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Abstract

With the advancement of technology, the demand for electrical energy has also
increased. The demand of electricity has become the parameter of development of a
nation. An electrical utility company has to use its existing transmission capacity to
feed it ever increasing demand for electricity, due to that the transmission lines has
to be operated near its thermal stability limits. Operating the transmission lines near
or above thermal stability limits makes system vulnerable to faults, moreover, it also
increases the losses in the system. One way to increase the transmission capacity of the
system without operating it to its thermal stability level is to provide reactive power
compensation at various locations so that its power factor is maintained. Reactive
power compensation improves the voltage profile of the system, increases the power
transfer in the lines and reduces losses.

A Flexible AC Transmission System (FACTS)is an AC transmission system incor-
porating power electronic based or other static controller which provides better power
flow control and enhanced dynamic stability by control of one or more ac transmission
system parameters (voltage, phase angle and impedance).

STATCOM (Static compensator) can be a series, a shunt, or a combination of both
devices which is generally used to solve power quality problems in distribution systems
and also used in correcting power factor, maintaining constant distribution voltage
and mitigating harmonics in a distribution network. However, majority applications
are done with a Shunt Compensation because of the simplicity of implementation.
STATCOM is mostly a Voltage Source Converter (VSC) based shunt device gener-
ally used in distribution system to improve power quality. The main advantage of
STATCOM is that, it has a very sophisticated power electronics based control which
can efficiently regulate the current injection into the distribution feeder or bus. The
other advantages are: Canceling the effect of poor load power factor, Suppressing the
effect of harmonic content in load currents, Regulate the voltage of distribution bus

against sag/swell etc. compensation the reactive power requirement of the load.
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Abbreviations

FACTS. oo Flexible AC Transmission System

STATCOM...coiiiie e Static Synchronous Compensator

(O S PO U PP PP P PP PP PPPPPPN Custom Power
ViSO Voltage Source Converters

O Current Source Converters

P M Pulse Width Modulation
e DC link Capacitor
IGBT .. Insulated Gate Bipolar Transistors
GO Gate Turn-off
IGCOT Integrated Gate Commutated Thyristors
MO e Mosfet Controlled Thyristor
VAR e Voltage Ampere Reactive
SV Static VAR compensator
SOSC i Static Synchronous Series Compensator
TOSC e Thyristor Controlled Series Capacitor
IPFC . Interline Power Flow Controller
UPEF Unified Power Flow Controller
TCPST .o, Thyristor Controlled Phase Shifting Transformer
HVDC oo High Voltage DC Transmission
P Phase look loop
P D Phase Detector
5 SO USPPPPRRN Loop Filter
VOO it Voltage Control Oscillator
VM Voltage Control Mode
PECM .. Power Factor Control Mode

AP CM . Active Power Control Mode
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Chapter 1

Introduction

1.1 General Overview

Power Generation and Transmission is a complex process, requiring the working of
many components of the power system in tandem to maximize the output. One of
the main components to form a major part is the reactive power in the system. It is
required to maintain the voltage to deliver the active power through the lines. Loads
like motor loads and other loads require reactive power for their operation. Due to
these Power Factor at Load side deteriorates. To improve the performance of ac
power systems, we need to manage this reactive power in an efficient way and thus
improves the Power Factor. There are two aspects to the problem of reactive power

compensation:

e Load compensation and

e Voltage support.

Load compensation consists of improvement in power factor, balancing of real
power drawn from the supply, better voltage regulation, etc. of large fluctuating
loads.

Voltage support consists of reduction of voltage fluctuation at a given terminal of

the transmission line. There are two types of compensation that can be used:
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e Series compensation and

e Shunt compensation.

These modify the parameters of the system to give enhanced VAR compensation.
In recent years, static VAR compensators like the STATCOM have been developed.
These quite satisfactorily do the job of absorbing or generating reactive power with
a faster time response and come under FACTS. This allows an increase in transfer
of apparent power through a transmission line, and much better stability by the
adjustment of parameters that govern the power system i.e. current, voltage, phase
angle, frequency and impedance.

The development of technology and consequent up gradation of the loads of power
system has brought about a paradigm change in the customer’s outlook for the elec-
trical power he is willing to receive. Adding to the problem of reactive power com-
pensation, the proliferation of nonlinear loads is causing a higher level of harmonics
in the received voltage. An alert customer now asks for a power supply that is voltage
regulated, balanced, flickers free, without harmonics and without any outages. The
concept of custom power was introduced by Hingorani. Similar to FACTS devices
which are used to solve issues related to the transmission lines, the CP devices relates
to the use of power electronic controllers to solve issues related to the distribution
systems. Of the many CP devices available, STATCOM can solve most of the cus-
tomer’s load related power quality problems. The concept of compensation has its
genesis to reactive power compensation, which initially was conceived with fixed or
passive capacitors. Later, Static VAR Compensator came into use for VAR com-
pensation and voltage regulation at the load end. These systems suffered from the

following drawbacks:

e Suffered from granularity or the minimum amount of var compensation possible,

e They exhibited poor dynamic performances,
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e They had to be supplemented with filters as they injected harmonics into the

network,
e They failed under low voltage conditions and,
e They did not provide for load balancing and load leveling.

The answer to the above was found in the STATCOM, which was conceived from

the concept of STATCOM used for transmission line compensation.

1.2 Reactive Power

Reactive power has never done any work but without reactive power very little work
will be done. Attempts to describe what reactive power is can make the reader more
confused than enlightened. This is not because Reactive Power is a badly defined

quantity; it is rather because it is a quantity that does not exist in our real world.

n

T

)

ir
nag— L
T';“’“"““T

m
+

Figure 1.1: LC Circuit
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An electrical system with a capacitance and a reactance can be brought into
oscillation. The system alternates between Energy stored as an electrical field in the

capacitor and a magnetic field in the reactor.

The electric field is built up by a voltage over the capacitor. This voltage will
drive a current through the reactor. When the electric field over the capacitor is

neutralized all the energy is converted to a magnetic field in the reactor.
The current is maintained by this magnetic field until all the energy has been
transferred to the capacitor as an electric field, but now with reversed polarity.

The system does not do any work; it just oscillates and will continue doing so
infinitely if there is no resistance in the system. This is pure reactive power. A very
intuitive reflection on the above is that a capacitor can build-up a field supported

voltage and an inductor can drain this voltage in order to build up a magnetic field.

In the LC-circuit above, the alternating between electric and magnetic energy

makes the angler shift between voltage and current 90°.

ActivePower : V x I x cos90° =0 (1.1)

ReactivePower : V x I xsin90° =V x [ (1.2)

1.3 Scope of the Work

The main aim of this project work is of developing a hardware model of Power Factor
Controller Using STATCOM technique which can improve power factor at load side,
maintaining constant distribution voltage, compensation the reactive power require-

ment of the load and mitigating harmonics in a distribution network.

Various literatures are available and various techniques has to be studied for Power

factor improvement.
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1.4 Objective of the Project

To design and implement a Power Factor Controller Using STATCOM technique.

Main objectives are to design a controller with the following requirements:

e 3MVAR STATCOM bridge (3-ph IGBT bridge)

LC damped filters connected at the inverter output where, L. = 800uH and C
= 100pF.

Cgae = 10000uF capacitor acting as a DC voltage source for the inverter.

DC link of V. = 2.4kV

A PWM pulse generator using a modulation frequency of 1.68 kHz

1.5 Literature Survey

Literature survey plays a very important role in project. Literature survey consists
of power topology, control schemes and related papers that includes mathematical
modeling, simulation and experimental results. Some important information related
to power factor improvement, PWM technique, control schemes are obtain. Papers
are taken from IEEE conference proceedings, journal proceedings, and other standard

publications.

1.5.1 Referred Books

e Ned Mohan, Tore M. Undeland, William P. Robbins In this book, ” Power Elec-
tronics, Converters, Applications and Design” describes a basic inverter scheme
is given. Also different semiconductor switches with its gate and base drive

circuits.

e Dr. Xiao-Ping Zhang, Dr. Christian Rehtanz, Bikash Pal In this book, ”Flexible
AC Transmission Systems: Modeling and Control” describes a FACTS family
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is emphasize and its advanced modeling, analysis and control techniques of
FACTS is elaborated, power calculations of STATCOM and its modeling is also

describe.

e R. Mohan Mathur, Rajiv K. Varma In this book, " Thyristor-based Facts Con-
trollers for Electrical Transmission System”, he explains the principle of opera-

tion of STATCOM, its characteristics and steady state model.

e Hirofumi Akagi, Edson Hirokazu Watanabe and Mauricio Aredes In this book,
"Instantaneous Power Theory and Applications to Power Conditioning” de-
scribes a instantaneous power theory which converts three phase system to two

phase system (pq(clarke’s) transformation).

1.5.2 Referred Papers

e Ravilla Madhusudan and G. Ramamohan Rao In this paper titled ”Modeling
and Simulation of a Distribution STATCOM (D-STATCOM) for Power Quality
Problems Voltage Sag and Swell Based on Sinusoidal Pulse Width Modulation
(SPWM)”, describes a power quality is an occurrence manifested as a nonstan-
dard voltage, current or frequency that results in a failure of end use equipments.
The major problems dealt here is the voltage sag and swell. To solve this prob-
lem, the device D-STATCOM, which is the most efficient and effective modern
custom power device is used in power distribution networks. D-STATCOM in-
jects a current in to the system to correct the voltage sag and swell. The control

of the Voltage Source Converter (VSC) is done with the help of SPWM.

e Mitsubishi Electric Power Products, USA and Electric Corporation, Japan and
Vermont FElectric Power Co., Inc., USA In this paper titled "The VELCO
STATCOM-Based Transmission System Project”, describes a STATCOM sys-
tem installed at the Vermont Electric Power Company’s Essex 115 kV substation

has an effective rated capacity of +133/-41 MVA. It rapidly responds to system
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disturbances, provides smooth voltage control over a wide range of operating

conditions, for reactive power compensation and improves power factor.

e Hendri Masdi, Norman Mariun, S.M.Bashi A. Mohamed, Sallehhudin Yusuf
In this paper titled ”Design of a Prototype D-Statcom using DSP Controller
for Voltage Sag Mitigation”, describes a simulation model of the 12-pulse D-
STATCOM has been designed. The control strategy for the D-STATCOM was
the AC side voltage or reactive power control. PI controller is used to control
the flow of reactive power to and from the DC capacitor. Phase Lock Loop
components were used in the control to generate the switching signal, i.e. trian-
gular waves, and reference signals, i.e. sinusoidal wave. PWM switching control
was used to switch on and off the IGBTs. In the traditional power transmis-
sion system, controllable devices are restricted to the slow mechanisms such as
transformer tap changer and switched capacitor. Due to developments in the

semiconductor technology this restrictions are removed.

e Jianye Chen, Shan Song, Zanji Wang In this paper titled ” Analysis and Imple-
ment of Thyristor-based STATCOM?”, describes that a conventional STATCOM
is based on self-commutated devices. Based on its detailed analysis of commut-
ing process, the authors find that as STATCOM operated in the state of absorb
reactive power, only turn-on signals is available, and turn-off signals have no
effects. And when STATCOM generates reactive power, only turn-off signals
are available. Hence, this paper proposed a new kind of STATCOM, where
thyristors-based VSC (Voltage source converter) instead of self-commutated de-
vices are used as switching devices. By its results, it shows that STATCOM
can absorb inductive reactive power by adjusting its fire angle and has the same

characteristics as ordinary STATCOM within its inductive operating range.

e Mehrdad Ahmadi Kamarposhti and Mostafa Alinezhad In this paper titled
”Comparison of SVC and STATCOM in Static Voltage Stability Margin En-

hancement”, he explains that one of the major causes of voltage instability is
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the reactive power limit of the system. Improving the system’s reactive power
handling capacity via Flexible AC transmission System (FACTS) devices is a
remedy for prevention of voltage instability and hence voltage collapse. SVC
and STATCOM increase static voltage stability margin and power transfer ca-

pability and which one is more efficient.

e Anil Antony P, R. Punitharaji In this paper titled ”Transient Stability En-
hancement of Grid by Using Fuzzy Logic Based STATCOM?”, describes that
it regulates the voltage at the point of common coupling (PCC) by injecting
reactive power. This also plays a vital role in enhancing stability for small and
large transient disturbances in power system. Fuzzy logic controller forces the
system to return back the steady state value faster than the PI controller. The
fuzzy logic controller is robust and has a fast response during disturbance and

parameters variation.

e P. S. Sensarma, K. R. Padiyar and V. Ramanarayanan In this paper titled
” Analysis and Performance Evaluation of a Distribution STATCOM for Com-
pensating Voltage Fluctuations”, describes that a small-signal model of the
system, with a distribution line, is derived. Predictions based on frequency-
domain analysis are made. This model can be used for controller design where
sub-cycle voltage transients are to be compensated. It is shown that the voltage

controller, so designed, can accomplish voltage sag mitigation.



Chapter 2

Flexible AC Transmission System
(FACTS) Family

2.1 Introduction to FACTS Family

The large interconnected transmission networks (made up of predominantly overhead
transmission lines) are susceptible to faults caused by lightning discharges and de-
crease in insulation clearances by undergrowth. The power flow in a transmission line
is determined by Kirchhoff’s laws for a specified power injections (both active and
reactive) at various nodes. While the loads in a power system vary by the time of the
day in general, they are also subject to variations caused by the weather (ambient
temperature) and other unpredictable factors. The generation pattern in a deregu-
lated environment also tends to be variable (and hence less predictable). Thus, the

power flow in a transmission line can vary even under normal, steady state conditions.

The occurrence of a contingency (due to the tripping of a line, generator) can
result in a sudden increase/decrease in the power flow. This can result in overloading

of some lines and consequent threat to system security.

A major disturbance can also result in the swinging of generator rotors which

contribute to power swings in transmission lines. It is possible that the system is
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subjected to transient instability and cascading outages as individual components
(lines and generators) trip due to the action of protective relays. If the system is
operating close to the boundary of the small signal stability region, even a small
disturbance can lead to large power swings and blackouts.

The increase in the loading of the transmission lines sometimes can lead to voltage
collapse due to the shortage of reactive power delivered at the load centers. This is due
to the increased consumption of the reactive power in the transmission network and
the characteristics of the load (such as induction motors supplying constant torque).

The factors mentioned above leads to the problems faced in maintaining economic
and secure operation of large interconnected systems. The problems are eased if suf-
ficient margins (in power transfer) can be maintained. This is not feasible due to
the difficulties in the expansion of the transmission network caused by economic and
environmental reasons. The required safe operating margin can be substantially re-
duced by the introduction of fast dynamic control over reactive and active power by
high power electronic controllers. This can make the AC transmission network "flexi-
ble’ to adapt to the changing conditions caused by contingencies and load variations.
FACTS is defined as "Alternating current transmission systems incorporating power
electronic-based and other static controllers to enhance controllability and increase
power transfer capability’. The FACTS controller is defined as ’a power electronic
based system and other static equipment that provide control of one or more AC
transmission system parameters’.

As these controllers operate very fast, they enlarge the safe operating limits of a
transmission system without risking stability. Needless to say, the era of the FACTS
was triggered by the development of new solid-state electrical switching devices.
Gradually, the use of the FACTS has given rise to new controllable systems.

Today, it is expected that within the operating constraints of the current-carrying
thermal limits of conductors, the voltage limits of electrical insulating devices, and
the structural limits of the supporting infrastructure, an operator should be able to

control power flows on lines to secure the highest safety margin as well as transmit
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electrical power at a minimum of operating cost. Doing so constitutes the increased
value of transmission assets.

The study of shunt connected FACTS devices is a connected field with the prob-
lem of reactive power compensation, power factor control and better mitigation of
transmission related problems in today’s world.

SVC and TCSC are some of the commonly used FACTS controllers, The de-
velopments in the field of power electronics, particularly GTO based devices, have
introduced a new family of versatile FACTS controllers, namely Static Synchronous
Compensator (STATCOM), the STATCOM is one of the custom power devices that
received much attention for improving system stability, with the development of power
electronics technology, custom power devices play important role in bringing unprece-
dented efficiency improvement and cost effectiveness in modern electrical power sys-
tem. The custom power is relatively new concept aimed at achieving high power
quality, operational flexibility and controllability of electrical power systems. The
possibility of generating or absorbing controllable reactive power with various power
electronic switching converters has long been recognized.

In general, FACTS controllers can be classified into two different generations:

e The first generation is based on the line-commutated thyristor devices with only

gate turn-on but no gate turn-off capability. These are SVC and TCSC.

e The second generation of FACTS controllers is based on self-commutated VSC,

which utilize thyristors/transistors with gate turn-off capability.

FACTS controllers can be realized by either a VSC or a CSC, however, most of
the papers published worked on STATCOM has been on using VSC topology. The

reasons behind the choice of VSC over CSC are as follows:

e A CSC is more complex than a VSC in both power and control circuits. Filter
capacitors are used at the ac terminals of a CSC to improve the quality of the

output ac current waveforms. This adds to the overall cost of the converter.
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Furthermore, filter capacitors resonate with the ac-side inductances. As a re-
sult, some of the harmonic components present in the output current might
be amplified, causing high harmonic distortion in the ac-side current. Besides,

conventional bi-level switching scheme cannot be used in CSC.

e Unless a switch of sufficient reverse voltage withstanding capability such as
Gate-Turn-Off Thyristor used, a diode has to be placed in series with each of
the switches in CSC. This almost doubles the conduction losses compared with

the case of VSC.

e The dc-side energy-storage element in CSC topology is an inductor, whereas
that in VSC topology is a capacitor. The power loss of an inductor is expected
to be larger than that of a capacitor. Thus, the efficiency of a CSC is expected
to be lower than that of a VSC.

As a result of the recent developments in the control of CSC and the technology
of semiconductor switches, the above situation is likely to change for the following

reasons:

e Due to the presence of the ac-side capacitors, both voltage and current wave-
forms at the output terminals of a CSC are good sinusoids. The capacitors
are the inherent filter for the CSC. Although a 48-pulse VSC STATCOM does
not require a filter, the cost of the filter is transferred to the cost of multi-
converters and multi-winding transformer. Additional filter has to be used in a
VSC STATCOM if operating at a lower frequency. It is possible to operate a
CSC STATCOM under 900 Hz of switching frequency with a single converter.
This reduces the filtering requirements compared with the case of a VSC. The
problem of the resonance between the capacitances and inductances on the ac-
side can be overcome by careful design of the filter capacitors and introduc-
tion of sufficient damping using proper control methods. Furthermore, all the

switching problems faced in the early stages of CSC development can be over-
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come by employing tri-level switching scheme, which has become a standard

technique in the control of CSC.

e Featuring high ratings, high reverse voltage blocking capability, low snubber re-
quirements, lower gate-drive power requirements than GTO, and higher switch-
ing speed than GTO, IGCT is the optimum combination of the characteristics
demanded in high-power applications. Using the state-of the- art technology
of the semiconductor switches, there will be no need for the series diode in the

CSC topology anymore.

e The dc-side losses are expected to be minimized using superconductive materials
in the construction of the dc side reactor. The research on the CSC topology and
its applications in power systems has been an on-going process. When applied
to STATCOM, CSC topology offers a distinct advantage over VSC topology.
The direct output of a CSC is a controllable ac current, whereas that of a VSC

is a controllable ac voltage.

VSC based STATCOM is used for voltage regulation in transmission and distri-
bution systems. Over-currents and trips of the STATCOM during and after system
faults or bus voltage harmonic distortions may occur in STATCOM without PWM
control. Selecting proper C,. may keep negative sequence and harmonic currents low,
and as a result, prevent over-currents within the STATCOM. However, the capacitor

value depends on the type of voltage distortion.

2.2 Classification of FACTS Controllers

The FACTS controllers can be classified as:

e Shunt connected controllers
e Series connected controllers

e Combined series-series controllers
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e Combined shunt-series controllers

2.2.1 Shunt Controllers

As in the case of series controllers, the shunt controllers may be variable impedance,
variable source, or a combination of these. In principle, all shunt controllers inject
current into the system at the point of connection. Even a variable shunt impedance
connected to the line voltage causes a variable current flow and hence represents

injection of current into the line.

Figure 2.1: Shunt controller

As long as the injected current is in phase quadrature with the line voltage, the
shunt controller only supplies or consumes variable reactive power. Any other phase

relationship will involve handling of real power as well.

2.2.2 Series Controllers

The Series Controller could be variable impedance, such as capacitor, reactor, etc.,
or power electronics based variable source of main frequency, sub synchronous and
harmonic frequencies (or a combination) to series the desired need. In principal, all
series Controllers inject voltage in series with the line.

Even variable impedance multiplied by the current flow through it, represent an

injected series voltage in the line. As long as the voltage is in phase quadrature
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Figure 2.2: Series controller

with the line current, the series controller only supplies or consumes variable reactive

power. Another phases will also handle both active or reactive power.

2.2.3 Combined Series-Series Controller

This could be a combination of separate series controllers, which are controlled in
a coordinated manner, in a multiline transmission system. Or it could be a unified
Controller, Figure 2.2, in which series controllers provide independent series reactive
compensation for each line but also transfer real power among the lines via the power

link.

-— —
de power %
linke =

o all et —

Figure 2.3: Combined series-series controller

The real power transfer capability of the unified series-series controller, referred

to a Interline Power Flow controller, makes it possible to balance both the real and
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relative power flow in the lines and thereby maximize the utilization of the transmis-
sion system. Note that the term ”unified” here means that the dc terminals of all the

controller converters are all connected together for real power transfer.

2.2.4 Combined Series-Shunt Controller

[Figure 2.1 and figure 2.2]. This could be a combination of separate shunt and series

controllers, which are controlled in a coordinated manner [figure 2.4].

= W [

£

| de power link

Figure 2.4: Combined series-shunt controller

In principle, combined shunt and series controllers inject current into the system
with the shunt part of the controller and voltage in series in the line with the series
part of the Controller. However, when the shunt and series controllers are unified,
there can be a real power exchange between the series and shunt Controllers via the
power link.

Depending on the power electronic devices used in the control, the FACTS con-

trollers can further be classified as:
e Variable impedance type

e VSC based.

a. The variable impedance type based FACTS controllers include

e SVC, (shunt connected)
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e TCSC, (series connected)
e TCPST of Static PST, (combined shunt and series)
b. The VSC based FACTS controllers include

e STATCOM, (shunt connected)
e SSSC, (series connected)
e IPFC, (combined series-series)

e UPFC, (combined shunt-series)

Some of the special purpose FACTS controllers are

Thyristor Controller Braking Resistor (TCBR)

Thyristor Controlled Voltage Limiter (TCVL)

Thyristor Controlled Voltage Regulator (TCVR)

Inter-phase Power Controller (IPC)

The FACTS controllers based on VSC have several advantages over the variable

impedance type. For example,

e STATCOM is much more compact than a SVC for similar rating and is techni-

cally superior.

e [t can supply required reactive current even at low values of the bus voltage

and can be designed to have in built short term overload capability.

e Also, a STATCOM can supply active power if it has an energy source or large

energy storage at its DC terminals.

The only drawback with VSC based controllers is the requirement of using self

commutating power semiconductor devices such as GTO, IGBT, IGCT. Thyristors
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do not have this capability and cannot be used although they are available in higher
voltage ratings and tend to be cheaper with reduced losses.

However, the technical advantages with VSC based controllers coupled will emerg-
ing power semiconductor devices using silicon carbide technology are expected to lead
to the wide spread use of VSC based controllers in future. It is interesting to note
that while SVC was the first FACTS controllers (which utilized the thyristor valves
developed in connection with HVDC line commutated convertors) several new FACTS
controller based on VSC have been developed. This has led to the introduction of
VSC in HVDC transmission for ratings up to 300MW.

2.3 Benefits with the Application of FACTS Con-

trollers

Primarily, the FACTS controllers provide voltage support at critical buses in the
system (with shunt connected controllers) and regulate power flow in critical lines
(with series connected controllers). Both voltage and power flow are controlled by
the combined series and shunt controller (UPFC). The power electronic control is
quite fast and this enables regulation both under steady state and dynamic conditions
(when the system is subjected to disturbances).

The benefits due to FACTS controllers are listed below.

e They contribute to optimal system operation by reducing power losses and

improving voltage profile.

e The power flow in critical lines can be enhanced as the operating margins can
be reduced due to fast controllability. In general, the power carrying capacity
of lines can be increased to values up to the thermal limits (imposed by current

carrying capacity of the conductors).

e The transient stability limit is increased thereby improving dynamic security of
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the system and reducing the incidence of blackouts caused by cascading outages.

e The steady state or small signal stability region can be increased by providing

auxiliary stabilizing controllers to damp low frequency oscillations.

e FACTS controllers such as TCSC can counter the problem of Sub-synchronous
Resonance (SSR) experienced with fixed series capacitors connected in lines

evacuating power from thermal power stations (with turbo generators).

e The problem of voltage fluctuations and in particular, dynamic over-voltages

can be overcome by FACTS controllers.

The capital investment and the operating costs (essentially the cost of power losses
and maintenance) are offset against the benefits provided by the FACTS controllers
and the 'payback period’ is generally used as an index in the planning.

The major issues in the deployment of FACTS controllers are:
e the location

e ratings (continuous and short term) and

e control strategies required for the optimal utilization.

Here, both steady-state and dynamic operating conditions have to be consid-
ered. Several systems studies involving power flow, stability, short circuit analysis
are required to prepare the specifications. The design and testing of the control and
protection equipment is based on Real Time Digital Simulator (RTDS) or physical
simulators. It is to be noted that a series connected FACTS controller (such as TCSC)
can control power flow not only in the line in which it is connected, but also in the

parallel paths (depending on the control strategies).
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3.1 Introduction to STATCOM
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Figure 3.1: STATCOM compensation
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A STATCOM is basically a VSC shunt connected bidirectional converter based
device which can act as generalized impedance converter to realize either inductive
or capacitive reactance by changing its output voltage levels. By proper tracking of
the load current the converter can generate such voltages and currents so that the
harmonics and oscillations generated by the load current do not get transmitted to

the supply side.

A state of art DSTATCOM is capable of canceling or suppressing; the effect of
poor load power factor, the effect of poor voltage regulation, the harmonics introduced
by the load, the dc offset in loads such that the current drawn from the source has no
offset, the effect of unbalanced loads such that the current drawn from the source is
balanced, and if provided with an energy storage system, it can perform load leveling

when the source fails.

A general schematic of the system with STATCOM compensation is shown in

figure 3.1.

A STATCOM is connected in shunt with the ac system as shown above which
provides a multifunctional topology which can be used for up to three quite distinct

purposes:

e Voltage regulation and compensation of reactive power,

e Correction of power factor and

e Elimination of current harmonics.

The concept that an inverter can be used as a generalized impedance converter to
realize either inductive or capacitive reactance has been widely used to mitigate power
quality issues of distribution networks. One such device is the STATCOM which is
connected in shunt at the load end. The heart of the STATCOM is a converter.
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3.2 Comparison of SVC and STATCOM

This shunt connected static compensator was developed as an advanced static VAR
compensator where a VSC is used instead of the controllable reactors and switched
capacitors. Although VSCs require self-commutated power semiconductor devices
such as GTO, IGBT, IGCT, MCT, etc (with higher costs and losses) unlike in the
case of variable impedance type SVC which use thyristor devices, there are many

technical advantages of a STATCOM over a SVC. These are primarily:

Faster response,

Requires less space as bulky passive components (such as reactors) are elimi-

nated,

Inherently modular and re-locatable,

It can be interfaced with real power sources such as battery, fuel cell or SMES

(superconducting magnetic energy storage) and

A STATCOM has superior performance during low voltage condition as the
reactive current can be maintained constant (In a SVC, the capacitive reac-
tive current drops linearly with the voltage at the limit (of capacitive suscep-
tance). It is even possible to increase the reactive current in a STATCOM
under transient conditions if the devices are rated for the transient overload. In
a SVC, the maximum reactive current is determined by the rating of the passive

components- reactors and capacitors.

3.3 Applications of STATCOM

The primary objective of applying a STATCOM in transmission networks is the fast

regulation of voltage at a load or an intermediate bus. This will also increase the
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power transfer capacity of the network and thus enhance ATC (Available Transfer
Capacity).

The use of multi-pulse and/or multilevel converters eliminates the need for har-
monic filters in the case of a STATCOM. However, the costs increase not only due to
the increased costs of magnetics and self-commutated devices (such as GTO, thyris-
tors, IGBTSs), but also resulting from increased losses. (The total losses can vary
from 0.5 to 1.0 %). The new developments in power semiconductor technology are
expected to bring down the costs and losses. The voltage and power ratings are ex-
pected to increase. At present, the use of STATCOM in distribution systems has
become attractive, not only for voltage regulation, but also for eliminating harmon-
ics and improving power quality. Utilizing an auxiliary controller with Thevenin
voltage signal as input, it is possible to damp both low frequency oscillations and
sub-synchronous oscillations.

A STATCOM is a shunt-connected reactive-power compensation device that is
capable of generating and/ or absorbing reactive power and in which the output can
be varied to control the specific parameters of an electric power system. It is in general
a solid-state switching converter capable of generating or absorbing independently
controllable real and reactive power at its output terminals when it is fed from an
energy source or energy-storage device at its input terminals. A STATCOM can

improve power-system performance in such areas as the following;:

e The dynamic voltage control in transmission and distribution systems;

The power-oscillation damping in power-transmission systems;

The transient stability;

The voltage flicker control;

The control of not only reactive power but also (if needed) active power in the

connected line, requiring a dc energy source.
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Furthermore, a STATCOM does the following:

e [t occupies a small footprint, for it replaces passive banks of circuit elements by

compact electronic converters;

e [t offers modular, factory-built equipment, thereby reducing site work and com-

missioning time;

e [t uses encapsulated electronic converters, thereby minimizing its environmental

impact.

A STATCOM is analogous to an ideal synchronous machine, which generates a
balanced set of three sinusoidal voltages, at the fundamental frequency, with control-
lable amplitude and phase angle. This ideal machine has no inertia, is practically
instantaneous, does not significantly alter the existing system impedance, and can
internally generate reactive (both capacitive and inductive) power.

A STATCOM controller provides voltage support by generating or absorbing re-
active power at the point of common coupling without the need of large external

reactors or capacitor banks.

3.4 Principle of Operation

A STATCOM is comparable to a Synchronous Condenser (or Compensator) which
can supply variable reactive power and regulate the voltage of the bus where it is
connected. It provides the desired reactive-power generation and absorption entirely
by means of electronic processing of the voltage and current waveforms in a voltage-
source converter (VSC). A single-line STATCOM power circuit is shown in figure 3.2,
where a VSC is connected to a utility bus through magnetic coupling.

In figure 3.3, a STATCOM is seen as an adjustable voltage source behind a
reactance- meaning that capacitor banks and shunt reactors are not needed for reactive-
power generation and absorption, thereby giving a STATCOM a compact design, or

small footprint, as well as low noise and low magnetic impact.
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Figure 3.2: STATCOM principle - Power circuit

The exchange of reactive power between the converter and the ac system can
be controlled by varying the amplitude of the 3-phase output voltage, E,, of the
converter, as illustrated in figure 3.4.

The basic principle behind the transfer of reactive power between STATCOM and

grid can be explained by following condition:

e Whenever grid voltage is equal to STATCOM voltage (Es; = E;) no power flow
will occur between STATCOM and grid, in these case STATCOM is said to be

in floating state.

e Whenever the grid voltage is higher than STATCOM voltage (FEs > E;), STAT-
COM absorbs reactive power from the grid. Hence reactive power is inductive

n nature.

e Whenever grid voltage is less than STATCOM voltage (Es < E;), STATCOM

supplies reactive power. Hence reactive power is capacitive in nature.



CHAPTER 3. STATCOM 26

TN Istarcom
- | T,
A Xg |

Estarcom Extamy
{(internal voltage)

Figure 3.3: STATCOM principle - An equivalent circuit

.. j
q
Es> E, | (supplies Q)

E.i < E; ~ Epc
(absorbs Q)
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3.5 Power Exchange Between STATCOM and AC

system

Adjusting the phase shift between the converter- output voltage and the ac system
voltage can similarly control real-power exchange between the converter and the ac
system. In other words, the converter can supply real power to the ac system from
its dc energy storage if the converter-output voltage is made to lead the ac-system
voltage. On the other hand, it can absorb real power from the ac system for the dc
system if its voltage lags behind the ac-system voltage.

A STATCOM provides the desired reactive power by exchanging the instantaneous
reactive power among the phases of the ac system. The mechanism by which the
converter internally generates and/ or absorbs the reactive power can be understood

by considering the relationship between the output and input powers of the converter.
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The converter switches connect the dc-input circuit directly to the ac-output circuit.
Thus the net instantaneous power at the ac output terminals must always be equal

to the net instantaneous power at the dc-input terminals (neglecting losses).

Assume that the converter is operated to supply reactive-output power. In this
case, the real power provided by the dc source as input to the converter must be
zero. Furthermore, because the reactive power at zero frequency (dc) is by definition
zero, the dc source supplies no reactive power as input to the converter and thus
clearly plays no part in the generation of reactive-output power by the converter. In
other words, the converter simply interconnects the three output terminals so that the
reactive-output currents can flow freely among them. If the terminals of the ac system
are regarded in this context, the converter establishes a circulating reactive-power
exchange among the phases. However, the real power that the converter exchanges
at its ac terminals with the ac system must, of course, be supplied to or absorbed
from its dc terminals by Cy. link. Although reactive power is generated internally by
the action of converter switches, a Cy. capacitor must still be connected across the
input terminals of the converter. The primary need for the capacitor is to provide a
circulating-current path as well as a voltage source. The magnitude of the capacitor is
chosen so that the dc voltage across its terminals remains fairly constant to prevent
it from contributing to the ripples in the dc current. The VSC-output voltage is
in the form of a staircase wave into which smooth sinusoidal current from the ac
system is drawn, resulting in slight fluctuations in the output power of the converter.
However, to not violate the instantaneous power-equality constraint at its input and
output terminals, the converter must draw a fluctuating current from its dc source.
Depending on the converter configuration employed, it is possible to calculate the
minimum capacitance required to meet the system requirements, such as ripple limits

on the dc voltage and the rated-reactive power support needed by the ac system.
The VSC has the same rated-current capability when it operates with the capacitive-

or inductive-reactive current. Therefore, a VSC having a certain MVA rating gives

the STATCOM twice the dynamic range in MVAR (this also contributes to a compact
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design). A dc capacitor bank is used to support (stabilize) the controlled dc voltage
needed for the operation of the VSC. The reactive power of a STATCOM is produced
by means of power electronic equipment of the VSC type. The VSC may be a 2-level
or 3-level type, depending on the required output power and voltage. A number of
VSCs are combined in a multi-pulse connection to form the STATCOM. In the steady
state, the VSCs operate with fundamental frequency switching to minimize converter
losses. However, during transient conditions caused by line faults, a PWM mode is
used to prevent the fault current from entering the VSCs. In this way, the STATCOM

is able to withstand transients on the ac side without blocking.
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Figure 3.5: Power exchange between the STATCOM and the AC system

The reactive and real power exchange between the STATCOM and the ac system
can be controlled independently of each other. Any combination of real power gener-
ation or absorption with var generation or absorption is achievable if the STATCOM
is equipped with an energy-storage device of suitable capacity, as depicted in figure
3.5. With this capability, extremely effective control strategies for the modulation of
reactive and real output power can be devised to improve the transient and dynamic

system stability limits.
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3.6 Power Flow Calculation in the STATCOM

R
1—”— Battery

Figure 3.6: General STATCOM circuit

Figure 3.6 and figure 3.7 shows STATCOM general scheme and its equivalent cir-
cuit. In the derivation, it is assumed that (a) harmonics generated by the STATCOM
are neglected; (b) the system as well as the STATCOM are three phase balanced.
Then the STATCOM can be equivalently represented by a controllable fundamental
frequency positive sequence voltage source Vyy,.

According to the equivalent circuit of the STATCOM shown in figure 3.7, Suppose,

Vin = VsnZOsn (3.1)

Vi = V,/0; (3.2)

then the power flow constraints of the STATCOM are

Psh - V;Qgsh - %Vsh[gshcos(@i - @sh) + bshSin<®i - ®sh)] (33)
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Qsn = —Vi2ban = ViVanlgsnsin(©; — Oun) — bancos(0; — O)] (3.4)

where,

9sh + jbsn = 1/Zg, (3.5)

The operating constraint of the STATCOM is the active power exchange via the
DC-link as described by

PE = Re(Vy,I3) =0 (3.6)

where,

Re(VapI5,) = V3 gsh — ViVan|gsncos(©; — O41) — bansin(0; — O4,)] (3.7)

s

The reactive power generated by the STATCOM is controlled to a reactive power
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injection reference. Mathematically, such a control constraint is described as follows

Qun — QT =0 (3.8)

where Q27 is the specified reactive power injection control reference. @y, which

is given by equation 3.4, is the actual reactive power generated by the STATCOM.

3.6.1 Capacitive Compensation

In this control mode, a STATCOM is used to control the magnitude of the current
I, of the STATCOM to a specified current magnitude control reference. The control

constraint may be represented by,

Ly, — I = 0 (3.9)

However it is found that there are two solutions corresponding to this control con-
straint. Due to the problem incurred, the power flow solution with such a constraint
may arbitrarily converge to one of the two solutions.

In order to avoid the above non-unique solution problem, an alternative formula-
tion of the current magnitude control is introduced here. Since I, = I.7°, if further

assume [, leads Vg, by 90° , then

I, = I Z(Og + 90°) (3.10)
I, can also be defined by,
Vi — Vi
Iy, =— 3.11
=t (3.11)
then we have,
Vi— Vi

I /(O + 90°) = (3.12)

Zsh
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Mathematically, such a control mode can be described by one of the following

equations,
=V
Re[I*"* £ (04, + 90°)] = Re[%] (3.13)
sh
or
T[T £(© 4, + 90°)] = Jm[%] (3.14)
sh

The formulation of equation 3.13 and equation 3.14 can force the power flow
to converge to one of the two solutions. This control mode has a clear physical
meaning. Since [y, leads Vi, by 90°, this control mode provides capacitive reactive

power compensation while keeping the current magnitude constant.

3.6.2 Inductive Compensation

In order to circumvent the same problem mentioned above, new formulation of the
current control constraint needs to be introduced. In this control mode, the STAT-
COM is used to control the magnitude of the current I, of the STATCOM while Iy,

lags Vi, by 90 degrees. Mathematically, such a control mode may be described by

Vi—Va

Re[I° (0, — 90°)] = Re[~——"] (3.15)
sh
or
Vi = Vi
Im[IP°£(04, — 90°)] = Im[Z—h] (3.16)
sh

The formulation of equation 3.15 and equation 3.16 can force the power flow to
converge to the other one of the two possible solutions. This control mode also has
a clear physical meaning, that is, it provides inductive reactive power compensation

while keeping the current magnitude constant.
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3.7 Design of DC link Capacitor

The charging of the capacitor is referred is to the reactive power in the system. The
capacitor charged when the current in the system is higher than in the STATCOM
and is discharged when the current is lower. For inverter the most important part
is the sequences of operation of the IGBTs. The difference in current between the
current before and after the fault is considered as current faults. A suitable range
of DC capacitor is needed to store the energy to mitigate the voltage sag. The DC
capacitor, Cy. is used to inject reactive power to the STATCOM when the voltage is
in sag condition. In the design, the harmonic effects must be considered because the
load is inductive and this may affect the value of Cy.. The following equation is used

to calculate Cy.,

1 1
=CpclV2, .. — Vbel = EVSM-AIL-T (3.17)

2 CMAX

above equation is used for harmonic mitigation in single phase system but for a

three phase system the equation is given by

Ve.AILT
V2,0~ Vic

CMAX

Cpe =3 x (3.18)

where,
Vs = peak phase voltage of the supply
I;, = step- drop of load current
T = period of one cycle of voltage and current

V.

CMAX

= preset upper limit of the energy storage C(per phase)
Vpe = voltage across C (DC link) (per-phase).

The value of Al can be found by measuring the load current before and during

the voltage sag. The value of Vp¢ is given form by,
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3v3.Vs.
Voo = M (3.19)

™

where, a = delay angle,

if = 0, the equation becomes

(3.20)

The value of V,

emax is the present upper limit of Cy. , and is two or three times of

the VDC'

3.8 Presently Installed STATCOM

3.8.1 India - Kolkata

RXPE provides Reactive Compensator solution for improving power quality, optimiz-
ing control, and saving energy in power generation, transmission and distribution. We
have the largest installed base of SVC in the world, have supplied world’s largest 320
MVAR STATCOM, and have a 80,000m? of state of the art manufacturing and test-

ing facilities to manufacture more than 1000 units per year.

e Input Voltage: 6 kV to 500 kV

e Power Range: 1.5 MVAR to 750 MVAR

It has been widely proved that STATCOM can greatly improve the transmis-
sion and distribution performance of electric system. STATCOM’s can be installed
at various locations along the network to achieve the effect of stabilizing voltage,
reducing transmission loss, improving transmission capability, increasing transient
stabilization limit and damping small inference, strengthening voltage control and

attenuating power oscillation.
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Figure 3.8: STATCOM at India - Kolkata

3.8.2 China

Jul. 31, 2013 By Hong Rao and Shukai Xu, Electric Power Research Institute of
China Southern Power. The Chuxiong UNHDC converter station is part of the China

Southern Power Grid that supplies power to the Pearl River Delta region.

The largest and most important power centre in terms of total energy consump-
tion supplied by China Southern Power Grid is the Pearl River Delta region. The
economics and industry in this region, still developing at an increasing rate, play an
important role in China. The four main large cities in this region are Guangzhou,
Shenzhen, Dongguan and Foshan, and the demand in each city exceeds 10,000 MW.

For the Pearl River Delta region, China Southern Power Grid (CSG) has con-
structed a long-distance ultrahigh-voltage (UHV) hybrid alternating-current/direct-
current (AD/DC) power grid comprising eight 500-kVAC overhead lines, four high-
voltage DC (HVDC) links (500 kV, 3,000 MW) and one 1,418-km (881-mile) UHVDC



CHAPTER 3. STATCOM 36

link (800 kV, 5,000 MW), which have, in total, a west-to-east load-transfer capacity
of more than 25,000 MW. Therefore, dynamic reactive power demand and voltage
stability are paramount to ensuring the supply of electrical energy to this region.

As the electric utility industry is developing rapidly to keep pace with China’s
growing economy, there is an increasing demand for high-quality services. CSG’s
response is to establish a strategy to provide a source of energy that is intelligent,

efficient, reliable and generated by renewable energy, that is, green power.

Figure 3.9: STATCOM at China

For CSG’s load center in the East, a STATCOM could significantly help with
voltage recovery following faults in the eastern sector of the CSG service territory
and also prevent failure of the HVDCs’ serial commutation.

Control and reliability studies were required to determine the optimum location
for installing a STATCOM and what the capacity of the unit should be. The Electric
Power Research Institute of CSG (EPRI-CSG) undertook in-depth, detailed studies
that considered different operational modes, system development and hybrid AC/DC
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(+200-MVAR STATCOM
in Dongguan substation

Figure 3.10: China Southern Power Grid service area and STATCOM location

operation. The studies revealed the most severe system fault that could occur was a

three-phase fault where a link circuit breaker failed to open.

The studies indicated that the best place for a STATCOM to be installed was
either in the 500-kV Dongguan substation or in the 500-kV Hengli substation. When
determining the required capacity of the STATCOM, CSG had to consider the condi-

tions of each substation as well as the age of its equipment. After much consideration,

CSG decided to install a 200-MVAR STATCOM in its 500-kV Dongguan substation.

From 2007 to 2010, CSG, along with Rongxin Power Electronic Co. and Ts-
inghua University, established a consortium project to undertake the research and

development of the 200-MVAR STATCOM.
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3.8.3 VELCO STATCOM

STATCOM system at Vermont electric power Co.’s Essex 115kV substation was in-

stalled to compensate for heavy increases in summer time electric usage.
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Figure 3.11: Essex projects- single line diagram

The STATCOM system has a rated capacity of +133/-41 MVA. It consists of two
groups of 43 MVA voltage source converters (VSCs) and two sets of 24 MVA shunt
capacitors.

Each VSC group consists of three sets of 12.5 MVA VSC modules and a small 5
MVA harmonic filter, with a nominal phase-to-phase AC voltage of 3.2kV and a DC
link voltage of 6kV. The 43 MVA STATCOM groups of VSCs connect to the 115kV
system via two 43 MVA, 3.2kV to 115kV 3-phase inverter transformers. The 24 MVA
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Figure 3.12: Essex project- external view +133/-41 MVA, 115 kV STATCOM system

shunt capacitors are connected directly at the 115kV level.

3.8.4 SDG&E Talega STATCOM / B2B project

-100 to +100Mvar dynamic range, 138kV ac system
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3.8.5 Seattle Iron & Metals Corp. D-STATCOM Project

0 to +5 Mvar dynamic range, 4.16kV/26.4kV ac system
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Figure 3.15: Single line diagram

D+ STATCOM systern i

Figure 3.16: External view at steel recycle facility
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Control Techniques Used in
STATCOM

4.1 Basic Control Techniques

The basic controlling Technique used by STATCOM is that, it adjusts it’s the terminal
voltage, in such a way that reactive power is absorbed or injected to the grid to
maintain the grid voltage to its nominal value. That is If the grid voltage is equal to
nominal grid voltage, STATCOM terminal voltage will get adjusted to grid voltage
by adjusting the firing angle of gates used in VSC (assuming that grid voltage and
STATCOM voltage are in phase).

The operation of STATCOM is based on controlling STATCOM terminal voltage.
For controlling STATCOM terminal voltage, we need a control unit. The main parts

of a STATCOM are:

e Voltage Source Converter
e Control unit for STATCOM

e PWM Generator

42
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4.2 Voltage Source Converter (VSC)

Three phases VSC consist of six switches connected as shown in figure 4.1. The
switches connected to same leg of the inverter (S1 and S4, S3 and S6, or S5 and S2)
cannot be switched on simultaneously because this would result in a short circuit
across the dc link voltage supply. Similarly, in order to avoid undefined states in the
VSC, the switches of any leg of the inverter cannot be switched off simultaneously.
By using six switches we can have eight switching topology. Out of eight valid states,
two of them produce zero ac line voltages in this case the ac line currents freewheel
through either the upper or lower components. The selection of the states in order

to generate the required waveform is done by the modulating technique.

. Sip 8D Sy KD, Sy KD

Figure 4.1: Voltage source converter

The switches of VSC are GTOs (they could be IGBTs, IGCTs, or other self-
commutating switches) with an anti-parallel connected diode, which will operates

with a unidirectional voltage-blocking capability and a bidirectional current flow.
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4.3 Control Unit for STATCOM

Control unit forms the brain of STATCOM. Parameters selected for controlling STAT-
COM terminal voltage are grid voltage, grid current and STATCOM input DC voltage
(across capacitor or DC link voltage).Here we use a DC capacitor which acts as DC
source for VSC. To maintain the DC input voltage of VSC, a constant value (voltage
across capacitor), DC voltage across the capacitor is taken as one of the parameter
for controlling. By adjusting the firing angle of the converter, STATCOM terminal
voltage can be varied. So the setting of firing of STATCOM forms the key part of

STATCOM controller design.

Following are the main parts of STATCOM control unit.

e ABC to DQ conversion algorithm

e Phase look loop (PLL)

e Regulator

GRID
[
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Va| |
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- b regulator
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|
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Current dgo .~
regulator .~ abe

Figure 4.2: Control unit of STATCOM
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4.3.1 ABC to DQ Conversion Algorithm

Normally STATCOM is complex to design. One of the reasons is that during design
procedure we have to consider each phase separately and during transients there
will be harmonics in all the three phases, which in turn make the analysis complex.
Secondly, the circuit will become more complex. Some of these limitations can be
overcome by mathematical transformation of three phase AC vectors in to two phase
rotating dq axis vector. In dg-frame under steady-state conditions, the signals are

assumed to have DC waveforms.

ia b e id
ANl T TR i
\\ / A !/ \
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AN A / \ e
.|' L 5 q
\ / £ glga M W

Figure 4.3: Wave forms in ABC and dq axis

In dq transformation, vectors in ABC reference axis which is displaced by 120°
are transformed in two perpendicular axis and both the axis itself is assumed to be
rotating at the same speed of supply frequency hence the name synchronous rotating
frame. Since both d axis and ¢ axis are rotating at the same speed of supply frequency,
vectors in those axis will be having constant magnitude and phase, hence appears to
be DC. Whenever there is any disturbance in AC, DC waveform in dq axils will gets
disturbed. Hence analysis and control can be done easily in synchronous rotating
frame. And reduction of three parameter (in abc axis) to two parameter (in dq axis)
reduces the complexity in circuit.

Transformation algorithm is given by
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1

Figure 4.4: Vector diagram in abc and dq axis
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4.3.2 PLL

The PLL adjusts the phase of locally generated signal to match the phase of an input
signal. This is used to synchronise control unit with grid parameter. The basic scheme

of PLL consists of three block units:

e PD, It generates signal proportional to the phase difference between input signal

and the signal generated by internal oscillator called VCO.

e The task of LF, it is to attenuate the high-frequency components from PD
output.

e VCO, it generates a periodic signal, whose frequency is shifted with respect to

a given basic frequency. It forms the output of PLL.

Due to voltage variations phase detection by direct methods can lead to signifi-

cant errors. PLL in natural coordinates are not sufficiently immune to grid voltage
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variations a hence coordinates transformation to dq coordinates are done, which as-

sures proper filtration from distortions. PLL in dq coordinates is called Synchronous

Rotation Frame PLL.

4.3.3 Regulator

In the control circuit we can find three regulators:

e AC voltage regulator

e DC voltage regulator

e Current regulators

AC Voltage regulator will set quadrature axis reference current and DC voltage

regulator sets direct axis reference current. And current regulator will form the input

for PWM. These regulators will be normally PI controller, PID controller or any

artificial intelligence control technique like fuzzy controller, neuro-fuzzy etc.

DC link voltage is kept constant by controlling the active power flowing to/from

the converter. DC link voltage is compared with the DC link voltage reference and

DC link voltage error is processed in DC voltage regulator. Therefore DC voltage

regulator determines the phase angle of the converter voltage with respect to source

voltage. DC link voltage is determined according to highest STATCOM fundamental

voltage in the operation.
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4.4 PWM Generator

Pulse width modulation, PWM of a signal source involves the modulation of its duty
cycle, to control the amount of power sent to a load. The gating signals are generated
by comparing a rectangular reference signal of the amplitude A, with triangular
carrier wave of amplitude A., by varying A, from 0 to A., the pulse width can be
varied from 0 to 100%.

The ratio of A, to A. is the control variable and defined as the modulation index.
The frequency of the triangular voltage (f, carrier frequency) determines the con-
verter switching frequency and the frequency of the control voltages determine the
fundamental frequency of the converter voltage fl, modulating frequency). Hence,
modulating frequency is equal to supply frequency in STATCOM. Reactive power
of STATCOM is varied by controlling the modulation index. Modulation signal is
obtained by changing the phase angle and amplitude of this fixed amplitude sine
wave. Thus by varying the modulation index PWM generator will produce suitable
firing signals to the switches in VSC and generate required voltage at the STATCOM
terminal there by enabling exchange of reactive power between STATCOM and grid,

hence enhancing transient stability.

4.5 Actual Multi-level Control Scheme

The proposed multi-level control scheme for the STATCOM device, consisting of an
external, middle and internal level, is based on concepts of instantaneous power on the
synchronous-rotating dq reference frame. Rotating reference frame is used because it

offers higher accuracy than stationary frame-based techniques.

4.5.1 External Level Control

The external level control (left side in figure 4.6) is responsible for determining the ac-

tive and reactive power exchange between the enhanced custom power device and the
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Figure 4.6: STATCOM control scheme

utility system. The proposed external level control scheme is designed for performing
three major control objectives, that is the voltage control mode (VCM), which is
activated when switch S1 is in position a, the power factor control mode (PFCM),
activated in position b, and the active power control mode (APCM) that is always
activated. The standard control loop of the external level consists in controlling the
voltage at the PCC of the STATCOM through the modulation of the reactive com-
ponent of the output current. To this aim, the instantaneous voltage at the PCC
is computed by using a synchronous-rotating orthogonal reference frame. Thus, by
applying Park’s transformation, the instantaneous values of the three-phase ac bus
voltages are transformed into dq components, v4 and v, respectively. This operation
permits to design a simpler control system than using abc components, by employing
PI compensators. A voltage regulation droop (or slope) R, is included in order to
allow the terminal voltage of the STATCOM to vary in proportion with the com-

pensating reactive current. In this way, a higher operation stability of the integrated

IGET:
Control
Pulsas
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device is obtained in cases that more fast-response compensators are operating in
the area. As a result, the PI controller with droop characteristics becomes a simple

phase-lag compensator (LC).

The PFCM corresponds to a variation of the reactive power control mode, being
the last controller similar to the APCM but changing active components by reactive
ones. In the power factor control mode, the reactive power reference is set to zero in
order to provide all the reactive power demand at the consumer Side and thus being
able to maintain unity power factor. The reactive power measurement is carried out
at the customer supply side and is used as a reference for the PFCM. A standard PI
compensator is included to eliminate the steady-state error in the reactive current
reference computation. The integral action gives the controller a large gain at low
frequencies that results in eliminating the post-transient current offset. The APCM
allows controlling the active power exchanged with the electric system. This control
mode compares the reference power set with the actual measured value in order to
eliminate the steady-state active current offset via a PI compensator. In this way, the
active power exchange between the STATCOM and the PS can be controlled so as
to force the batteries to absorb active power when P, is negative, or to inject active
power when P, is positive. The active power limits have been established with priority
over the reactive power ones. In this way, P4, and P,,;, dynamically adjust in real-
time the reactive power available from the STATCOM device, through constrains
Qmaz and Qin. As during a fault or a post-fault transient of the electric system, the
instantaneous voltage vector in the PCC, vd may greatly reduce its magnitude, the
controllers will tend to raise the output active and reactive currents. Therefore the

current ratings need to be independently restricted.

4.5.2 Middle Level Control

The middle level control makes the expected output to dynamically track the reference

values set by the external level. In order to derive the control algorithm for this block,
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a dynamic model of the integrated STATCOM controller needs to be set up. For this
purpose, a simplified scheme of the STATCOM equivalent circuit is used, that is
depicted in Fig above The STATCOM is considered as a voltage source that is shunt-
connected to the network through the inductance L, accounting for the equivalent
leakage of the step-up coupling transformer and the series resistance Ry, representing

the transformers winding resistance and VSI semiconductors conduction losses.
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Figure 4.7: STATCOM equivalent circuit

The mutual inductance M represents the equivalent magnetizing inductance of
the step-up transformers. In the dc side, the equivalent capacitance of the two dc bus
capacitors is described by Cy/, whereas the switching losses of the VSI and power loss
in the capacitors are considered by R,. The Energy Storage System is represented by
an ideal dc voltage source V,, and a series resistance Ry, accounting for the battery
internal resistance. The self-discharge and leakage as well as the capacity of batteries
are represented by a parallel combination of a resistance and a capacitor. Both
values are included into R, and Cy/, respectively. The dynamics equations governing
the instantaneous values of the three-phase output voltages in the ac side of the
STATCOM and the current exchanged with the utility grid are given by equations
4.2, 4.3, 4.4 and 4.5.
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Uirwa Vq ia
Vinuy, - (%) = (RS + SLS) (27 (4 2)
Vinov, Ve ic
where,
d
E— 4.3
5= (4.3)
R, 0 O
R,=| 0 R, 0 (4.4)
0 0 R,
L, M M
L= | M L, M (4.5)
M M L,

Under the assumption that the system has no zero sequence components, all cur-
rents and voltages can be uniquely transformed into the synchronous-rotating dq
reference frame. Thus, the new coordinate system is defined with the d-axis always
coincident with the instantaneous voltage vector (vq = |v|, v, = 0). Consequently,
the d-axis current component contributes to the instantaneous active power and the
g-axis current component represents the instantaneous reactive power. By applying
Park’s transformation equation 2.1 can be transformed into the dq reference frame as

follows:

Uim)d — Uq Uinva — VUq
Vinv, — Ub (46)

Vinvy — Vq

Uinvo — Vo Uinvc — Ve
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The STATCOM ac and dc sides are related by the power balance between the
input and the output on an instantaneous basis, as described by equations 4.11 and

4.12.

Poe = Py (4.11)

Vi — Va
- Ly, —d_d 412
Rd) 2 “dt R, (4.12)

§(Uinvdid + Uinvqiq) == (

The VSI of the STATCOM basically generates the ac voltage (Vj,,) from the dc
voltage (v4). Thus, the connection between the de-side voltage and the generated ac
voltage can be described by using the average switching function matrix S and the

factor Kj,,, as given by equations 4.13, 4.14 and 4.15.
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Viny S
’ = k'mv ‘ ‘/d (4 13)

'Uinvq q

With the factor,

1
kinv = §ma (414)

where, m = Modulation index, m belongs to [0,1]. a = n2/nl, Voltage ratio of

coupling transformer and the average switching factor matrix for dq reference frame.

Sy COos v
= (4.15)
Sy sin
with, a = phase-shift of the converter output voltage from the reference position.

Essentially, equations 4.8 to 4.15 can be summarized in the state-space as follows.

y 7Rs K’ans y
14 §7 w I 4 1q ﬁ
N j— *Rs Kznvs - —
51 tq | T W 7 I lq 0 (4.16)
_3 K. _3 K. _2 (Il —2Vp
‘/d chmde CdKanSq Cd(Rb-‘er) V;i RyCy

As can be observed, equation 4.16 defines the simplified state-space model of the
STATCOM controller in the dq reference frame. This model is used as a basis for
designing the middle level control, which is depicted in Fig (middle side). Inspec-
tion of equation 4.16 shows a cross-coupling of both components of the STATCOM
output current. Therefore, in order to achieve a decoupled active and reactive power
control, it is simply required to decouple the control of ¢4y and 7,. Thus, by generating
the appropriate control signals x; and x5 derived from setting to zero derivatives of
currents in the upper part (ac side) of equation 4.16, the middle level control algo-
rithms are obtained. In order to achieve this condition in steady-state, conventional

PI controllers with proper feedback of STATCOM output current components are
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introduced, yielding equation 4.17 as follows.

iq =~ 0 iq T

S = s - (4.17)
. _RS .
(A 0 T lq Z3

As can be noticed from previous equation, i; and %, respond to x; and zs re-
spectively with no cross coupling. In this way, the introduction of these new control
variables allows to obtain a full model (ac side) reduced to two first-order functions,
which considerably improves the control system performance. From equation 4.16,
it can be seen the additional coupling resulting from the dc capacitors voltage Vj,
as much in the dc side (lower part) as in the ac side (upper part). This difficulty
demands to maintain the dc bus voltage as constant as possible, in order to decrease
the influence of the dynamics of V;. The solution to this problem is obtained by using
another PI compensator which allows laminating the steady-state voltage variations

at the dc bus, by forcing a small active power exchange with the electric grid.

4.5.3 Internal Level Control

The internal level is responsible for generating the switching signals for the six valves
of the three-level VSI, according to the control mode (sinusoidal PWM) and types of
valves (IGBTs) used. Figure 4.6 shows a basic scheme of the internal level control
of the STATCOM. This level is mainly composed of a line synchronization module
and a three-phase three-level PWM firing pulses generator for the STATCOM VSI.
The line synchronization module consists mainly of a phase locked loop (PLL). This
circuit is a feedback control system used to automatically synchronize the STATCOM
device switching pulses; through the phases of the inverse coordinate transformation
from dq to abc components, with the positive sequence components of the ac voltage
vector at the PCC (v,). The design of the PLL is based on concepts of instantaneous
power theory in the dq reference frame. Coordinate transformations from abc to dq

components in the voltage and current measurement system are also synchronized
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through the PLL. In the case of the sinusoidal PWM pulses generator block, the con-
troller of the VSI generates pulses for the carrier-based three-phase PWM inverter
using three-level topology. thus, the expected sinusoidal-based output voltage wave-
form V.x of the STATCOM, which is set by the middle level control, is compared
to two positive and negative triangular signals generated by the carriers generator
for producing three state PWM vectors (1, 0, -1). These states are decoded by the
states-to-pulses decoder via a look-up-table that relates each state with the corre-
sponding firing pulse for each IGBT of the four ones in each leg of the three-phase
three-level VSI.
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Simulations and Results

5.1 Matlab Model of STATCOM

A Static Synchronous Compensator (STATCOM) is used to regulate voltage on a
25kV network. Two feeders (21 km and 2 km) transmit power to loads connected
at buses B2 and B3. The 600V load connected to bus B3 through a 25kV/600V
transformer represents a plant absorbing continuously changing currents, similar to
an arc furnace, thus producing voltage flicker. The variable load current magnitude
is modulated, so that its apparent power varies approximately between 1 MVA and
5.2 MVA, while keeping a 0.9 lagging power factor. This load variation will allow you
to observe the ability of the STATCOM to mitigate voltage flicker.

The STATCOM regulates bus B3 voltage by absorbing or generating reactive
power. This reactive power transfer is done through the leakage reactance of the
coupling transformer by generating a secondary voltage in phase with the primary
voltage (network side). This voltage is provided by a voltage-sourced PWM inverter.
When the secondary voltage is lower than the bus voltage, the STATCOM acts like
an inductance absorbing reactive power. When the secondary voltage is higher than

the bus voltage, the STATCOM acts like a capacitor generating reactive power.

57
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Figure 5.1: Matlab Simulation model
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5.2 STATCOM Consists of the Following Compo-

nents

A voltage-sourced PWM inverter consisting of two IGBT bridges. The inverter
modulation frequency is 28 x 60 = 1.68 kHz so that the first harmonics will be

around 3.36 kHz, where m = modulation index = 28.

LC damped filters connected at the inverter output where, L = 800pH and C
= 100uF.

A Cy. = 10000uF capacitor acting as a DC voltage source for the inverter.

A PWM pulse generator using a modulation frequency of 1.68 kHz.

Kpq = 0.001, K;y = 0.15.

Kpo = 0.55, Kiy = 250

5.3 STATCOM Controller Consists of Several Func-

tional Blocks

A Phase Locked Loop (PLL). The PLL is synchronized to the fundamental of

the transformer primary voltages.

e Two measurement systems. Vj,cqs and I,,eqs blocks compute the d-axis and -
axis components of the voltages and currents by executing an abc-dq transfor-
mation in the synchronous reference determined by sin(wt) and cos(wt) provided

by the PLL.

e An inner current regulation loop. This loop consists of two proportional-integral
(PI) controllers that control the d-axis and q-axis currents. The controllers

outputs are the V; and V, voltages that the PWM inverter has to generate. The
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Va and V, voltages are converted into phase voltages V,,V}, and V. which are used
to synthesize the PWM voltages. The I, reference comes from the outer voltage

regulation loop. The I; reference comes from the DC-link voltage regulator.

e A DC voltage controller which keeps the DC link voltage constant to its nominal

value (Vdc = 2.4 kV).

5.4 STATCOM Dynamic Response

During this test, the variable load will be kept constant and you will observe the
dynamic response of a STATCOM to step changes in source voltage. Check that the
modulation of the Variable Load is not in service (Modulation Timing [Ton Toff] =
[0.15 1] X 100 > Simulation Stop time). The Programmable Voltage Source block
is used to modulate the internal voltage of the 25-kV equivalent. The voltage is
first programmed at 1.077 pu in order to keep the STATCOM initially floating (B3
voltage=1 pu and reference voltage Vref = 1 pu). Three steps are programmed at
0.2s, 0.3s, and 0.4s to successively increase the source voltage by 6%, decrease it by
6% and bring it back to its initial value (1.077 pu).

Start the simulation. Observe on Scopel the phase A voltage and current wave-
forms of the STATCOM as well as controller signals on Scope2. After a transient
lasting approximately 0.15sec., the steady state is reached. Initially, the source volt-
age is such that the STATCOM is inactive. It does not absorb nor provide reactive
power to the network.

At t = 0.2s, the source voltage is increased by 6%. The STATCOM compensates
for this voltage increase by absorbing reactive power from the network (Q=+2.7 Mvar
on trace 2 of Scope2).

At t = 0.3s, the source voltage is decreased by 6% from the value corresponding
to Q = 0. The STATCOM must generate reactive power to maintain a 1 pu voltage
(Q changes from +2.7 MVAR to -2.8 MVAR).
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Note that when the STATCOM changes from inductive to capacitive operation,
the modulation index of the PWM inverter is increased from 0.56 to 0.9 (trace 4 of
Scope2) which corresponds to a proportional increase in inverter voltage. Reversing

of reactive power is very fast, about one cycle, as observed on STATCOM current.

5.5 Results of Simulation Model

5.5.1 Simulation Result of Scope 1

2000

2000t

2000

A0G "
&

Figure 5.2: Phase A voltage and current (pu) and STATCOM (inverter) output of
Phase A
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5.5.2 Simulation Result of Scope 2

PO (MVA)
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Figure 5.3: PQ (MVA) and DC link voltage, Vdc (V)

5.5.3 Simulation Result of Scope 3
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Figure 5.4: Variations of P and QQ at bus B3 & V & Istat of Bus B1,B3
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5.6 Power from the Simulation Model Graph

Receiving End Active Power, P = 3.761MW
Receiving End Reactive Power, Q = 1.488Mvar
Total Apparent Power, S = vV MW?2 + Muvar?

MW
Power Factor = VA

(with STATCOM)

PF = 3.761 / /3.7612 + 1.488% = 0.9298
(without STATCOM)

PF = 127.12 / /127.122 + 219.92 = 0.5005
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Chapter 6

Introduction to Arm Cortex M4

Controller

The ADSP-CM40x family of mixed-signal control processors is based on the ARM
Cortex-M4TM processor core with floating point unit operating at frequencies up to
240 MHz and integrating up to 384KB of SRAM memory, 2MB of flash memory,
accelerators and peripherals optimized for motor control and photo-voltaic (PV) in-
verter control and an analog module consisting of two 16-bit SAR-type ADCs and
two 12-bit DACs. The ADSP-CM40x family operates from a single voltage supply
(VDD_EXT/VDD_ANA), generating its own internal voltage supplies using internal

voltage regulators and an external pass transistor.

This family of mixed-signal control processors offers low static power consumption
and is produced with a low-power and low voltage design methodology, delivering

world class processor and ADC performance with lower power consumption.

By integrating a rich set of industry-leading system peripherals and memory, the
ADSP-CM40x mixed-signal control processors are the platform of choice for next-
generation applications that require RISC programmability, advanced communica-
tions and leading-edge signal processing in one integrated package. These applications

span a wide array of markets including power/motor control, embedded industrial,
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Figure 6.1: 120-Lead LQFP Package Lead Configuration (Top View)
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Figure 6.2: 120-Lead LQFP Package Lead Configuration (Bottom View)

instrumentation, medical and consu

mer.

LEAD 31

Each ADSP-CM40x family member contains the following modules

e 8 GP timers with PWM output

2 CAN modules

3 UARTSs

1 two-wire interface (TWI) module

3-Phase PWM units with up to 4 output pairs per unit

66
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6.1 System Features

e 100 MHz to 240 MHz ARM Cortex-M4 with floating-point unit

e 128k Byte to 384k Byte zero-wait-state L1 SRAM with 16k Byte L1 cache
e Up to 2M Byte flash memory

e 16-bit asynchronous external memory interface

e Enhanced PWM units

e Four 3rd/4th order SINC filters for glueless connection of isolated ADCs
e Harmonic analysis engine

e 10/100 Ethernet MAC

e Full Speed USB On-the-Go (OTG)

e Two CAN (controller area network) 2.0B interfaces

e Three UART ports

e Two Serial Peripheral Interface (SPI-compatible) ports

e Eight 32-bit general-purpose timers

e Four Encoder Interfaces, 2 with frequency division

e Single power supply

e ANALOG SUBSYSTEM FEATURES

a. ADC controller (ADCC) and DAC controller (DACC)

b. Two 16-bit SAR ADCs with up to 24 multiplexed inputs, supporting dual

simultaneous conversion in 380 ns (16-bit, no missing codes, 3.5LSB INL)

c. Two 12-bit R-string DACs, with output rate up to 50 kHz
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e Two 2.5 V precision voltage reference outputs
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Figure 6.3: Block Diagram of ARM Cortex M4 Controller

6.2 Memory Architecture

The ADSP-CM40x processor provides sufficient memory to support processor based
applications. It includes 384k bytes of internal SRAM that can be partitioned in to
blocks of code and data (64k bytes of configurable memory blocks).

It also includes a static memory controller for interface to external devices or mem-

ories. Apart from the above, there is support for two SPI-based flash memories (one
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inside the package and the other externally supported) that can be memory-mapped
for high performance code execution through SPI Quad/Dual I/O read modes. Fur-
ther inclusion of an internal 16k byte code cache improves the execute-in-place (XiP)
functionality of flash memories significantly.

The ADSP-CM40x Processor Functional Block Diagram in the Introduction shows
a number of system control blocks. Some of these blocks provide system control oper-
ations, such as event handling and managing the memory sub-system interface. The
following sections provide information on managing the memory sub-system interface

of the ADSP-CM40x processor.

6.2.1 Memory Architecture Features

e An internal memory sub-system supporting:

a. Up to 384K bytes of zero wait state and configurable SRAM
b. 16K bytes of zero wait state code cache

c. 32K bytes of boot ROM
e A high performance bus architecture involving;:

a. Cortex core internal bus matrix
b. Memory bus matrix that connects to the Cortex core over the I-Code,
D-Code, and SYS buses
e (Cacheable external-memory interfaces, which support:
a. 32M byte x up to 4 banks of static memory control connected to asyn-
chronous memories (SRAM, flash, FPGA)
b. 2M bytes of internal SPI flash (within ADSP-CM40x package)

c. Up to 16M bytes of external SPI flash
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6.3 3 Phase PWM Units

The Pulse Width Modulator (PWM) module is a flexible and programmable wave-
form generator. With minimal CPU intervention the PWM peripheral is capable of
generating complex waveforms for motor control, Pulse Coded Modulation (PCM),
Digital to Analog Conversion (DAC), power switching and power conversion. The
PWM module has 4 PWM pairs capable of 3-phase PWM generation for source in-

verters for AC induction and DC brushless motors.

6.3.1 PWM Features
The two 3-phase PWM generation units each feature
e 16-bit center-based PWM generation unit
e Programmable PWM pulse width
e Single/double update modes
e Programmable dead time and switching frequency

e Twos-complement implementation which permits smooth transition to full ON

and full OFF states

e Dedicated asynchronous PWM shutdown signal.

6.4 Architectural Concepts

The PWM Controller is driven by a clock, whose period is tSCLK. The PWM gen-
erator produces four pairs (four high-side and four low-side) of PWM signals on the
eight PWM output pins. Each high and low pair constitutes a channel. For example
PWM_AL/PWM_AH make up channel A, and PWM_BL/PWM_BH make up channel

B and so on. Each pair of channel outputs can be produced with reference to either
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Figure 6.4: PWM Block Diagram
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a main timer or to an independent timer. These timers operate on a switching fre-

quency determined by the PWM_TMO registers. There are 2 duty registers for every

PWM output, which enable generation of symmetrical or asymmetrical waveforms

that produce lower harmonic distortion in three-phase PWM inverters, with minimal

CPU intervention.

6.4.1 PWM Block Diagram

The following figure shows a block diagram that represents the main functional blocks

of the PWM controller.

The primary blocks are described below.

e Each pair of PWM signals is referenced either to the main timer or to the
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independent timer.

e PWMTMRO is the main timer and can trigger the delayed start of the other

timers.

e Timing Control Units, one for each channel, which together form the core of
the PWM, generate the required complex waveforms on the high side and low

side outputs for the respective channel.
e Dead Time insertion is done after the ideal PWM output pair is generated.

e The Gate Drive Unit generates the high-frequency chopping signal and subse-
quently mixes it with the requisite PWM output signals.

e The PWM Shutdown and Interrupt Controller manages the various PWM shut-

down modes
e For the timing unit and generates the requisite interrupt signals.

e The PWM Sync Pulse Control Unit generates the internal PWMSYNC pulse
and also controls whether the external PWMSYNC input pulse is used.

6.5 Control Algorithm

The PWM scheme used to switch the Three phase Inverter (STATCOM) is Unipolar-
pulse width modulation. The algorithm is described briefly in the flowchart.
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convert actual 3-phase voltages and
currents(abe) to 2-phase(dq) using
clarke's transformation

A

calculate @ using PLL

A4

generate reference signals

Y

Compare reference signals with
actual

Y

error is proceeded to PI current and
voltage loop

Y
these 2-phase signals are converted to
3-phase

h 4

compare this signals with high
frequency carrier signals

h

this gate pulses are given to IGBTS

End

Figure 6.5: Control algorithm for STATCOM
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6.6 Control Signals

Comparing a reference signals generated with high frequency signal, gate pulses are

generated. Fig., below shows the gate pulses of 3.040sec deadband of the single leg.

*5600u  '73040us

Figure 6.6: Dead band between the gate pulses of the single leg



Chapter 7

Hardware

In the previous chapters the selected topology of the STATCOM is simulated and
simulation results are analyzed. But before the actual implementation of hardware,
the components are to be selected very carefully considering, voltage rating, current

rating & power rating.

7.1 Component Selection

Now since the DC link is 2400V the IGBTs chosen has the rating of 3400V & 100A
of Mitsubhishi of 1.68kHz switching frequency. Another important quantity whose
value is to be decided wisely is capacitors.

The value of capacitors is decided on the basis of voltage ripple to be allowed in
the capacitors. Assuming 7 % ripple in the capacitance voltage. The value of the
DC link capacitor comes out to be 10,000uF. And the value of the LC filter is, L =
800pxH and C = 100uF.

7.2 Power calculation

Conversion of V. and I, to dq,

75
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va | _ 2 |1 5 3
Uq 3 0\/75%5
w|_ 2 |13 3
lq 3 0\/75%5

Instantaneous Power

P=uvg-iq+ 1,1,

P:vq'id—vdw’q

7.2.1 Power Factor Calculation

As we know,

Reactive power,

P=V xIxsing kVAR

Active Power,

Q =V x1Ixcosp, kW

Apparent Power,

S=P2+Q,kVA

Power Factor,

PF =cos¢

kW

PE =134

iq
1

le

76

(7.2)
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For the power factor calculation, there are two ways to be used:
e Quadrature mode (ph-ph)

e In phase mode (ph-N)

7.2.2 Quadrature Mode (ph-ph)

In this mode, any two phases (either a-b, b-c, c-a) voltages are sensed. And remaining
phase current is sensed. e.g., phase a-b voltage are sensed and phase ¢ current is

sensed. This sensed voltage and current are 90° phase shifted as shown below.

-

/0

/ \“‘q\
o | ':“.Ix\

O~

Figure 7.1: Quadrature mode

So, in this mode we directly get;

V xI=kVAR (7.10)

Then getting both V and I in phase as shown in figure 7.2;

Now we will get,

Vx I=kW (7.11)

from equation 7.10 and 7.11; we get
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4,

/’jx )
S

Figure 7.2: In phase mode

KVA=VEVAR? + kW2 (7.12)
and power factor
kW
PF = (7.13)

7.2.3 In Phase Mode(ph-N)

In this mode, phase to neutral voltage & current are sensed. In these sensed voltage

and current are in phase. So, in this mode we directly get;

Vx I=kW (7.14)

and after phase shifting current by 90°, we will get,

V xI=kVAR (7.15)

from equation 7.14 and 7.15; we get

KVA=VEVAR? + kW?2 (7.16)

and power factor
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EW

PE =13

(7.17)

7.3 Algorithm

Q

Using user interface, take frequency of triangular wave (f, = 1.68kHz).

Based on above frequency, generate samples of triangular wave or it could be

in a look up table.

. Read frequency of sine wave using comparator circuit. Take digital input pin

or external interrupt pin with edge trigger. When it goes from low to high, it
gives interrupt to the system. In ISR start timer. When it switched from high
to low, note timer value, which is ON time and reset timer and start it again.

When transition happens from low to high, note timer value, which is off time.

. Add ON and OFF time give time period for one cycle. Divide it by 256, we

will get time period for single sample. This is the trigger point for generating

samples of Mains current and voltage.
Enable ADC and get values of current and voltage. Take total 256 samples.

Calibrate it (multiply it with current gain constant and voltage gain constant,
add offsets and the phase corrections. All these calibrated values will be stored

at the time of calibration)

. Calculate following parameters:

(1) Active Power(P) = ([ Vn.In.dt)/256; where n=1 to 256
(2) Reactive power (IQ) = ([ Vn.I(n + 64).dt)/256; where n=1 to 256
(3) Apparent power (S) = /(P?+ Q?)

(4) Where dt = 1/Af = T/256.
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h. Using reactive power values (kVAR) find out whether current is leading or

lagging (kVAR is -ve or kVAR is +ve resp.)
i. Get values of phase angle and amplitude by implementing PLL logic.

j. PLL logic will generate sine wave based on frequency, phase angel and ampli-
tude. Sine wave with unity amplitude samples will be available in the look up
table. y(t) = A sin(wt + ¢). The PLL logic will give the values of "A”, "wt
and ¢”.

k. Compare sine wave samples with triangular wave samples. This is extreme fast

process and at least in one mains cycle 25,600 comparisons has to be achieved.
1. If sine wave sample > triangular wave sample, then we will get PWM ON time.

m. Else PWM off time. (Note that the commutation time for IGBT switching
would be taken care by IGBT driver 1Cs)

n. Trigger PWM unit ON or OFF time.

o. Take feedback of how much kVAR is pumped by STATCOM using acquiring

its information and try to minimize gap of actual and to be pumped in values.

p. Take feedback of DC link. If it is less then control phase angle offset of sine

wave to be generated and repeat sr. no. j.

7.4 'Testing of the Controller with CALMET

Calibrator / tester C300 is used for adjusting, checking and verification of measuring
instruments used in power engineering. These include electricity meters, frequency,
voltage and current protective relays, current transformers and clamps, active and
reactive power meters, phase meters, frequency meters, ammeters, voltmeters, trans-

ducers, monitoring systems and power quality analyzers.



CHAPTER 7. HARDWARE 81

Calibrator C300 is three phase source of AC current and voltage with accuracy
class 0.05% and programmable value of harmonics. It generates voltage up to 560V
in sub ranges 70-140-280-560V, current up to 120A in sub ranges 0.5-6-20-120A,
frequency in range 40-500Hz and phase shift in range 0360°. In one phase connection
it can generate current up to 360A.

Calibrator C300 is controlled by means of personal computer with installed soft-

ware Calpro 300 in Windows operating system.

7.4.1 Main Connections

Figure 7.3: testing of controller using CALMET with 254V, 1A and 50Hz.

Connect the CALMET to CALMET adapter by probes, other connection of the

CALMET adapter goes to controller via connecting wires.
One of the connection of the CALMET goes to PC via serial cable shown in fig.

below. similarly, one connetion of the controller is made with PC.
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7.4.2 Working of the CALMET with Controller

e First enter the required value of Voltage, current and cos (phase angle) in the

Calpro 300 software in Computer.
e Those set values goes to CALMET via cable connected to it.
e These values are given to controller as CALMET is connected to it.

e then its calibrated and results are shown below: (for varying phase angle what

are the values of active and reactive powers).

T WAT

Figure 7.4: lead-lag verification for phase angle = 270°, no active power is generated
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Figure 7.5: lead-lag verification for phase angle = 90°, no active power is generated
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LEAD LAG VERIFICATION
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Figure 7.6: lead-lag verification for phase angle = 315°



CHAPTER 7. HARDWARE

7.4.3 Interchanging the Requirement of the Power

85

Figure 7.7: R-Y-B phase power: 127.12:127.12:-254(kW)



CHAPTER 7. HARDWARE

86

Figure 7.8: R-Y-B phase power:

: -254:127.12:127.12(kW)
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Figure 7.9: gate signals for single leg
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Chapter 8

Conclusion and Future Work

8.1 Conclusion

From the Simulation and hardware implementation of STATCOM it can be seen that,
from simulation Power Factor improves from 0.5005 to 0.9298 and using ARM-Cortex

controller a dead band of 3.040u sec is generated.

From the Hardware implementation and testing with it with CALMET software
by varying phase angle, reactive power is compensated and power factor is improved.
And required gate signals are also generated.

The voltage source is created from a DC capacitor and therefore a STATCOM
has very little active power capability. However, its active power capability can be
increased if a suitable energy storage device is connected across the DC capacitor.
The reactive power at the terminals of the STATCOM depends on the amplitude of
the voltage source.

The response time of a STATCOM is shorter than that of an SVC, mainly due to
the fast switching times provided by the IGBTSs of the voltage source converter. But
a STATCOM has better characteristics than a SVC. The STATCOM also provides
better reactive power support at low AC voltages than an SVC, since the reactive

power from a STATCOM decreases linearly with the AC voltage (as the current can
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be maintained at the rated value even down to low AC voltage). In addition, the
speed of response of a STATCOM is faster than that of an SVC and the harmonic
emission is lower. On the other hand STATCOM typically exhibit higher losses and

may be more expensive than SVC.

8.2 Future Work

e Completing the whole unit assembling and testing the unit on site. Regulate

the voltage against sag/swell.

e Using ARM-Cortex implement for the harmonic analysis.



Appendix A
Hardware Setup View

Figure (a) - CALMET with 3-Phase Voltage & Current probe
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Figure (b) - Setup of ARM cortex M4 Calibrating with CALMET and its adapter




Figure (c) - CALMET adapter Card
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Figure (d) - Supply card(SMPS) for ARM controller

This SMPS is of 8.4 Watts, only one secondary winding of 5.6V. This SMPS is using
TNY278PN (tiny switch), Mosfet IRFBC20/IRF840, TL431



94

- IGBT setup for single stack

Figure (e)




Appendix B
IC’s Used

B.1 - IGBT Modules

(collector emitter voltage, Vces = 1700V} collector current, Ic

—100A)

Maximum Ratings (T;=25%

Svmbols Parameter condition Ratings Unit
Vers Collector-emitter voltage G-E shont 1700 v
Vies Gate-emitter voltage C-E shont +/- 20 Vv

Ie Collector current T=25*C 100 A
Ieng Collector current Pulse (Note2) 200 A
Iz (Notel) Emitter current T.=25%C 100 A
Iene (Notel) Emitter current Pulse (Note) 200 A
Pe  (Noted) Maximum collector T=25°C 890 W
dissipation
Ty Junction temperature 40 ~ +130 °C
Toy Storage voltage 40 ~ +150 oC
Viio Isolation voltage Terminals to base plate, f= 3500 ¥ims
60Hz, AC 1 minute
Torque strength Main terminals M6 screw 3545 Nm
Mounting M6 screw 3545 Nm
- Weight Tvpical value 400 G




Electrical Characteristics (T;=25
Symbols Parameter Test condition Limits Unit
Min type Max
Iegs Collector cut off current Veg= Vigs, Vo= 0V . - 1 mA
Voem) Gate-emitter threshold Ie= 10mA, V=10V 4 55 7 V
voltage
Iges Gate leakage cumrent +/'-Vee= Vees, V=0V - 0.5 uA
Ve Collector- emitter Ic=100A, Vge= 15V: - 32 40 Vv
saturation voltage Tj=25°C/125°C = 3.8 =
Chas Input capacitance V= 10V, V=0V - 14 nF
C“_, Output capacitance V=10V, V=0V - - 24 nF
Cons Reverse transfer Vee= 10V, V=0V = : 0.75 nF
capacitance
Qg Total gate charge Vo= 1000V, Ic= 1004, 430 B nC
Vee=15V
tafen) Tum-on delay time Vo= 1000V, Ie= 100A | - - 350 ns
Vee=+-15V
Re=3.10, inductive load
Ie= 100A
L Tum-on rise time Viee= 1000V, Ie= 100A | - - 130 ns
Vee=+-15V
Rg=3.1Q, inductive load
Ie= 100A
tages Turn-off delay time Vo= 1000V, Ie= 100A | - - 550 ns
Viee=+-15V
Rg=3.19, induective load
Ie= 100A
tg Tum-off fall time Vo= 1000V, Ic= 100A 800 ns
Vee=+-15V
Bg=3.1Q, inductive load
IEI lﬂﬁﬁ
Cerimotel) Reverse recovery time Viee= 1000V, Ie=100A | - = 600 ns
VgE= +L15V
Re=3.19, inductive load
[=z= 100A
Qrrinotaly) | Reverserecovery charge | Vo= 1000V, Ie= 100A 58 - uC
Vge=+-15V
Rg=3.1Q, inductive load
Ig= 100A
VeEinetely | Emitter- collector voltage Ir= 100A, Vgr=0V; z 4.6 v
(Tj=25% / 125%) - 22 -
| By aQ Thermal resistance IGBT part (1/2 module) - 0.14 | kW
Rl Thermal resistance FWDi part (12 module) | - - 0.24| kKW
Rae-ty Contact thermal Case to heat sink, - 0.04 -] kW
resistance thermal compound
applied (1.2 module)
R Q Thermal resistance Case temperature - - 009 | KW

measured point is just
under the chips




97

B.2 - TNY278PN (tiny switch)
Lowest System Cost with Enhanced Flexibility:

e Simple ON/OFF control, no loop compensation needed
e Selectable current limit through BP /M capacitor value

— Higher current limit extends peak power or, in open frame

applications, maximum continuous power
— Lower current limit improves efficiency in enclosed adapters/chargers

— Allows optimum TinySwitch-III choice by swapping devices

with no other circuit redesign
e Tight I2f parameter tolerance reduces system cost

— Maximizes MOSFET and magnetics power delivery

— Minimizes max overload power, reducing cost of transformer,

primary clamp & secondary components

e ON-time extension - extends low line regulation range/hold-up

time to reduce input bulk capacitance
e Self-biased: no bias winding or bias components
e Frequency jittering reduces EMI filter costs
e Pin-out simplifies heatsinking to the PCB

e SOURCE pins are electrically quiet for low EMI
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Enhanced Safety and Reliability Features:

e Accurate hysteretic thermal shutdown protection with automatic

recovery eliminates need for manual reset

e Improved auto-restart delivers less than 3% of maximum power in

short circuit and open loop fault conditions

e Output overvoltage shutdown with optional Zener

e Line under-voltage detect threshold set using a single optional re-

sistor

e Very low component count enhances reliability and enables single-

sided printed circuit board layout

e High bandwidth provides fast turn on with no overshoot and ex-

cellent transient load response
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e Extended creepage between DRAIN and all other pins improves

field reliability

B.3 - Mosfet IRFBC20/IRF840
Product Summary:

Vps = 500V

Rps(on), Vas = 10V; 0.8502

Q, (Max) = 63nC

Qgs = 9.3nC

Qga = 32nC

Configuration - Single

TO-220AB

D
G 1
MN-Channal MOSFET

Features:

e Dynamic dV/dt Rating
e Repetitive Avalanche Rated

e Fast Switching
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e Ease of Paralleling
e Simple Drive Requirements
e Compliant to RoHS Directive 2002/95/EC

Description:
Third generation Power MOSFETSs from Vishay provide the designer
with the best combination of fast switching, ruggedized device design,
low on-resistance and cost-effectiveness. The TO-220AB package is uni-
versally preferred for all commercial-industrial applications at power
dissipation levels to approximately 50 W. The low thermal resistance
and low package cost of the TO-220AB contribute to its wide accep-

tance throughout the industry.

B.4 - TL431/TL431A (Programmable Shunt Regulator)

Features:
e Programmable Output Voltage to 36 Volts
e Low Dynamic Output Impedance 0.2€2 Typical

e Sink Current Capability of 1.0 to 100mA

e Equivalent Full-Range Temperature Coefficient of 50ppm/°C Typ-

ical

e Temperature Compensated For Operation Over Full Rated Oper-

ating Temperature Range
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e Low Output Noise Voltage

e Fast Turn-on Response

4

1
1. Ref 2. Anode 3. Cathode

Description:

The TL431/TL431A are three-terminal adjustable regulator series
with a guaranteed thermal stability over applicable temperature ranges.
The output voltage may be set to any value between VREF (approx-
imately 2.5 volts) and 36 volts with two external resistors These de-
vices have a typical dynamic output impedance of 0.27. Active output
circuitry provides a very sharp turn-on characteristic, making these

devices excellent replacement for zener diodes in many applications.



References

1]

Ravilla Madhusudan, Student Member, IEEE, G. Ramamohan
Rao, "Modeling and Simulation of a Distribution STATCOM (D-
STATCOM) for Power Quality Problems Voltage Sag and Swell
Based on Sinusoidal Pulse Width Modulation (SPWM)”, ISBN:
978-81-909042-2-3, IEEE 2012.

Gregory Reed, John Paserba, Terrence Croasdaile (Mitsubishi
Electric Power Products, Inc., Warrendale, Pennsylvania, USA),
Masatoshi Takeda, Yoshihiro Hamasaki, Tomohiko Aritsuka, Naoki
Morishima, Shinji Jochi, Isao Iyoda, Masahiko Nambu, Nao-
hiro Toki (Mitsubishi Electric Corporation, Kobe, Japan), Lau-
rie Thomas, George Smith, Dean LaForest, William Allard,
David Haas, ”The VELCO STATCOM-Based Transmission System
Project”, (The Vermont Electric Power Co., Inc., Rutland, Ver-
mont, USA), IEEE, 2001.

Hendri Masdi, Norman Mariun, S.M.Bashi A. Mohamed, Salle-
hhudin Yusuf, ”Design of a Prototype D-Statcom using DSP Con-
troller for Voltage Sag Mitigation”, IEEE PEDS 2005.

102



REFERENCES 103

4]

5]

Jianye Chen, Shan Song, Zanji Wang, ” Analysis and Implement of
Thyristor-based STATCOM”, 2006 IEEE.

Mehrdad Ahmadi Kamarposhti and Mostafa Alinezhad, ” Compari-
son of SVC and STATCOM in Static Voltage Stability Margin En-
hancement”, International Journal of Electrical and Electronics En-

gineering, 2010.

Anil Antony P, R. Punitharaji, " Transient Stability Enhancement
of Grid by Using Fuzzy Logic Based Statcom”, IOSR Journal of
Electrical and Electronics Engineering (IOSR-JEEE)e-ISSN: 2278-
1676,p-ISSN: 2320-3331, Volume 6, Issue 1 (May. - Jun. 2013), PP
06-13.

P. S. Sensarma, K. R. Padiyar and V. Ramanarayanan, ” Analy-
sis and Performance Evaluation of a Distribution STATCOM for
Compensating Voltage Fluctuations”, IEEE, 2000.

Zhengping Xi, student Member, ”Performance Improved during
System Fault of Angle Controlled STATCOM by Current Control”,
IEEE, and Subhashish Bhattacharya Member, IEEE,2008.

N. G. Hingorani and L. Gyugyi, ” Understanding FACTS: concepts

and technology of flexible AC transmission systems”, IEEE, 2000.



REFERENCES 104

[10] C.W. Edwards et al., ” Advanced Static Var Generator Employing
GTO Thyristors,” TEEE, PES Winter Power Meeting, Paper No.
38WM109-1, 1988.

[11] N. G. Hingorani, ”Power electronics in electric utilities: role of

power electronics in future power systems,” Proceedings of the

IEEE, vol. 76, pp. 481, 1988.

[12] Bhim Singh, Kamal Al-Haddad, Ambrish Chandra,” A review
of active filters for power quality improvement” IEEE Trans.

Ind.Elect.,vo0l.46,No.5,pp.960-9710c¢t.1999.

[13] Linju Jose, "SINGLE PHASE STATCOM -ITS CONTROL AL-
GORTHIM”, Department of Electrical & Electronics Engineering,

Rajiv Gandhi Institute of technology, Kottayam, Kerala, India.

[14] Ambarnath Banerji , Sujit K. Biswas, Bhim Singh, ”DSTATCOM
Control Algorithms: A Review”, International Journal of Power
Electronics and Drive System (IJPEDS), Vol.2, No.3, September
2012, pp. 285-296, ISSN: 2088-8694.

[15] Y.H.Song and A.l.Johos, "Flexible AC Transmission System
(FACTS)”, Institution of Electrical Engineers, London, UK, 1999.

[16] ”Static Synchronous Compensator,” CIGRE, Working group
14.19, 1998.



REFERENCES 105

[17] Priyank Srivastava, Rashmi Pardhi, ”A Review on Power System
Stability and Applications of FACT Devices”, International Jour-
nal of Engineering Research and Applications (IJERA) ISSN: 2248-
9622, Vol. 3, Issue 3, May-Jun 2013, pp.879-883.

[18] Alpesh Mahyavanshi, M. A. Mulla, R. Chudamani, ”Reactive
Power Compensation by Controlling the DSTATCOM?”, Interna-
tional Journal of Emerging Technology and Advanced Engineer-

ing(ijetae), ISSN 2250-2459, Volume 2, Issue 11, November 2012.

[19] Zhengping Xi, Subhashish Bhattacharya, ”STATCOM Control
and Operation with Series Connected Transformer Based 48-pulse
VSC”, 33rd Annual Conference of the IEEE Industrial Electronics
Society (IECON) 2007.

[20] Zhengping Xi, Babak Parkhideh, Subhashish Bhattacharya, ”Im-
proving Distribution System Performance with Integrated STAT-
COM and Super capacitor Energy Storage System”, IEEE 2008.

[21] Md. Nazrul Islam, Md. Arifur Kabir and Yashiro Kazushige, " De-
sign and Simulation of STATCOM to Improve Power Quality”, In-
ternational Journal of Innovation and Applied Studies, ISSN 2028-
9324 Vol. 3 No. 3 July 2013, pp. 871-878.

[22] Tarun Mittal, Navpreet Singh Tung, Ashish Dhar Diwan, Kotturu

Janardhana, "STATCOM Analysis for improving Power Quality



REFERENCES 106

Constraints - A Literature Survey”, International Journal of En-
hanced Research in Science Technology and Engineering, VOL. 1
ISSUE 1, OCTOBER-2012 ISSN No: 2319-7463.

(23] Manual of the Crompton Greaves Ltd., Reactive Power Compen-
sation from 100kVAr to 500kVAr, jan 2010.

[24] R.Mienski, R.Pawelek and I.Wasiak., ”Shunt Compensation for
Power Quality Improvement Using a STATCOM controller: Mod-
eling and Simulation”, IEEE Proce., Vol.151, No.2, March 2004.

[25] N. Mohan, T. M. Undeland, and W. P. Robbins, ”Power Electron-

ics: Converter Applications and Design”, New York: Wiley, 1995.

26] Hirofumi Akagi, Edson Hirokazu Watanabe and Mauricio Aredes,
"Instantaneous Power Theory and Applications to Power Condi-

tioning”, published by John Wiley and Sons, Inc., Hoboken, New
Jersey, 2007 IEEE Press.

27] K. R. Padiyar, "FACTS Controllers in power transmission and
distribution”, Published by New Age International (P)Ltd., Pub-
lishers, 2007.

28] R. Mohan Mathur and Rajiv K. Varma, " Thyristor based FACTS
controllers for electrical transmission systems”, Published by John

Wiley and Sons, Inc., IEEE Press 2002.



REFERENCES 107

29] Xiao-Ping Zhang, Christian Rehtanz and Bikash Pal, ”Flexible
AC Transmission Systems: Modeling and Control”, Springer-Verlag
Berlin Heidelberg 2006, Printed in Germany.



