,
average value of switching function is modelled by using equation in (5.29). Here m

is modulation index, o is load angle and @ is angular position signals.

2 Sin(wt+8) -1 |, sinl(g)—§< 0 < ﬁ—sinl(g)—é

Savge =1m (5.29)

0 , otherwise

When STATCOM input voltage is reached to V. level, seen in Figure 5.3b, the
average value of switching function which is modelled in Equation (5.30). Here the

value of switching function is determined by angular position signals.
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E.Sin(wt+5) , —5<H<7z—sin‘1(%)—5
m
_,.m _,.m
S, = m , sin (E)—5<<9<7z—sm (E)—5 (5.30)
2sinwt+5) | ﬂ—sin‘l(g)+5<0<ﬁ+5
m
0 , otherwise

For negative value of STATCOM input signal (Vg in Figure 5.3c), value of

angular position determines the switching function in (5.31);

_Zsinwt+5) 7Z'—5<(9<7T+Sinl(%)—§
m
1 1
-m . rHsinH(=—)-6<0<2r-sinH(—)-6
S v = d G d G % (5.31)
_Zsin(wt+5) Zﬂ—sinl(g)+§<9<2ﬂ+5
m
0 , otherwise

Last, when STATCOM input voltage is -2V (Figure 5.3d), switching function is
given below in (5.32);

2 . ioo1,M int (M
—Esm(wt+5)+1 . m+sin (E)_5<0<2ﬁ_sm (E)_5 (5.32)

S—ZVdc = )
0 , otherwise

The a and 3 axes switching components have been obtained from Equation (5.29)

through Equation (5.32) by taking care the intervals defined as follows:

Sa = SA = S’2VDc + SVDC + S—VDC + S—ZVDC (5-33)

S, =S, =£sin(wt+5) (5.34)
m

s, = 2si 5—7l2 5.35

ﬁ_asm(wtjt —rl2) (5.35)

The direct and quadrature axes components in synchronously rotating reference

frame are computed from the equation below:
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(5.36)

[Sd Sq]T:[Ksl[Sa Sﬂ]T

Vi—»

r

Li+R

ol

ol

Ls+R

Pl
Contraller
"
Vol @ 4
Moo,
I
X
5
Y
Va/3| spwag [Sa| 2
N o
PLL Method [ ] "
dy
I
u.ﬂ_. N
b i
Pl
Controller

F 9

Ot

Figure 5.4 Model of single phase STATCOM
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A pure sinusoidal function obtained in Equations (5.34) and (5.35) shows that the
proposed converter can be controlled by the SPWM modulation technique by using
the variables of modulation index and power angle. The analysis of STATCOM has

been carried out by using the complete model given in Figure 5.4.

In Figure 5.4, angular position (0) is obtained by using PLL. STATCOM phase
information (V,£9) is obtained by adding angular position of source voltage to DC
link PI controller output (3). SPWM controller uses phase information and
modulation index that is obtained from the output of reactive power PI controller.
Output of SPWM controller is switching function of phase A which is transformed to

d-q reference frame by multiplying K, transform.

5.4 Comparing Results of Model with Matlab Simulation

Results obtained from the analysis of model are compared with ones from the
detailed simulation prepared in Matlab/Simulink. Figure 5.5 shows that the average
value model gives almost the same values with the results of Matlab simulation,
when the amplitude and rise time are compared during transient applications. It
should be noted that the simulation results at the same operating condition have been

compared to experimental ones as well.

When the simulation time is equal to 2 seconds, 350 VAR inductive load is
connected to system and STATCOM generates 350 VAR reactive powers for
compensation. After the system reaches the steady state level, 350 VAR capacitive
load is added to system at time of 4 seconds, hence STATCOM draws 350 VAR

reactive powers from system to bring the source power factor to unity.

When the results of Matlab/Simulink and single phase d-q model are compared

with each other, all response time and amplitude variable are compatible.
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The results in Figure 5.5 show that the step change on the reactive power demand
takes almost 0.4 seconds settling time. A feed forward reactive power control is
included into the system to make the response time faster. For this reason, the
modulation index is predicted from the following equation which is commonly used

for reactive power flow at steady state between two nodes.

2
Q. :\/7—\%0055 (5.37)

For small values of power angle 8, cosd = 1 and defining the modulation index as
the ratio between E and V, the change of modulation index can be predicted from the

load and source parameters as follows;

X

where AQ, defines the change of reactive power that demanded by the load.

Carrier

Va

— Qact — - i
i, | Single Phage PQ Pl AR .
— ate
+ + Compars Signals
Qref /\/ -
| ) e Reference
i |Single Phase PO | —

Feed Forward Conirol

Figure 5.7 Feed forward control

The block diagram of the feed forward is given in Figure 5.7. The results of
simulation and dedicated model are compared in Figure 5.8. The results from model
and simulation give almost the same amplitude at steady state and also similar time
response at transient conditions. It is clearly observed that the feed forward control
makes the system settles down in a shorter time (less than 0.04 seconds) to step

change on load.
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current per phase
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CHAPTER SIX
REACTIVE POWER COMPENSATION WITH STATCOM
USING SINGLE PHASE P-Q

6.1 Introductory Remarks

In three-phase grid, shunt connected STATCOM works as reactive power
compensator for balanced and unbalanced loads. STATCOM is preferred where
reactive power demand of load is changing quickly. Besides making fast and reliable
compensation, STATCOM is also preferred by a reason of generating little harmonic
component in current waveform. Multilevel STATCOM structure can be connected

either star or delta type form.

In the first part of this chapter, star connection with neutral line of proposed
multilevel STATCOM structure is examined by using simulation and
implementation. The single phase P-Q method is tested in Matlab/Simulink and is
implemented in DSP28335 microcontroller unit. Instantaneous reactive power is
estimated for each phase to compensate reactive power demand of the load. The
presence of neutral connection enables to compensate each phase individually.

In the second part of this chapter, delta connection of proposed multilevel
STATCOM structure is examined by using simulation and implementation.
Instantaneous reactive power is still estimated with single phase P-Q and STATCOM

compensates reactive power demand of the load whose neutral point is floating.

The implementation results are measured by Lecroy wave runner 604 ZI
oscilloscope and energy analyzer Fluke 434. Real, apparent and reactive power
values, input power factor, displacement factor (cosine of phase difference between
the fundamental components of supply voltage and current) cos¢ and rms value of
source currents have been recorded by using the energy analyser. Current signals
were measured using Lecroy APO15 current probe that can measure up to 50 Amp in

the range between DC to 50 MHz. Two different types of differential voltage probes
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have been used, first one is Lecroy ADP 305 that can measure up to 1400 volts in the
range of DC to 100 MHz and second one is Pintek DP-100 that can measure up to
6500 volts in the range of 100 MHz Lecroy APO015 voltage probe which is less
sensitive to noise in DC voltage measurement, is used for DC link voltage

measurement.

6.2 Star Connection of STATCOM with Neutral Line

Line to line voltage of source is set to 220 volts (rms) because the system is
planned to be tested in star and delta connected configuration. Thus phase voltage is
adjusted to 130 volts (rms) by connecting supply voltage via variable transformer.

STATCOM DC link voltage reference is set to 110 volts for each capacitor as well.

Each phase of multilevel converter is connected to power source through 12.5 mH
coupling inductor. Two 10000 uF DC link capacitors with 22 kQ discharge resistors
are used. Detailed simulation model was established with Matlab/Simulink before the
application. A dedicated model that is given in details in chapter 5 has been obtained
at synchronously rotating reference frame. Afterwards possible software problems

were eliminated by running Matlab/Simulink with DSPs in co-operation.

The control algorithm is given in Figure 6.1. The supply current and voltage
measurements are used as input of single phase P-Q algorithm to estimate reactive
power in supply. Modulation index that is calculated using the output of single phase
P-Q algorithm and its corresponding PI controller, is multiplied by triangular signal
and carrier signal is obtained. At the same time, the PLL algorithm produces
reference sinusoidal signal by using supply voltages. Reference sinusoidal voltage
has a phase shift with respect to the corresponding supply phase voltage. Therefore,
the real power flows to balance the converter power loss and regulates the DC link
capacitor voltages with the help of PI controllers as being shown in the block
diagram of the system in Figure 6.1. Besides giving the phase shift in reference
signal, swapping algorithm is also applied to regulate the DC link capacitor voltages.
Finally, IGBT gate signals are obtained by comparing reference sinusoidal signal

with triangular carrier signal.
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Figure 6.1 Control schematic of star with neutral connected STATCOM

6.2.1 Balance Load in Parallel to Star-Connected STATCOM

In the first case, results of the balanced loading conditions for star connected

STATCOM have been obtained from simulation and implementation.

Five different balanced loading conditions have been used during the tests and
have been given in terms of real (P) and reactive (Q) powers in Table 6.1. Load 1
shows balanced resistive and inductive (R-L) load, load 2 shows balanced resistive
and capacitive (R-C) load, load 3 shows balanced resistive (R) load, load 4 shows

balanced inductive (L) load and load 5 shows balanced capacitive (C) load.
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Table 6.1 Balanced loading conditions for star-connected STATCOM

Phase A Phase B Phase C

P Q P Q P Q
(W) | (VAR) | (W) | (VAR) | (W) | (VAR)

Load 1 (Balanced R-L) | 700 350 |700| 350 |700| 350

Load 2 (Balanced R-C) | 700 | -350 |[700| -350 |700| -350

Load 3 (Balanced R) | 700 0 700 0 700 0

Load 4 (Balanced L) 0 350 0 350 0 350

Load 5 (Balanced C) 0 -350 0 -350 0 -350

6.2.1.1 Balance R-L Load in Parallel to Star-Connected STATCOM

Figures 6.2 shows the simulation and implementation results of balanced R-L load
that compensated by STATCOM. The rms magnitude of STATCOM output voltage
is greater than supply voltage and STATCOM current leads voltage by 90 degrees. It
generates the reactive power and compensates the demand of inductive load. Figure
6.3 has the recorded values of powers, power factor, voltages and currents by using
the energy analyzer. The load power factor is 0.92 and real power demand is around
0.73 kW and reactive power demand is around 0.31 KVAR as it is given in Figure
6.3a. After activating the STATCOM, cosd becomes unity and reactive power
supplied from the source is going to zero as it is shown in Figure 6.2b. Some current
harmonics are observed on source current due to the switching ripple of STATCOM

as it is clearly realized from Figure 6.2c.

Start-up characteristics of STATCOM under R-L loading conditions can be seen
in Figure 6.4, where transient response of DC link voltage and current are in the safe
operating range. Proportional and Integral controller (P1) shows successful operation

under load.
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Figure 6.2 Simulation and implementation result from balanced R-L load a) STATCOM voltage (V)
b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 6.3 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
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Figure 6.4 Transient response of STATCOM with balanced R-L load a) DC link voltage (V) b)
STATCOM voltage (V) c) Source current (A) d) STATCOM current (A)
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6.2.1.2 Balance R-C Load in Parallel to Star-Connected STATCOM

Figures 6.5 shows the simulation and implementation results of balanced R-C load
connected in parallel to STATCOM. In this case STATCOM draws reactive power
and brings the supply power factor to unity by reducing the output voltage to the
level less than supply voltage. Its current lags the voltage by 90 degrees. The
implementation result in Figure 6.5¢ shows that supply current is distorted because of
the harmonics in load capacitor currents. This result also verifies that reactive power
compensation under the control of single phase P-Q method is successfully
performed for non-linear load. When the displacement factor (cos¢) becomes unity,
power factor is still around 0.98 because of harmonics in the current waveform as it

is shown in Figure 6.6b.

Harmonic components in current waveform are not related to switching of semi-
conductors, wherein the effect of capacitor current harmonics is predominant here.
Transient response of DC link voltage and STATCOM current can be seen in Figure
6.7 for balanced R-C load.
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Figure 6.5 Simulation and implementation result from balanced R-C load a) STATCOM voltage (V)
b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 6.6 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is

connected ¢) Harmonic content of source current
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Figure 6.7 Transient response of STATCOM with balanced R-C load a) DC link voltage (V) b)
STATCOM voltage (V) c) Source current (A) d) STATCOM current (A)

6.2.1.3 Balance R Load in Parallel to Star-Connected STATCOM

Figure 6.8 shows the simulation and implementation results of balanced resistive
R load. Its parameters are given in Table 6.1. In this case STATCOM does not draw
or generate reactive power and power factor in supply continues to remain unity.
STATCOM output voltage is kept equal to the supply voltage to ensure that there is
no reactive power flow on system however small amount active power must be

drawn from supply in order to keep voltage level of capacitor at predefined value.
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The implementation results in Figure 6.8c shows that supply current is in phase
with supply voltage and Figure 6.8d shows that STATCOM current has only
switching ripples. The load power factor is equal to unity (1.0) when each phase
draws real power around 0.7 kW and no reactive power from the source. After the
STATCOM is connected, the cos¢ remains at unity and no reactive power supplied
or demanded from supply as being shown in Figure 6.9. Switching ripples on
STATCOM current also affects the supply current.

Start-up characteristics of STATCOM are given in Figure 6.10. The initialization
currents are drawn from supply to boost-up capacitor voltages. At the steady state
condition, STATCOM current decreases to zero and capacitor voltage settles down

to constant value.
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Figure 6.8 Simulation and implementation result from Balanced R load a) STATCOM voltage (V) b)
Source voltage (V) ¢) Source current (A) d) STATCOM current (A)
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Figure 6.9 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
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Figure 6.10 Transient response of STATCOM with balanced R load a) DC link voltage (V) b)
STATCOM voltage (V) ¢) Source current (A) d) STATCOM current (A)

6.2.1.4 Balanced L Load in Parallel to Star-Connected STATCOM

Inductive loading condition is analyzed in simulation and results compared to
implementation results in Figures 6.11. During the compensation of pure inductive
loads, magnitude of STATCOM output voltage should be greater than supply voltage
and STATCOM current must lead supply voltage by 90 degrees. The effect of

switching ripples on supply current is shown in Figure 6.11c.

Before STATCOM is started, energy analyzer device measures the load power
factor (cos¢) as 0.1 given in Figure 6.12a. When STATCOM is activated, the cos¢ is
equal to unity. Unfortunately power quality analyzer is reading reactive power

incorrectly because only switching ripples are available on supply current.

Start-up characteristics of STATCOM are given in Figure 6.13, where the currents
are drawn from supply to boost-up capacitor voltages. At the steady state condition,
STATCOM current leads supply voltage by 90 degrees, capacitor voltage is set to

constant value and source current goes to zero.
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Figure 6.12 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current

REVAYEYATR! AN dhulﬁ'lﬂ-li‘llfiﬂi'lﬁ JH{IHJFM vkﬁﬂﬁﬁﬁﬂ HMEMH Ji'uiil
JVVIVYYY ¥ HWE (AR ARRA AR AR ARAARARRRRRARS

aAANAAAN YA A M P A % P g g N R G R P R S R PR PR
VVV VNV VYV VW et el gt S g S N S N St St S e et P Pl e Dt o o St ot optent

AN AAAAAAA DB AP AL AR AR AP P DA RS AR DR A PP A A h S
VY VWV VW VYNV VWV VW WOV VY

20.0 Vidiv| 100 Vrdiv| 5.00 A/div|
-30.00 V. 0.0 V offse] 0.00 A ofs]

LeCroy 71712012 9:27:48 AM

Figure 6.13 Transient response of STATCOM with balanced L load a) DC link voltage (V) b)
STATCOM voltage (V) c) Source current (A) d) STATCOM current (A)
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6.2.1.5 Balanced C Load in Parallel to Star-Connected STATCOM

Another loading condition that is confirmed simulation and implementation works
are the capacitive loading as shown in the Figures 6.14. Magnitude of STATCOM
voltage becomes less than supply voltage for the compensation of pure capacitive
load and STATCOM current must lag supply voltage by 90 degrees. The
compensated supply current has only switching ripples as it is clearly observed in
Figure 6.14c

0.35 KVAR reactive powers are produced by capacitive load with zero power
factor as being shown in Figure 6.15. When the STATCOM s activated cos¢
becomes unity. However power quality analyzer is reading reactive power
incorrectly because there is only switching ripple on supply current as it can be seen
on Figure 6.14c.

Start-up characteristics of STATCOM under balanced C load are given in Figure
6.16. The currents are drawn from supply to boost-up capacitor voltages. At the
steady state condition, STATCOM current lags supply voltage by 90 degrees,

capacitor voltage is set to constant value and source current decreases to zero.

300
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-200
-300
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Flgure 6.14 Simulation and |mplementat|on result from balanced C Ioad a) STATCOM voltage (V)‘b)
Source voltage (V) ¢) Source current (A) d) STATCOM current (A)
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Figure 6.15 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
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Figure 6.16 Transient response of STATCOM with balanced C load a) DC link voltage (V) b)
STATCOM voltage (V) ¢) Source current (A) d) STATCOM current (A)

6.2.2 Unbalanced Load in Parallel to Star-Connected STATCOM

Five different balanced loading conditions are compensated successfully by three-
phase star-connected STATCOM. Single phase P-Q algorithm can calculate reactive
power of each phase separately owing to the neutral connection that regardless of the

load balanced or unbalanced.
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Five different unbalanced loading conditions are also used during the tests which
have the parameters in terms of real (P) and reactive (Q) powers in Table 6.2. The
load 1 shows unbalanced R-L load, load 2 shows unbalanced R-C load, load 3 shows
unbalanced R load, load 4 shows unbalanced L load and load 5 shows unbalanced C

load.

The most important criteria for the compensation of unbalanced reactive loads are
the existence of neutral point of STATCOM. The three-phase loads are used with the

neutral connection as it is shown in Figure 6.1.

Phase B and C are loaded with the same active and reactive powers and phase A is

loaded with different level of active and reactive load as it is given in Table 6.2.

Table 6.2 Unbalanced loading conditions for star with neutral connected STATCOM

Phase A Phase B Phase C

P Q P Q P Q
(W) | (VAR) | (W) | (VAR) | (W) | (VAR)

Load 1 (Balanced R-L) | 700 350 |175| 87.5 |175| 87.5

Load 2 (Balanced R-C) | 700 | -350 |175| -87.5 |175] -87.5

Load 3 (Balanced R) 700 0 175 0 175 0

Load 4 (Balanced L) 0 350 0 87.5 0 87.5

Load 5 (Balanced C) 0 -350 0| -875 | 0 | -875

6.2.2.1 Unbalanced R-L Load with Star-Connected STATCOM

Figure 6.17 shows the simulation and implementation results of unbalanced R-L
load compensated by STATCOM. Each phase can be compensated by the star-
connected STATCOM after calculating the required reactive power demand of load
by using single phase P-Q algorithm. The calculated modulation index is different for
each phase of STATCOM, so it produces different output voltages and compensates
the reactive power demand of load.

In Figure 6.18a, phase A draws 0.71 KW real power and 0,3 KVAR reactive
power, phase B and C draws 0.2 KW real 0.08 KVAR reactive power. After
activating the STATCOM, cos¢ becomes unity as it is shown in Figure 6.18b. The

rms magnitude of STATCOM output voltage should be greater than source voltage
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and STATCOM current should lead supply voltage by 90 degrees for each phase. To
compensate reactive power as it is given in Figure 6.17. The supply voltage and
current are in phase and STATCOM current leads them by 90 degrees.

Figure 6.17 Simulation and implementation result from unbalanced R-L load a) STATCOM voltage
(V) b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 6.18 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current

6.2.2.2 Unbalanced R-C Load with Star-Connected STATCOM

The simulation and implementation results of unbalanced R-C load are
compensated by STATCOM as it is given in Figure 6.19. Phase A draws 0.71 KW
real power and 0.36 KVVAR reactive power, phase B and C draws 0.19 KW real 0.1
KVAR reactive power as they are given in Table 6.2. After activating the
STATCOM, cosd becomes unity as it is clearly shown in Figure 6.20b. The rms
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magnitude of STATCOM output voltage is lower than source voltage and
STATCOM current lags supply voltage by 90 degrees for each phase as it is
observed from Figure 6.19. The supply voltage and current are in phase and
STATCOM current lags them by 90 degrees.
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Figure 6.19 Simulation and implementation result from unbalanced R-C load a) STATCOM voltage
(V) b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 6.20 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current

6.2.2.3 Unbalanced R Load with Star-Connected STATCOM

Figure 6.21 shows the simulation and implementation results of unbalanced R
load and its parameters are given in Table 6.2. The phase A draws 0.69 KW reel

power, phase B and C draw 0.19 KW reel power as it is shown in Figure 6.22a. In

111



this case STATCOM does not draw or generate reactive power and power factor of

supply voltage continues to remain unity as shown in the Figure 6.22b.

STATCOM output voltage is equal to the supply voltage to ensure that there is no
reactive power flow on system however small of amount active power must be drawn

from supply in order to keep the voltage level of capacitor predefined value.

When there is only unbalanced resistive load on system, single phase P-Q

algorithm works successfully.
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Figure 6.21 Simulation and implementation result from unbalanced R Ioad a) STATCOM voltage (V)
b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 6.22 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
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6.2.2.4 Unbalanced L Load with Star-Connected STATCOM

Phase A draws 0.04 KW real power and 0,32 KVAR reactive power, phase B and
C draw 0.01 KW reel 0.08 KVVAR reactive power as it is shown in Figure 6.24.

When STATCOM is activated, each phase of STATCOM output voltage is
greater than supply voltage and its current leads the voltage by 90 degrees. The
simulation and implementation results are given, in Figure 6.23 for unbalanced L
load. STATCOM generates reactive power to compensate demand of pure inductive
load and brings the supply power factor to unity. In the meantime, switching ripples
are available in supply current, harmonic content of supply current is different for

each phase because of unbalanced reactive load compensation.

L . o)
W me g '

15 b I
2935 2194 2945 295 2.955 296 2965 297 2975 298 2985

Figure 6.23 Simulation and implementation result from unbalanced L load a) STATCOM voltage (V)
b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 6.24 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is

connected ¢) Harmonic content of source current
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6.2.2.5 Unbalanced C Load with Star-Connected STATCOM

Figure 6.25 shows the simulation and implementation results of unbalanced pure
capacitive load and its parameters are given in Table 6.2. The phase A draws 0.37
KVAR reactive power, phase B and C draw 0.09 KVAR reactive power as it is
shown in Figure 6.26a. In this case STATCOM absorbs reactive power and cos¢

becomes unity as it is clearly seen in Figure 6.26b.

The rms magnitude of STATCOM output voltage is lower than source voltage and
STATCOM current lags supply voltage by 90 degrees for each phase as it is shown
in Figure 6.25. The supply voltage and current are in phase and STATCOM current
lags them by 90 degrees for each phase individually.

STATCOM absorbs reactive power to compensate demand of capacitive load and
brings the supply power factor to unity, the cos¢ becomes unity for all phase but
power quality analyzer calculate incorrect value because of source current has only
switching ripples.

200
100 #

00 f
200 |
300 L

Figure 6.25 Simulation and implementation result from unbalanced C load a) STATCOM voltage (V)
b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 6.26 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
6.2.3 Evaluation of Star-Connected Converter as STATCOM

A proposed converter that has reduced number of switches is used as three-phase
star-connected STATCOM. The result of the simulation and implementation work
shows that this converter has all the features of conventional H-bridge converter.
Besides, it is verified that level shifted carrier based SPWM, capacitor voltage
balancing technique and control of single phase instantaneous reactive power method
are successfully implemented in the program on floating point DSP. The results show
that the reactive power control method and proposed converter can be used for
balanced load compensation if star connection is performed with neutral line. If the

neutral point of load is available, then each phase can be compensated independently.

In Table 6.3, proposed STATCOM structure is examined according to THD
performance under loaded conditions. The resistive load is a linear load however
inductance is somehow affected from saturation (level of current) and capacitive load
can show non-linear effect with source parameters and harmonics generated by the
STATCOM. The high THD value in the R-C loading in experimental work is due to

capacitive load itself.

The energy analyzer Fluke 434 can measure up to 17" harmonics in three-phase
harmonics and THD measurements mode. For this reason, the THD values obtained
in the simulation study are slightly higher than the implementation results.

Matlab/Simulink THD measurement tool uses the entire frequency spectrum.
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Table 6.3 THD of the source current at balanced loaded star-connected STATCOM
Total Harmonic Distortion (THD) of Source Currents

R-L Load R-C Load R Load

Simulation Experiment |Simulation |Experiment |Simulation |Experiment

%7.08 %06.6 %06.25 %17.2 %06.97 %06.2

Consequently, proposed multilevel converter is first time implemented for
reactive power compenstion. The simulation and experimental results show that it
can be connected to grid safely to compensate balanced and unbalanced reactive load

if it has a star connection with neutral point.

6.3 Basic Circuit Configuration of Delta-Connected STATCOM

In delta connection, line to line supply voltage is set to 220 volt. The reason for
that when assessing performance of STATCOM with different configuration (delta
or star) the voltage level is kept same. So amplitude of the phase voltage is adjusted
to 130 by connecting supply through variable transformer. In contrast to star
connection, STATCOM DC link voltage reference is set to 180 volt for each

capacitor that is 110 volt in star connection.

Each phase of multilevel converter is connected to network through 12.5 mH
coupling inductor and has two 10000 uF DC link capacitors with 22 kQ discharge
resistor. As with the star-connected STATCOM, detailed simulation model was
established with Matlab/Simulink before the application and possible software
problems have been resolved by running Matlab/Simulink with DSPs in co-

operation.

The control algorithm applied for delta-connected STATCOM in simulation and
implementation is given in Figure 6.27. The supply current and voltage
measurements are used as input of reactive power calculation algorithm to estimate
the reactive power in supply. Reactive power demand of each phase is estimated by
using single phase P-Q algorithm and delta-connected STATCOM generate or
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absorb it by changing modulation index. PI controller that controls the modulation

index, allows compensating reactive power on three-phase.

The main differences between applied control algorithm in delta-connected
STATCOM and star-connected STATCOM are line to line voltages read for software
and neutral connections of load. STATCOM has no connection to the neutral point of
supply. Modulation index is calculated by using the output of reactive power
calculation algorithm. The PI controller output is multiplied by triangular signal and
carrier signal is obtained. In the mean time, the PLL circuit produces reference
sinusoidal signal by using line to line supply voltages. Reference sinusoidal voltage
has a phase shift with respect to the corresponding supply line to line voltage. The
reason for this is to control real power flows to balance the converter power loss and
regulating the DC link capacitor voltages with the help of PI controllers as being
shown in the block diagram of the system in Figure 6.27. Besides the giving phase
shift in reference signal, swapping algorithm is also applied to balance DC link
capacitor voltages by changing phase angle in every period. Finally, IGBT gate

signals are obtained by comparing reference sinusoidal signal with triangular carrier

signal.
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Figure 6.27 Control schematic of delta-connected STATCOM

k4

m

117



According to the simulation and implementation results obtained, while the

unbalanced reactive power is compensated, it is observed that the real power flow

through each phase has changed. This is not exactly a load balancing; it is a situation

that is created by reactive power estimated with phase voltage and current.

Firstly, balanced loading conditions for delta-connected STATCOM are analyzed

in simulation and it is implemented. In the next stage, the same study is repeated for

unbalanced loads.
Three phase supply voltages are as follows;

V, =v.sin(6)

V, =v.sin(6 - 2?7[)

V, = v.sin(¢9+2—ﬂ)
3
The line to line voltage can be obtained from phase voltages;

V= \/§v.sin(0+%)
V,, = ﬁv.sin(@—%)

V., =/3v.sin(0 + 5?”)

(6.1)

(6.2)

(6.3)

(6.4)

(6.5)

(6.6)

STATCOM current leads line to line supply voltages by 90 degrees that is assured

by coupling inductance of STATCOM in order to compensate the inductive load,;

| —isin(@+25)
3
l,. =1.sin(6)

.. 2
I . =1sin(@—-——
ca ( 3 )
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Phase current A can be found by subtracting line current as given Equation (6.10).
If substituted line current in Equation (6.11), phase current A is found as leading

phase voltage 90 degrees.

Iazlab_lca (610)
- 2T, . . 2

I, = |.5|n(9+?)—|.sm(9—?) (6.11)

| :\/§.i.sin(¢9+§) (6.12)

Phase current B can also be found as below,

Iy = loe = las (6.13)
I, = i.sin(@)—i.sin(¢9+2?ﬂ) (6.14)
l, = Jé.i.sin(e—%) (6.15)

Phase current C can also be found as follows,

Ic :Ica_lbc (616)
I, = i.sin(e—%”)—i.sin(e) (6.17)
I, = ﬁ.i.sin(@—%) (6.18)

If the capacitive load is compensated by STATCOM, source current will be as

follows;
|, = Jé.i.sin(e—%) (6.19)
I, = \/§.i.sin(.9+%”) (6.20)
|, = J§.i.sin(9+%) (6.21)
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The analysis shows that, all phase currents lead or lag phase voltages by 90
degrees and the reactive power can be compensated by following the line to line
voltages.

6.3.1 Balanced Loading Condition for Delta-Connected STATCOM

Five different balanced loading conditions used during the tests are given in terms
of real (P) and reactive (Q) powers in Table 6.4. The load 1 shows balanced R-L
load, load 2 shows balanced R-C load, load 3 shows balanced R load, load 4 shows

balanced L load and load 5 shows balanced C load.

Table 6.4 Balanced loading conditions for delta-connected STATCOM

Phase A Phase B Phase C

P Q P Q P Q
W) |[(VAR)| (W) |(VAR)| (W) | (VAR)

Load 1 (Balanced R-L) | 700 350 700 350 700 350

Load 2 (Balanced R-C) | 700 -350 700 -350 700 -350

Load 3 (Balanced R) 700 0 700 0 700 0
Load 4 (Balanced L) 0 350 0 350 0 350
Load 5 (Balanced C) 0 -350 0 -350 0 -350

6.3.1.1 Balanced R-L load on Delta-Connected STATCOM

The simulation and implementation results of balanced R-L load are given in
Figures 6.28. The rms magnitude of STATCOM output voltage is greater than source
voltage and STATCOM current leads voltage by 90 degrees. It generates the reactive
power and compensates the demand of inductive load. The load power factor is 0.92
and real power demand of around 0.73 kW and reactive power demand is around
0.31 KVAR as it is shown in Figure 6.29a. After activating the STATCOM, cos¢
becomes unity and reactive power supplied from the source is going to zero as it can
be observed from Figure 6.29b. The effect of switching harmonics can be seen on

supply current in Figure 6.29c.

Start-up characteristics of delta-connected STATCOM under R-L loading
conditions are seen in Figure 6.30. The starting currents are drawn from supply to

boost-up capacitor voltages. At the steady state condition, STATCOM current goes
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to zero and capacitor voltage settle down to constant value. Proportional and Integral
control algorithm shows successful operation and keeps voltages in the stable

operation range under balanced load.
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Figure 6.28 Simulation and implementation result from balanced R-L load a) STATCOM voltage (V)
b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 6.29 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
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Figure 6.30 Transient response of STATCOM with balanced R-L load a) DC link voltage (V) b)
STATCOM voltage (V) ¢) Source current (A) d) STATCOM current (A)

6.3.1.2 Balanced R-C load on Delta-Connected STATCOM

Figures 6.31 shows the simulation and implementation results of balanced R-C
load connected in parallel to delta-connected STATCOM. In this case magnitude of
STATCOM voltage becomes less than supply voltage for the compensation of
capacitive load and STATCOM current lag the supply voltage by 90 degrees.

When the STATCOM s deactivated, 0.35 KVAR reactive power is produced by
capacitive load with zero power factor as shown in the Figure 6.32a. When the
STATCOM is activated cos¢ becomes unity. But power quality analyser is reading
reactive power incorrectly because as it can be seen on Figure 6.32c, there is only

switching ripple on supply current.

Start-up characteristic of STATCOM under R-C load is given in Figure 6.33. The
currents are drawn from supply to boost-up capacitor voltages. At the steady state
condition, STATCOM current lags supply voltage by 90 degrees, capacitor voltage

set to constant value and source supplies only the active power.

122



i i 1 1 i
194 13545 195 19 196 1965 197 1975 198 1985 193

Figure 6.31 Simulation and implementation result from balanced R-C load a) STATCOM voltage (V)
b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 6.32 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
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Figure 6.33: Transient response of STATCOM with balanced R-C load a) DC link voltage (V) b)
STATCOM voltage (V) c) Source current (A) d) STATCOM current (A)
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6.3.1.3 Balanced R load on Delta-Connected STATCOM

Figure 6.34 shows the simulation and implementation results of balanced R load
and its parameters are given in Table 6.4. Each phase has only resistive load. So

STATCOM cannot absorb or generate any reactive power under resistive load.

In Figure 6.35a, each phase draws 0.7 KW real power and 0.01 KVAR reactive
power. After activating the STATCOM, cos¢ goes to unity as it is shown in Figure
6.35b. The rms magnitude of STATCOM output voltage is equal to the supply
voltage and STATCOM draws small amount of active power to be keep voltage level
of capacitor at predefined value. Switching ripples on STATCOM current also

affects the supply current as shown in the Figure 6.34c.

Start-up characteristics of STATCOM are given in Figure 6.36. The starting
currents are drawn from supply to boost-up capacitor voltages. At steady state
condition, STATCOM current decreases to zero; capacitor voltage settle down to

constant value and supply current and supply voltage come back to in phase.

: ; : : : : : : 1 LJ
: : B : : : : : AhRs 42 T IA”' Ak, .‘:"hﬂ;‘u. TTLL Lnababbhs
51 : : : G ‘-J\ \'l'.“U‘..P\-ll\;i‘:'w"«"aﬂ,l".“'vﬁrﬂ;JTi'J(‘VA.i\W.' .u\?‘}ﬂq‘. f ‘.“l‘ N"‘-ﬁ‘,ﬂ("*nﬁye‘f‘:g'vlﬂj:' WY 'w."”!ﬁjl;:fug{':ﬂ,h Y Nﬂ“«

A0k || |||r s R — ) e U0 Migeer
195 1985 19 196 197 1975 198 1986 199 199 —EEm— — mw

0o
LeCroy

Figure 6.34 Simulation and implementation result from balanced R load a) STATCOM voltage (V) b)
Source voltage (V) ¢) Source current (A) d) STATCOM current (A)
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Figure 6.35 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
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Figure 6.36 Transient response of STATCOM with balanced R load a) DC link voltage (V) b)
STATCOM voltage (V) c) Source current (A) d) STATCOM current (A)

6.3.1.4 Balanced L load on Delta-Connected STATCOM

Compensation of balanced inductive loading condition is performed in simulation
and implementation. The results are given in Figure 6.37. Magnitude of STATCOM
output voltage should be greater than supply voltage and STATCOM current must
lead supply voltage by 90 degrees to compensate the pure inductive load. In supply

current, the effect of switching ripples is shown in Figure 6.37c.
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Before STATCOM s activated, energy analyzer measures power factor (cos¢) as
zero as it is given in Figure 6.38a. When STATCOM s activated, cos¢p becomes
unity. But power quality analyzer is reading reactive power incorrectly because the

only switching ripples are available on supply current.

Start-up characteristics of STATCOM are given in Figure 6.39. The starting
currents are drawn from supply to boost-up capacitor voltages. At the steady state
condition, STATCOM current leads supply voltage by 90 degrees, capacitor voltage

settle down to constant value and source current decreases to zero.
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Figure 6.37 Simulation and implementation result from balanced L load a) STATCOM voltage (V) b)
Source voltage (V) ¢) Source current (A) d) STATCOM current (A)
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Figure 6.38 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
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Figure 6.39 Transient response of STATCOM with balanced L load a) DC link voltage (V) b)
STATCOM voltage (V) ¢) Source current (A) d) STATCOM current (A)

6.3.1.5 Balanced C load on Delta-Connected STATCOM

Compensation of balanced pure capacitive loading condition is carried out in
simulation and implementation. The results are given in Figure 6.40. Magnitude of
STATCOM output voltage becomes less than supply voltage for the compensation of
pure capacitive load and STATCOM current must lag supply voltage by 90 degrees.
The compensated supply current has only switching ripples as it is shown in Figure
6.40c.

When the STATCOM s deactivated, 0.38 KVAR reactive power is produced by
capacitive load with zero power factor as it is given in Figure 6.41. When the
STATCOM is activated cos¢p becomes unity. But power quality analyzer reads

reactive power incorrectly because there is only switching ripple on supply current.
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Start-up characteristics of STATCOM are given in Figure 6.42. The starting
currents are drawn from supply to boost-up capacitor voltages. At steady state
condition, STATCOM current lags supply voltage by 90 degrees, capacitor voltage

settle down to constant value and source current goes to zero.
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Figure 6.40 Simulation and implementation result from balanced C Ioad a) STATCOM voltage (V) b)

Source voltage (V) ¢) Source current (A) d) STATCOM current (A)
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Figure 6.41 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
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6.3.2 Unbalanced Loading Conditions for Delta-Connected STATCOM

Five different unbalanced loading conditions are compensated successfully by
three-phase delta-connected STATCOM. The method uses single-phase PQ in delta-

connected STATCOM. It estimates the required reactive power for compensation.

Five different unbalanced loading conditions are used during the tests. Their
values are given in terms of real (P) and reactive (Q) powers in Table 6.5. The load 1
shows unbalanced R-L load, load 2 shows unbalanced R-C load, load 3 shows
unbalanced R load, load 4 shows unbalanced L load and load 5 shows unbalanced C

load.

Table 6.5 Unbalanced loading conditions for delta-connected STATCOM
Phase A Phase B Phase C
P Q P Q P Q
W) [(VAR)| (W) [(VAR)| (W) [(VAR)
Load 6 (Unbalanced R-L) | 700 | 350 175 87.5 175 87.5
Load 7 (Unbalanced R-C) | 700 | -350 175 | -87.5 | 175 | -875
Load 8 (Unbalanced R) | 700 0 700 0 700 0
Load 9 (Unbalanced L) 0 350 0 87.5 0 87.5
Load 10 (Unbalanced C) 0 -350 0 -87.5 0 -87.5
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6.3.2.1Unbalanced R-L load on Delta-Connected STATCOM

Figures 6.43 show the simulation and implementation results of unbalanced R-L
load that is compensated by delta-connected STATCOM. The calculated modulation
index is different for each phase of STATCOM, so it produces different output
voltages and compensates the reactive power demand of unbalanced load.

In Figure 6.44a, cos¢ and reactive power demand of each phase are different.
After activating the STATCOM, cos¢ becomes unity as it is shown in Figure 6.44b.
The rms magnitude of STATCOM output voltage is greater than source voltage and
STATCOM current leads supply voltage by 90 degrees for each phase as it is
observed from Figure 6.43. The supply voltage and current are in phase and
STATCOM current leads voltage by 90 degrees.
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Figure 6.43 Simulation and implementation result from unbalanced R-L load a) STATCOM voltage
(V) b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 6.44 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current

6.3.2.2 Unbalanced R-C load on Delta-Connected STATCOM

Figure 6.45 shows the simulation and implementation results of unbalanced R-C
load that is compensated by delta-connected STATCOM. Reactive power demand of
each phase and cos¢ are different. After activating the STATCOM, cos¢ becomes
unity as it is shown in Figure 6.46b. The rms magnitude of STATCOM output
voltage is lower than source voltage and STATCOM current lags supply voltage by
90 degrees for each phase as it is given in Figure 6.45. The supply voltage and
current are in phase and STATCOM current lags them by 90 degrees. Active load
sharing of the supply is varying with delta-connected STATCOM after

compensation.
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Figure 6.45 Simulation and implementation result from unbalanced R-C load a) STATCOM voltage
(V) b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 6.46 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current

6.3.2.3 Unbalanced R load on Delta-Connected STATCOM

Figure 6.47 shows the simulation and implementation results of unbalanced R
load and its parameters are given in Table 6.5. The phase A draws 0.34 KW reel
power, phase B and C draw 0.22 KW reel power as it is given in Figure 6.48a. The
rms magnitude of STATCOM output voltage is equal to supply voltage and
STATCOM current draws only small amount of active power to keep voltage level

of capacitor at predefined value. As a consequence, STATCOM does not draw or
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generate reactive power and power factor in supply continues to remain unity as it is

shown in Figure 6.48b.
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Figure 6.47 Simulation and implementation result from unbalanced R Ioad a) STATCOM voltage (V)
b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 6.48 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current

6.3.2.4 Unbalanced L load on Delta-Connected STATCOM

When STATCOM is activated, each phase of STATCOM output voltage is
greater than supply voltage and its current leads the voltage by 90 degrees. The
simulation and implementation results are given for unbalanced L load in Figure
6.49. STATCOM generates reactive power to compensate demand of pure inductive

load and brings the supply power factor to unity. In the meantime, switching ripples
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appear in supply current and harmonic content of supply current is different for each
phase because of unbalanced reactive load compensation. Power analyzer cannot
read a stable value when only switching ripples are available in supply current.
Simulation and implementation results show that supply current is zero when

STATCOM is activated as it is clearly shown in Figure 6.49c.

\-‘\M[l ) n,} NHn't‘u.u\'e,“,_l -
J'\‘i Mn’"‘lf i ‘ u"‘":“i"\‘[“:'ﬂfw’“"ﬂ |

Figure 6.49 Simulation and implementation result from unbalanced L load a) STATCOM voltage (V)
b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 6.50 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
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6.3.2.5 Unbalanced C Load on Delta-Connected STATCOM

STATCOM output voltage is lower than supply voltage and its current lags the
voltage by 90 degrees. The simulation and implementation results are given for
unbalanced C load in Figure 6.51. STATCOM absorbs reactive power to compensate
demand of pure capacitive load and brings the supply power factor to unity.
Simulation and implementation results show that supply current is zero when
STATCOM is activated as it is shown in Figure 6.51c. But power analyzer cannot

read a stable value when only switching ripples are available in supply current.
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Figure 6.51 Simulation and implementation result from unbalanced C load a) STATCOM voltage (V)
b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 6.52 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
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6.3.3 Evaluation of Delta-Connected Proposed Converter as STATCOM

A proposed converter that has reduced number of switches are implemented as
three-phase delta-connected STATCOM. As a result of the simulation and
implementation, that proposed multilevel converter can work with the configuration

star or delta and single phase P-Q algorithm can be used succesfully.

In Table 6.6, proposed STATCOM structure is examined according to THD
performance under loaded conditions. Simulation and experimental results can be
compared. When the load is pure capacitive or pure inductive, supply current is zero
So THD value is unmeasurable. Delta-connected STATCOM is able to compansate
same reactive load by producing more supply harmonics than star-connected
STATCOM.

The energy analyzer Fluke 434 can measure up to 17" harmonic in three-phase
harmonics and THD measurements mode. For this reason, the THD values obtained
in the simulation study are slightly higher than the implementation results.
Matlab/Simulink THD measurement tool uses the entire frequency spectrum.

Table 6.6 THD of the source current at balanced loaded star-connected STATCOM
Total Harmonic Distortion (THD) of Source Currents

R-L Load R-C Load R Load

Simulation Experiment |Simulation |Experiment |Simulation | Experiment

%14.79 %11.6 %13.73 %10.2 %14.73 %011.6

Consequently, the simulation and experimental results show that it can be
connected to grid safely to compensate balanced and unbalanced reactive load if it

connected as delta.
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CHAPTER SEVEN
LOAD BALANCING WITH STATCOM

7.1 Introductory Remarks

Star connection has been only used for reactive power compensation. However,
delta connection can be preferred if the active power balancing in addition to reactive
power compensation is taken into consideration. This method is named as load

balancing.

In literature, mathematical model of the method is impedance matching in delta
connected systems, is derived and introduced for static thyristor-controlled shunt
compensator. The theory is originally investigated by C. P. Steinmetz (Gyugyi,
1978). After that, impedance matching method is described in details for Static VAR
compensator (SVC) (Miller, 1982). In other work, it is experimentally shown that,
three phase bridge circuit injects negative sequence current and balance active power
flow in supply (Bhavaraju, 1993). Finally, 11 levels cascaded multilevel converter is
connected as delta and controlled by using impedance matching method. As a result
of that work, unbalanced supply current is only balanced without any reactive power
compensation. It means that the system can be operated as a negative sequence

compensator (Peng, 2004).

At this part of thesis delta-connected STATCOM topology is examined with
impedance matching algorithm by using simulation and implementation results.
Unlike star-connected STATCOM, overall compensation is made instead of
compensation each phase individually. Besides, the reactive power compensation
with that method, load balancing can also be performed. The method is based on
converting unbalanced delta-connected load into balanced resistive star-connected
load. This is achieved by eliminating of the imaginary part of positive sequence

component and eliminating negative sequence component.
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Reactive power compensation with impedance matching method is analyzed in
Matlab/Simulink and is implemented by using DSP28335 microcontroller unit.

7.2 Basic Circuit Configuration of Delta-Connected Compensator

In delta-connection, line to line supply voltage is set to 220 volts. STATCOM DC
link voltage reference is set to 180 volts for each capacitor. The detailed simulation
model has been established with Matlab/Simulink. Also the DSP has been co-

operated with converter model in Simulink to test the program on DSP.

The control algorithm is applied for delta-connected STATCOM in simulation
and implementation is given in Figure 7.1. Using supply voltages and currents,
required susceptance values for compensation are estimated by impedance matching
method. Required susceptance values are provided by changing modulation index
with PI controller that adjusts the output voltage of STATCOM as it is given in
Equation (7.6).
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Figure 7.1 Control schematic of delta-connected STATCOM
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7.3 Impedance Matching Method for Delta-Connected Compensator

7.3.1 Controlling Susceptance Value of STATCOM

Single phase equivalent circuit of STATCOM is given in Figure 7.2, Here, V, is
the RMS value of supply voltage, E, is the RMS value of STATCOM voltage, L is
coupling inductance in Henry and w is defined as supply frequency in rad/sec. The
inductance L takes the instantaneous voltage difference between supply and
STATCOM voltages. Its value is an important parameter on the dynamic response of

STATCOM during transient and steady-state operation.

@\-’a Ea@

Figure 7.2 Equivalent circuits of STATCOM

Instantaneous current from supply to the STATCOM can be written as it is given
in (7.1).

ia(t):%([ V, sin(wt) - E, sin(wt - &) jit (7.1)

where & is defined as load angle of STATCOM voltage versus supply.

Equation (7.2) is obtained by using trigonometric relations on Equation (7.1).

i(t)= % (j (V. —E,.cos(5)).sin(wt).dt +I E..sin(s). cos(wt)dt) (7.2)

The control of load angle (d) is carried out for charging the capacitors therefore its

magnitude is a small enough to neglect (sind = 0 and cosé = 1).
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ia(t):% [ (v, —E, )sin(wt).dt (7.3)

The amplitude of the current at steady-state can be obtained from (7.4).

| =V,. 2 (7.4)

-2 =B and, 7.5
v, (7.5)
_E.
\Y
B= a 7.6
L (7.6)

Substituting Equation (7.5) into (7.4), it is clear that the susceptance of system
varies according to the ratio of STATCOM voltage to source voltage as it is clearly
observed from Equation (7.6). Therefore, changing the voltage of the STATCOM,
susceptance value may take positive and negative values. In this case STATCOM

can work either in inductive or capacitive mode.
7.3.2 Reactive Power Compensation and Load Balancing

Three-phase unbalanced loads can be compensated and load balancing can be
carried out by the delta-connected compensator. Unbalanced active and reactive
power compensation are carried out by estimating the value of required admittance

and susceptance of load (Miller, 1982).

Three single phase STATCOMSs can be connected in delta configuration as being

shown in Figure 7.3.
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Figure 7.3 Delta-connected configuration of proposed converter as STATCOM

It has been shown in (Gyugyi, 1978; Miller, 1982) that if the load impedance per
phase of a delta-connected load or delta equivalence of any three phase load is

known then the reactive power compensation and load balancing can be performed.

A star-connected unbalanced load shown in Figure 7.4 can be converted to the
delta form as follows under the balanced supply condition.

V,=V: V,=K?V: V=KV (7.7)
where,
j2r
K=e (7.8)

Three-phase star connected load represented by unbalanced impedances is given
in Figure 7.4. Delta-connected admittances of this network with the same power
demand can be obtained by using Equations (7.9), (7.10) and (7.11).
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Yab:i: Y.Y,
Z, Y, +Y,+Y,
_ 1 _ Yb'Yc
7 Y AY +Y,
1 Y.Y

c''a

Yca VRV
L, Y, +Y, +Y,
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Delta equivalent circuit of the wye connected load is given in Figure 7.5.

Wa

Figure 7.5 Three-phase delta equivalent of load

Writing the admittances with real and imaginary parts,

Yab = Gab + jBab (716)
ch = Gbc + ijc (717)
Yca = Gca + cha (718)

The positive negative and zero sequence of line currents are given below;

1" =[Y,, +Y,. +Y, V3 (7.19)
1=V, K2 +Y, +Y, K3 (7.20)
1°=0 (7.21)

Imaginary part of the load admittances jBs, can be eliminated with parallel
compensation susceptance -jBg, as in Figure 7.6. Three-phase compensation can be
performed by inserting three susceptances Ba,, Bync and Bg, in parallel to the
corresponding loads, (Yan, Ybe and Y, respectively). These susceptances will be
inserted by the STATCOM.
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¥ ab=Fab+ijBab
ae ehb

L

Figure 7.6 Parallel connected compensation susceptance

Wa

B %
E=1 Ca’

Figure 7.7 Parallel connected compensation susceptance in delta connection

After the compensation of the imaginary part of the load, only unbalanced real

part remains with unity power factor.

Figure 7.8 Compensated unbalanced real load

A three-phase unbalanced linear load without the ground connection (three wire
system) can be transformed into the balanced three-phase load by keeping the real
power circulation between the source and load same. This application can be
performed by using reactive power compensating circuit (STATCOM) in parallel to
the load. For positive sequence voltages, the equivalent circuit is three wye-

connected resistors.
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If the unbalance is analyzed with one resistor connected between two supply lines
and the others are left open as being shown in Figure 7.9a, Steinmetz network can be
obtained by inserting inductor and capacitor into the other phases. This yields purely

resistive element in positive sequence network.

Capacitive Susceptance;

.G
B2 = j—& 7.22
ab J \/é ( )
Inductive Susceptance;
.G
Bbc - _ ab 7.23
ab J \/é ( )
Va Va
Vb Vb
Ve Ve

Gab
T Gah X Gab ”@
_ Gab
7

(a) (b)

Figure 7.9 a) Single phase unbalanced load between phase A and B b) Compensated single phase load

with connecting capacitor and inductor

When a capacitor, an inductor and a resistance are connected as delta
configuration in Figure 7.9b, the network appears like a three phase resistive load in

star-configuration.

Va -I-,‘-a »*
Ve % T
o . %Gab
,,/KL Giab
A7 Gab
.._/

Figure 7.10 Compensated load between phase A and B
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If the same approach is applied to the other phases, the reactive power
compensation can be done as well as balanced admittance can be obtained. Firstly
Imaginary part of the load admittances jBp. can be eliminated with parallel
compensation susceptance -jBy. in Figure 7.11a. Also, capacitor susceptance and
inductor susceptance are connected in Figure 7.11b for load balancing at the
magnitudes given in Equations (7.24) and (7.25).

BE = | 7.24
b J 7 (7.24)
.G
BY = j— 7.25
b J\/§ (7.25)
Va Va
WV $ Vb
Vo Vo
ca__GbC
L“Ba;— Nz
The
< ol p
— |
(a) )]
Wa .
v |
' %Gbc
ﬁ_,/KL Gie
A Gre
l)_/

©
Figure 7.11 a) Single phase unbalanced load between phase B and C b) Compensated single phase

load with connecting capacitor and inductor ¢) Compensated load between phase B and C

In the last step the same approach can be applied to the admittance Y, Firstly
Imaginary part of the load admittances jB.; can be eliminated with parallel
compensation susceptance -jB¢, as in Figure 7.12a and capacitor susceptance and
inductor susceptance are connected in Figure 7.12b for load balancing as in Equation
(7.26) and (7.27).
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éG‘Ca
Ve
) /KL G
"J-JQGCa
u_/

(©
Figure 7.12 a) Single phase unbalanced load between phase C and A b) Compensated single phase

load with connecting capacitor and inductor ¢) Compensated load between phase C and A

e

BY =-j—& 7.26
17 (7.26)

B =22 (7.27)

Complete compensation is obtained by adding each single balancing susceptance
from Equation (7.22) through (7.27). The resultant compensation susceptance;
Bab """, Bpe ", Beo"™ are given in Equations (7.28), (7.29) and (7.30), respectively.

G G
Bcgmp:_Bb_'_Bb;_’_Bcz;:Bb_’_( bc _ ca) (728)
) L N
G G
BX™ =-B,,+B2 +BY =-B, +(—& - —2 (7.29)
J3 B3
G G
BO™ =_B_+B¥+BX=—B! +(—2_=) (7.30)
ca ca ca ca ca \/§ \/§
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Application principle of load balancing and compensation of unbalanced three

phase loads are given in Figure 7.13. Here, G is the sum of individual compensating
admittances Gap, Gpc and Ge,.

Va

Va »
" o T
J—
G
p W é
:
al C&
~ G
e ’
3 The
Bl
de
(&) (&)
Figure 7.13 a) Application of single phase load balancing b) Compensated single phase load
Va=V
> » .
V=KV
> .
Ve=EWV

:

F la

de fiddn
{; g, Yea

Figure 7.14 Delta-connected compensator and unbalanced load

Ica

The following formulation can be used to obtain symmetrical components of
current through the compensator and load. Hence, the symmetrical components of

the line currents of a delta-connected compensator are;

1° 1 1 171,
| :%1 K K*|I, (7.31)
| - 311 k2 Kk |1

148



12 =0 (7.32)

comp —
I(:)mp = [Bab + Bbc + Bca}\/\/§ (733)

o = —|BuyK? + By, + B, K3 (7.34)

Zero, positive and negative sequence components of unbalanced load current are
obtained in Equation (7.35), (7.36) and (7.37), respectively. The value of zero
sequence components is zero because of unconnected neutral line on load. When

load is balanced, negative sequence component is cancelled out.

|0 I, +1, +1,

_ 0 (7.35)
J3
I +KI, +K?I
|F =2 T c =Y, +Y,. +Y, V3 (7.36)
\/§ [ b b }‘/
2
I~ = 'a+KJ%+K"° =N K2 +Y,, +Y, K3 (7.37)

Eliminating imaginary part of positive sequence component of load current is
enough to compensate balanced reactive power. So, imaginary part of compensator

and load current in positive sequence should be zero. Therefore,

Im|i* +15,.]=0 (7.38)

comp

To compensate unbalanced reactive power of load, imaginary parts of negative

sequence component of load current and compensator should be zero. Therefore,

Im|l~+15,,]=0 (7.39)

comp

The real part of negative sequence component of load current and compensator

should be zero to get balanced active power transferred to the load. Therefore,

Rell +1,,]=0 (7.40)

comp
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According to Equations (7.38), (7.39) and (7.40), susceptances of compensator are
obtained. Equations (7.41), (7.42) and (7.43) can be obtained in terms of line

voltages and currents of the load by arranging previous equations.

o 1 1 . .

Bab b= 3\/5\/2 T _[(Vbc o +Vealy _Vab'lc)dt (7.41)
m 1 1 :

Btfg b= 3\/5\/ T I( VbcI +Vca'|b +Vab c)jt (7-42)

BCC:mp 3\/_3\/ T _[(Vbc a ca ib ab c)jt (743)

These three equations can be implemented to control the compensator because all
the variables can be measured from three phase system. i,, i, and ic are the line

currents of the load.

IfBy™, B, " and B;,™ are zero, then power factor is unity at source and load is

balance.

7.4 Balanced Loading Condition for Delta-connected STATCOM

Five different balanced loading conditions used during the tests are given in terms
of real (P) and reactive (Q) powers as Table 7.1, The load 1 shows balanced R-L
load, load 2 shows balanced R-C load, load 3 shows balanced R load, load 4 shows
balanced L load and load 5 shows balanced C load. The neutral point of the loads is

not connected to ground of supply.

Table 7.1 Balanced loading conditions for delta-connected STATCOM

Phase A Phase B Phase C

P Q P Q P Q
W) |[(VAR)| (W) |(VAR)| (W) | (VAR)

Load 1 (Balanced R-L) | 700 350 700 350 700 350

Load 2 (Balanced R-C) | 700 -350 700 -350 700 -350

Load 3 (Balanced R) 700 0 700 0 700 0

Load 4 (Balanced L) 0 350 0 350 0 350

Load 5 (Balanced C) 0 -350 0 -350 0 -350
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7.4.1 Balanced R-L load on Delta-Connected STATCOM

Figures 7.15 shows the simulation and implementation result of balanced R-L
load compensated by delta-connected STATCOM. The rms magnitude of
STATCOM output voltage is greater than source voltage and STATCOM current
leads voltage by 90 degrees. It generates the reactive power and compensates the
demand of inductive load. The load power factor is 0.92, real power demand of
around 0.73 kW and reactive power demand is around 0.31 kVAR as being shown
Figure 7.16a. After activating the STATCOM, cos¢ becomes unity and reactive
power supplied from the source is going to zero as it is observed from Figure 7.16b.

The effect of switching harmonics can be seen on supply current in Figure 7.16c.

A start-up characteristic of delta-connected STATCOM under R-L loading
conditions is seen in Figure 7.17. The starting currents are drawn from supply to
boost-up capacitor voltages. At the steady state condition, STATCOM current goes
to zero and capacitor voltage settle down to constant value. Proportional and Integral
controller shows successful operation and keeps voltages in the stable operating

., _ |
J‘ﬂw -'L,muu; 'W.U;u

WW‘“\M

S, My

range under balanced load.

500 —

A

1y

o P iy B
Vi [P Lip i A f
. f.\.\?.‘,mw?.ﬁfh' J;'l-\][dl, " Jg,ﬁz i \'u‘\hwn‘!‘.l ‘W

Figure 7.15 Simulation and implementation result from balanced R-L load a) STATCOM voltage (V)
b) Source voltage (V) c) Source current (A) d) STATCOM current (A)

1 i i 1 i 1 i i I i
1945 195 1955 19 1965 1497 1975 193 1985 199

0.0V offs
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151



Harmonics

Pouer &Eneray Pouer &Energy b
ool R o A

L1 e 13 L1 2 13 :
Kkl 072 073 07 217w 074 073 070 217
KR 078 079 079 23BKkA 076 074 071 221
KUAR ¢ 030 ¢ 030 ¢ 031 ¢ O3IKUAR 006 0I5 +015 £ 045,
PF U.BE U.BE UBE U.BE PF U.EE U.EE U.EE ulsa ‘ ..... .
Cos 092 092 09 [Cos® 100 100 1.00]
Arms bl bl b1 Arms 1] 58 55

L1 L2 L3 L1 L2 L3 II!I|§ T T S T S
Urms 1264 1284 1291 Urms 1264 1280 1293 THODC 1 3 5 7 9 11 13 15 17

Figure 7.16 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current

File Vettical Timebase Trigger Display Cursors Measure Math Analysis Utities Help

i
(SN E L[ CC base  -600 m|
50.0 Vidiv 100 Vidiv 5.00 A/div 5.00 A/div 200 ms/div]Stop 1825V
-200.0 V 0.0V offset 0.00 A ofst| 0.00 A ofsi 2.5 MS 1.25MS/s|Edge Positive

LeCroy THTI2012 34622 Al

Figure 7.17 Transient response of STATCOM with balanced R-L load a) DC link voltage (V) b)
STATCOM voltage (V) ¢) Source current (A) d) STATCOM current (A)

7.4.2 Balanced R-C load on Delta-Connected STATCOM

Figures 7.18 shows the simulation and implementation results of balanced R-C
load connected in parallel to delta-connected STATCOM. In this case, magnitude of
STATCOM voltage becomes less than supply voltage for the compensation of
capacitive load and STATCOM current lag the supply voltage by 90 degrees.
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When the STATCOM is activated, magnitude of STATCOM output voltage
becomes less than supply voltage for the compensation of capacitive load and
STATCOM current lags supply voltage by 90 degrees. The compensated supply

current has only active current with switching ripples.

A start-up characteristic of STATCOM under R-C load is given in Figure 7.20.
The starting currents are drawn from supply to boost-up capacitor voltages. At the
steady state condition, STATCOM current lags supply voltage by 90 degrees. The
capacitor voltage settle down to constant value and source supplies only the active

power.

A
il

Hit,
i
Hrr

w‘ ’%{,‘H:lnﬂ-!\ﬁf i

b) Source voltage (V) c) Source current (A) d) STATCOM current (A)

Pouer &Energy Pouer &Energy HEEmAICS
L1 2 3 L1 2 13 e R e
kil 072 072 073 217k 068 074 070 211
kA 081 081 082 244kA 083 0% 071 214
KUAR : 035 +037 +037 + LIIKUAR + 012 :002 D012 035
PF 083 089 (089 D0B9PF 098 089 099 099 SO
CosE 083 089 089 Cos 093 100 1.00]
Hrms b2 be b.t Hrms 54 58 55
L1 2 13 L1 2 13 i : _
Urms 1300 1319 1322 Urms 1267 1280 129l B T e

Figure 7.19 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
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Figure 7.20 Transient response of STATCOM with balanced R-C load a) DC link voltage (V) b)
STATCOM voltage (V) c) Source current (A) d) STATCOM current (A)

200 ms/div|
2.5 MS 125 MS/s|Edge Positive:
THTI2012 3:48:47 AW

7.4.3 Balanced R load on Delta-Connected STATCOM

Figure 7.21 shows the simulation and implementation results of balanced R load
and its parameters are given in Table 6.2. Each phase only have resistive balanced
load. So STATCOM should not absorb or generate any reactive power under

resistive load.

In Figure 7.22a, each phase draws 0.7 KW real power and 0.01 KVAR reactive
powers. After activating the STATCOM, cosd becomes unity as it is shown in Figure
7.22b. The rms magnitude of STATCOM output voltage is equal to supply voltage
and STATCOM draws small amount active power to be keep voltage level of
capacitor at predefined value. Switching ripples on STATCOM current also affects

the supply current as it is observed from Figure 7.21c.

Start-up characteristics of STATCOM are given in Figure 7.23. The starting
currents are drawn from supply to boost-up capacitor voltages. At the steady state
condition, STATCOM current goes to zero, capacitor voltage settle down to constant

value and supply current and supply voltage come back to in phase.
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Figure 7.21 Simulation and implementation result from Balanced R load a) STATCOM voltage (V) b)

Source voltage (V) ¢) Source current (A) d) STATCOM current (A)

Harmonics

Pouer &Energy

Pouer &Energy

5 7

3

Figure 7.22 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
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Figure 7.23 Transient response of STATCOM with balanced R load a) DC link voltage (V) b)

STATCOM voltage (V) c) Source current (A) d) STATCOM current (A)
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7.4.4 Balanced L load on Delta-Connected STATCOM

Compensation of balanced inductive loading condition is confirmed by simulation
and implementation in Figures 7.24. Magnitude of STATCOM output voltage should
be greater than supply voltage and STATCOM current must lead supply voltage by
90 degrees to compensate the pure inductive load. In supply current, the effect of

switching ripples is observed in Figure 7.24c.

Before STATCOM is activated, energy analyzer measures power factor (cos¢) as
zero Figure 7.25a. When STATCOM is activated cos¢ becomes unity. But power
quality analyzer is reading reactive power incorrectly because the only switching

ripples are available on supply current.

Start-up characteristics of STATCOM are given in Figure 7.26. The starting
currents are drawn from supply to boost-up capacitor voltages. At the steady state
condition, STATCOM current leads supply voltage by 90 degrees. The capacitor

voltage settle down to constant value and source current goes to zero.

=y o o
T T

1.925 193 193 194 1945 195 1955 196 1965 197 ”"‘"‘" e

Figure 7.24 Simulation and implementation result from balanced L load a) STATCOM voltage (V) b)
Source voltage (V) ¢) Source current (A) d) STATCOM current (A)
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Figure 7.25 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
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Figure 7.26 Transient response of STATCOM with balanced L load a) DC link voltage (V) b)
STATCOM voltage (V) ¢) Source current (A) d) STATCOM current (A)
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7.4.5 Balanced C load on Delta-Connected STATCOM

Compensation of balanced pure capacitive loading condition is confirmed by
simulation and implementation as it is given in Figures 7.27. Magnitude of
STATCOM output voltage becomes less than supply voltage for the compensation of
pure capacitive load and STATCOM current lags supply voltage by 90 degrees. The

compensated supply current has only switching ripples as it is observed from Figure

6.27c.
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When the STATCOM is deactivated, 0.38 KVAR reactive powers is produced by
capacitive load with zero power factor as shown in the Figure 7.28. When the
STATCOM s activated cos¢ becomes unity. But power quality analyzer is reading
reactive power incorrectly because as it can be seen on Figure 7.27c, there is only

switching ripple on supply current.

Start-up characteristics of STATCOM are given in Figure 7.29. The starting
currents are drawn from supply to boost-up capacitor voltages. At the steady state
condition, STATCOM current lags supply voltage by 90 degrees, capacitor voltage

settles down to constant value and source current is zero.

1835 194 1945 195 1955 195 1955 197 1975 WBB

Figure 7.27 Simulation and implementation result from balanced C load a) STATCOM voltage (V) b)
Source voltage (V) ¢) Source current (A) d) STATCOM current (A)
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Figure 7.28 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
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Figure 7.29 Transient response of STATCOM with balanced C load a) DC link voltage (V) b)
STATCOM voltage (V) ¢) Source current (A) d) STATCOM current (A)

7.5 Unbalanced Loading Conditions for Delta-Connected STATCOM

Five different unbalanced loading conditions are compensated successfully by
three-phase delta-connected STATCOM.

The impedance matching method is based active and reactive power
compensation by calculating the value of required admittance and susceptance of
load (Miller, 1982). They can be estimated by using line to line supply voltages and
supply currents from (7.41), (7.42) and (7.43). According to this method, the reactive
power is compensated by eliminating imaginary part of positive sequence currents
and load balancing can be done by eliminating negative sequence currents. By the
method of load balancing, unbalanced three-phase active power is shared equally in

each phase, while the total active power remains at the same value.

Five different unbalanced loading conditions are used during the tests are given in

terms of real (P) and reactive (Q) powers in Table 7.2, where, load 1 shows
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unbalanced R-L load, load 2 shows unbalanced R-C load, load 3 shows unbalanced R
load, load 4 shows unbalanced L load and load 5 shows unbalanced C load.

Table 7.2 Unbalanced loading conditions for delta-connected STATCOM

Phase A Phase B Phase C

P Q P Q P Q
W) [(VAR)| (W) |(VAR)| (W) |(VAR)

Load 6 (Unbalanced R-L) | 700 | 350 175 87.5 175 87.5

Load 7 (Unbalanced R-C) | 700 | -350 175 | -875 | 175 | -875

Load 8 (Unbalanced R) 700 0 700 0 700 0

Load 9 (Unbalanced L) 0 350 0 87.5 0 87.5

Load 10 (Unbalanced C) 0 -350 0 -87.5 0 -87.5

7.5.1 Unbalanced R-L load on Delta-Connected STATCOM

Figures 7.30 shows the simulation and implementation result of unbalanced R-L
load compensated by delta-connected STATCOM. The impedance matching
algorithm estimate impedances that is required for load balancing. Estimated
impedances are converted to the modulation index parameters by using the PI
controller. The modulation index is different for each phase of STATCOM, so it
produces different output voltages and compensates the reactive power demand of

unbalanced load and also makes active load balancing.

In Figure 7.31a, cos¢ and reactive power demand of each phase are different.
After activating the STATCOM, cos¢ becomes unity and active power is shared
between the phases equally as it is seen from Figure 7.31b. The load balancing is
performed for active power by delta-connected STATCOM. The rms magnitude of
STATCOM output voltage is greater than source voltage and STATCOM current
leads supply voltage by 90 degrees for each phase in Figure 7.30. The supply voltage
and current are in phase and STATCOM current leads them by 90 degrees.
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Figure 7.30 Simulation and implementation result from unbalanced R-L load a) STATCOM voltage
(V) b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 7.31 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current

7.5.2 Unbalanced R-C load on Delta-Connected STATCOM

Figure 7.32 shows the simulation and implementation results of unbalanced R-C
load compensated by delta-connected STATCOM. Reactive power demand, active
load of each phase and cos¢ are different. After activating the STATCOM, cosd
becomes unity and active power is shared by phases equally as it is shown in Figure
7.33b. The rms magnitude of STATCOM output voltage is lower than source voltage
and STATCOM current lags supply voltage by 90 degrees for each phase as shown
in the Figure 7.32. The supply voltage and current are in phase and STATCOM

current lags them by 90 degrees.
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Figure 7.32 Simulation and implementation result from Unbalanced R-C load a) STATCOM voltage
(V) b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 7.33 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current

7.5.3 Unbalanced R load on Delta-Connected STATCOM

Figure 7.34 shows the simulation and implementation results of unbalanced R
load and its parameters are given as Table 7.2. The phase A draws 0.34 KW reel
power, phase B and C draw 0.22 KW reel power as it is given in Figure 7.35a. The
rms magnitude of STATCOM output voltage is equal to supply voltage and
STATCOM current draws small amount of active power to be keep voltage level of
capacitor at predefined value. As a consequence, STATCOM does not draw or

generate reactive power and power factor in supply continues to remain at unity in
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Figure 7.35b. The STATCOM can only balance active power during the absence of

the reactive loads.

500

0

00

% MH"UU“HM ‘f

200

-200

WNW

— [EF Y "
Mw MW WMN Mwﬁw,ﬁ”w |

b I' ih - i
SN 3 b AL o M flaehita
H 1 iﬂV‘L- ‘ﬂ%ﬂ‘uﬁJ“.\j“F{*’*{\:":“f.‘,\‘!ﬁe&u i ,ﬁ:’-, 1y M‘I‘l‘))m“‘ V}I»EJJ-‘ M,' jlfuf)r‘ h‘-*""'f-\ { v‘}n i | mft" ﬁ“ﬂ 1,‘}"4‘\?",{?\

Fricte e

1. 95 1. 955 1 SB 1. 985 1. ST 1. 975 1. 98 1 985 1. 98 1. 995

Figure 7.34 Simulation and implementation result from Unbalanced R Ioad a) STATCOM voltage (V)
b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 7.35 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current

7.5.4 Unbalanced L load on Delta-Connected STATCOM

When STATCOM is activated, each phase of STATCOM output voltage is

greater than supply voltage and its current leads the voltage by 90 degrees. The

simulation and implementation results are given for unbalanced L load in Figure

7.36. STATCOM generate reactive power to compensate demand of pure inductive

load and brings the supply power factor to unity. In the meantime, switching ripples

163



appear in supply current, harmonic content of supply current is different for each
phase because of unbalanced reactive load compensation. Power analyzer cannot
read a stable value when only switching ripples are available in supply current.
Simulation and implementation results show that supply current is zero when
STATCOM is activated as it is shown in Figure 7.36c.
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Figure 7.36 Simulation and implementation result from unbalanced L load a) STATCOM voltage (V)
b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 7.37 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
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7.5.5 Unbalanced C load on Delta-Connected STATCOM

STATCOM output voltage is lower than supply voltage and its current lags the
voltage by 90 degrees. The simulation and implementation results are given for
unbalanced C load in Figure 7.38. STATCOM absorbs reactive power to compensate
demand of pure capacitive load and brings the supply power factor to unity.
Simulation and implementation results show that supply current is zero when
STATCOM is activated as it is shown in Figure 7.38c.
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Figure 7.38 Simulation and implementation result from unbalanced C load a) STATCOM voltage (V)
b) Source voltage (V) c) Source current (A) d) STATCOM current (A)
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Figure 7.39 Power & Energy measurement a) STATCOM is disconnected b) STATCOM is connected

¢) Harmonic content of source current
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7.6 Evaluation of Delta-Connected Proposed Converter as STATCOM

In this chapter, a proposed converter is used as three-phase delta-connected
STATCOM and impadance matching method is implemented as control algorithm.
As a result of the simulation and implementation work it is observed that the
proposed multilevel converter can compensate reactive power and it is also to do

capable active power balancing.

In Table 7.3, The proposed STATCOM structure is examined according to THD
performance under loaded conditions. Simulation and experimental results are seen
to be consistent with each other. When the load is pure capacitive or pure inductive,
supply current is zero so THD value is unmeasurable. Comparing Table 7.3
(impedance matching method) and Table 6.6 (single phase P-Q method), it can be
observed that they have almost same THD values.

Table 7.3 THD of the source current at balanced loaded delta-connected STATCOM
Total Harmonic Distortion (THD) of Source Currents

R-L Load R-C Load R Load

Simulation Experiment |Simulation |Experiment |Simulation | Experiment

%14.54 %11.7 %13.24 %10.0 %14.5 %012.0
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CHAPTER EIGHT
CONCLUSIONS

The converter proposed in this thesis is used as grid connected AC to DC
converter first time. The real power can be controlled in both directions (from grid to
DC terminals and from DC terminal to grid). This converter is very useful to control
the reactive power in the system. The converter is operated as a step-up converter;

therefore the DC output voltage is greater than the peak value of AC input voltage.

All possible loads (i.e., pure resistive, pure inductive, pure capacitive and their
combinations) are connected in parallel with converter and reactive power
compensation is successfully performed. Even if the load is nonlinear load, it has
been observed that the reactive power compensation is properly carried out. In the
capacitive loading, as the load is drawing some amount of harmonics, the
STATCOM compensates the reactive power demand of load and verifies the idea

above.

The three-phase converter is obtained by using three single-phase units.
Therefore, this structure has neutral point if it is connected in Y-configuration and
each phase can be controlled individually and reactive power compensation can be
done separately. By using only one phase structure of AC to DC converter, a single
phase compensator can be obtained. It has a modular structure; hence multilevel
structure can be designed. Here, 5-level structure is used, but the higher levels can be

obtained by using cascade structure similar to conventional H-bridge converter.

The performance of the proposed converter have been evaluated by using two
different reactive power estimation method, which are single phase P-Q and
impedance matching methods. Both methods are simulated in MATLAB/Simulink
and implemented by using floating point DSP microcontroller unit. Single phase P-Q
is capable of operating at compensation of balanced or unbalanced reactive loads in
the form of a star or delta connected STATCOM. Single phase P-Q algorithm gives

better results for star connection with neutral. Thus each phase can be compensated
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independently. Simulation and implementation results show that single phase P-Q
and proposed converter can be used for non-linear loads under one phase, balanced
three-phase and unbalanced loading conditions if the star connection is performed
with neutral line. The impedance matching method that can only works for delta
connection of STATCOM. Delta connected proposed converter with impedance
matching method can compensate balanced or unbalanced reactive loads and share
active power among three phase equally according to simulation and implementation

results.

A detailed average value model of the proposed multilevel STATCOM has been
obtained at the synchronously rotating reference frame for single phase converter.
Average value model of switching function that is level shifted carrier based SPWM,
is also obtained by taking care the defined time intervals. Simulation results of
Matlab/Simulink and single phase d-q model are compared with each other for

transient and steady-state operations.

A novel converter for a three-phase STATCOM with reduced number of switches
iIs modelled, simulated and tested. All results from the dedicated model, Simulink
and implementation work are compared with each other and it is verified that this

converter has all the features of conventional H-bridge converter.

FURTHER WORK:

Since this converter is designed and implemented first time due to best of our
knowledge depending on published literature, there are several works to be done on

it. Most important ones are as follows:

) The power loss on the converter should be analyzed based on applied
mathematics and experimental work. A detailed comparison should be
made with the conventional structures, such as H-bridge structure.

i) This converter can be used in the application of active power filters,

therefore a detailed study should be carried out in that field.
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i)

This converter can be used in high voltage direct current (HVDC)

application; therefore, possible problems with the application should be
investigated.

In multilevel application, the problems with levels more than five should
be investigated on this converter structure.
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APPENDIX A
Matlab-DSP Co-operation Steps

1-Create a new S-file in Matlab. Write S-function communication code that is given

below into newly created S-file and name it “communicate”.

2-Insert S-Function block in Matlab/Simulink using Simulink Library Browser and

call the S-file named as “communicate” in step 1.

3-Prepare the Matlab/Simulink simulation program and set required number of input
and output. The number of input and output in S-File has been adjusted due to the
link between Matlab/DSP..

4- ADC ports, PWM ports and 1/0 ports should be replaced with predefined

addresses in C code written in Code Composer.

Matlab and DSP communication block (s-function block)

| Vabc n >

- bridge_A|

w

| isbo

Vecapl2 double IT

Step2

bridge_B

Veap!i double

Veap22 ___;:—h

Weap2i double

Vcapd2 double
W

Weapd

double

- Lridge_C

w
¥YYYYYYYYY
L 4

Y Y Y Y Y YYYYYYYY
h 4

double

Simulink & CCS Interface

S-function communication code for Co-operation of Matlab and DSP
function communicate(block)

% Matlab/Simulink and EzDSP communication s-function code
global cc
cc = ccsdsp(‘boardnum’,0,'procnum’,0);

run(cc);
setup(block);

function setup(block)
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% Setting up input and output ports
block.NumInputPorts =1;
block.NumOutputPorts = 1;

block.SetPreComplnpPortinfoToDynamic;
block.SetPreCompOutPortinfoToDynamic;

% Setting up properties of input and output ports
%Properties of input ports (13 inputs)
block.InputPort(1).Complexity ='Real’;
block.InputPort(1).DataTypeld =0;
block.InputPort(1).SamplingMode = 'Sample’;
block.InputPort(1).Dimensions = 13;
%Properties of output ports (12 outputs)
block.OutputPort(1).Complexity ='Real’;
block.OutputPort(1).DataTypeld =0;
block.OutputPort(1).SamplingMode = 'Sample’;
block.OutputPort(1).Dimensions =12;
block.InputPort(1).DirectFeedthrough = true;
block.SampleTimes = [-1 O];

%Run accelerator on TLC
block.SetAccelRunOnTLC(true);

% Register methods
block.RegBlockMethod('Outputs', @Output);

%endfunction

% each step time input reads from DSP and output writes to the DSP
function Output(block)

write(cc, [hex2dec('8410"], single(block.InputPort(1).Data) );
write(cc, [hex2dec('8400")], single(1) );

%delay time required for communication of Matlab and DSP
pause(0.01);

block.OutputPort(1).Data = double(read(cc, [hex2dec(*9000")], 'single’, 12 ));

%endfunction
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APPENDIX B

SKM75GB123D Technical Specifications from datasheet

Absolute Maximum Ratings Values
Symbol Conditions " Units
Vces 1200 W
Ve Rae = 20 k2 1200 W
Ic Tease = 25/80 °C 75 /60 A
lcm Tease = 25/80°C  tp = 1 ms 150 /120 A
VzEs + 20 W
Piot per IGET, Tease = 25 °C 460 w
Tj. (Tetg) —40 .. .+150 (125) oC
Visol AC, 1 min. 25007 v
humidity DIN 40 040 Class F
climate DIM IEC 68 T.1 40/125/56
Inverse Diode FWD
IrF= =g Tease = 25/80 °C 75150 95 /65 A
Ipm= —lcm | Tease = 25/80 °C;tp =1 ms 150 /120 150 f 120 A
lrsm t, = 10 ms; sin; Tj= 150 °C 550 720 A
1’ t =10 ms; Tj= 150 °C 1500 2600 A’s
Characteristics
Symbol Conditions ' min. typ. max. Units
ViBR)CES Vee=0, lc =4 mA =Vces — — 4"
VaEih) Ve = Viee, Il = 2 mA 4.5 5.5 6,5 W
Ices Vee=0 Tj= 25°C - 0.8 1 mA
Ve = Viees Tj =125°C - 3.5 — A
lceEs Vege=20V,Vce=0 — — 200 nA
VeEsat le=50A ] Vee =15V, } - 2,5(3,1) 3(3.,7) W
VeEsat Ic=75A |l Tj=25(125)°C - 3(3.8) - W
Ofs Ve =20V, o= 50 A 23 40 — s
Cechc per IGBT - — 350 pF
Cies Vee=10 - 3,3 4.3 nF
Coes } Vep =25V - 500 600 pF
Cres f=1MHz - 220 300 pF
Lee — — 30 nH
tajon) Voo =600 W — 44 100 ns
tr Vee =+ 15V, - 15 v - 56 100 ns
Lot le =50 A, ind. load - 380 200 ns
tr Rieon = Rigef = 22 £2 — 70 100 ns
Eon ! Tj=125°C - 8 — mWs
Eor - 5 - mWWs
Inverse Diode &
VE=Vee | Ir=504A {VGE=0V; } — 2,0(1,8) 25 W
Ve=Vec | Ilr=75A |Tj=25(125)°C — 22521 - W
Vo Tj=125°C - — 1,2 W
rT Ti=125°C - 18 2z M2
(- lE=50A; T;=25(125)°C? - 23(35) - A
Qrr IF=50A; Tj=25(125)°Cc? — 2,3(7) - Tle
FWD of types “GAL" ¥
Ve=Vec | IF=50A {VGE =0V } -  1,85(18) 22 W
Ve=Vec | Ir=75A LTj=25(125)°C - 2,0{1.8) - W
VTo Tj=125°C - - 2 W
rT Ti=125°C - 12 15 mo
lrrm lF=50A; T;=25(125)°C? - 27(40) - A
Qi lF=50A; Tj=25(125)°c? - 2,5(8) - uc
Thermal Characteristics
Rinjc per IGBT - - 0,27 SO
Rinjc per diode / FWD “GAL - —  0,60/0,50| °=CMW
Rihch per module — — 0,05 cC
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ORCAD Model Editor Parameters for SKM75GB

SUBCKT SKM75GB C G E

D D1 E C DSEP8-12A

Z.0Q1 C G E SKM75GB
*DEVICE=SKM75GB,NIGBT

* SKM75GB NIGBT model

* updated using Model Editor release 9.2.1 on 02/24/04 at 16:54
* The Model Editor is a PSpice product hem.
.MODEL SKM75GB NIGBT

+ TAU=117.55E-9

+ KP=10.139

+ AREA=25.000E-6

+ AGD=10.000E-6

+ WB=117.00E-6

+VT=4.2231

+ MUN=3.5000E3

+ MUP=900

+ BVF=6.5380

+ KF=.5005

+ CGS=18.567E-9

+ COXD=37.349E-9

+ VTD=-5

*DEVICE=DSEP8-12A,D

* DSEP8-12A D model

* updated using Model Editor release 9.2.1 on 02/25/04 at 11:09
* The Model Editor is a PSpice product hem.
.MODEL DSEP8-12A D

+ 1S=3.7288E-6

+ N=4.9950

+ RS=72.502E-3

+ IKF=999

+ CJO=1.0000E-12

+ M=.3333

+VJ=.75

+ ISR=4.8113E-6

+ BV=1.2002E3

+ IBV=21.554E-3

+ TT=6E-8

.ENDS
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APPENDIX C

LIST OF SYMBOLS

L Coupling inductance

R Internal resistance of coupling inductance
C DC link capacitor

Vo,V VY, Supply voltages

e,,e,, e Terminal voltages of STATCOM

RN STATCOM currents
laolps 1. Load currents
Isa o lgps 1sc  Supply currents

S.,S,, S, Switching functions of each phase

Sar S, d, g components of switching functions

Iyl d, g components of STATCOM currents in SRF
VgV, d, g components of terminal voltages

€46, d, g components of STATCOM voltages

e DC link current

Vg DC link voltage

A Leakage Inductance

@ Synchronously angular velocity

0 Angular position

0 Load angle

P Active power

Q Reactive power

Q, Reactive power of load

£ Error signal

Ko, Ki Proportional and integral gains of PI controller.

Ke, Kee Proportional and integral gains of digital Pl controller.
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