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ABSTRACT

This paper presents a three-phase cascaded H-Bridge MLI as Static synchronous Compensator (STATCOM)
intended for installation on industrial and utility power distribution systems. It proposes a control technique
that devotes itself to meeting the demand of reactive power. To implement a separate control for the three phase
dc-link voltages, the average active power in each phase can also be adjusted to a target value determined by
the dc-link voltage control loop. Then, by forcing the converter neutral voltage to be equal to the counterpart of
the equivalent power supply, the STATCOM can be decoupled into three single-phase systems and the line-to-
neutral voltage of the equivalent power supply can be used as the input voltage to the corresponding phase leg.
Accordingly dc-link voltage maintaining can be simultaneously achieved under unbalanced conditions.
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I. INTRODUCTION

An AC power system is a complex network of synchronous generators, transmission lines and loads.
The transmission lines can be represented mostly as reactive networks composed of series inductors
and shunt capacitors. The total series inductance, which is proportional to the length of the line,
determines primarily the maximum transmissible power at a given voltage. The shunt capacitance
influences the voltage profile and thereby the power transmission along the line.

The transmitted power over a given line is determined by the line impedance, the magnitude of
voltage and phase angle between the end voltages, the basic operating requirements of an AC power
system are that the synchronous generators must remain in synchronism and the voltage must kept
close to their rated values.

In the late 1980s, the Electric Power Research Institute (EPRI) in the USA formulated the vision of
the Flexible AC transmission System (FACTS) in which various Power electronics based controllers
regulate Power flow and transmission voltage through rapid control action, mitigate dynamic
disturbances. FACTS devices involve the applications of high power electronics in AC transmission
networks enables fast and reliable control of power flows and voltages.

Reactive Power compensation can be obtained by Series VAR compensation and Shunt VAR
compensation. Series compensation modifies the transmission or distribution system parameters,
while shunt compensation changes the equivalent impedance of the load. Traditionally, rotating
synchronous condensers and fixed or mechanically switched capacitors or inductors have been used
for reactive power compensation. However, in recent years, static VAR compensators employing
thyristor switched capacitors and thyristor controlled reactors to provide or absorb the required
reactive power have been developed [1][3].

The FACTS is a concept based on power-electronic controllers, which enhance the value of
transmission networks by increasing the use of their capacity As these controllers operate very fast,
they enlarge the safe operating limits of a transmission system without risking stability. FACTS
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controllers can be classified as Series controllers, Shunt controllers, Combination of Series - Shunt
controllers and Combination of Series- Series controllers.

The STATCOM is a shunt-connected reactive-power compensation device that is capable of
generating or absorbing reactive power and in which the output can be varied to control the specific
parameters of an electric power system [5].

Multilevel inverter has a series of advantages over two-level converter, such as its output waveforms
are more similar to the object modulation waves (sinusoidal waves), less skip and harmonics of
output voltages, fewer switching losses [12].

II. REACTIVE POWER COMPENSATION TECHNOLOGIES

VAR compensation is defined as the management of reactive power to improve the performance of ac
power systems. The concept of VAR compensation embraces a wide and diverse field of both system
and customer problems, especially related with power quality issues, since most of power quality
problems can be attenuated or solved with an adequate control of reactive power. In general, the
problem of reactive power compensation is viewed from two aspects: load compensation and voltage
support. In load compensation the objectives are to increase the value of the system power factor, to
balance the real power drawn from the ac supply, compensate voltage regulation and to eliminate
current harmonic components produced by large and fluctuating nonlinear industrial loads. Voltage
support is generally required to reduce voltage fluctuation at a given terminal of a transmission line.
Reactive power compensation in transmission systems also improves the stability of the ac system by
increasing the maximum active power that can be transmitted. It also helps to maintain a substantially
flat voltage profile at all levels of power transmission; it improves HVDC (High Voltage Direct
Current) conversion terminal performance, increases transmission efficiency, controls steady-state
and temporary over-voltages, and can avoid disastrous blackouts[16].

Traditionally, rotating synchronous condensers and fixed or mechanically switched capacitors or
inductors have been used for reactive power compensation. However, in recent years, static VAR
compensators employing thyristor switched capacitors and thyristor controlled reactors to provide or
absorb the required reactive power have been developed. Also, the use of self-commutated PWM
converters with an appropriate control scheme permits the implementation of static compensators
capable of generating or absorbing reactive current components [1] [2] with a time response faster
than the fundamental power network cycle.

I11. FACTS CONTROLLERS

The rapid growth in electrical energy use, combined with the demand for low cost energy, has
gradually led to the development of generation sites remotely located from the load centers. In
particular, the remote generating stations include hydroelectric stations, which exploit sites with
higher heads and significant water flows; fossil fuel stations, located close to coal mines; geothermal
stations and tidal-power plants, which are site bound; and, sometimes, nuclear power plants purposely
built distant from urban centers. The generation of bulk power at remote locations necessitates the use
of transmission lines to connect generation sites to load centers. Furthermore, to enhance system
reliability, multiple lines that connect load centers to several sources, interlink neighboring utilities,
and build the needed levels of redundancy have gradually led to the evolution of complex
interconnected electrical transmission networks. These networks now exist on all continents [7].

The FACTS is a concept based on power-electronic controllers, which enhance the value of
transmission networks by increasing the use of their capacity 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 [4]. 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 electrical power at a minimum of operating cost. Doing so
constitutes the increased value of transmission assets.
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Types of FACTS Controllers:

In general FACTS controllers can be divided into the following four categories:

a. Series Controllers

In principle all the series controllers inject voltage in series with the line. Series connected controller
impacts the driving voltage and hence, the current and power flow directly. Static Synchronous Series
Compensator (SSSC), Thyristor Controlled Series Compensator (TCSC) etc. are the examples of
series controllers.

b. Shunt Controllers

All shunt controllers inject current into the system at the point of connection. The shunt controller is
like a current source, which draws/injects current from/into the line. Static Synchronous Compensator
(SSC), Static Synchronous Generator (SSG), Thyristor Controlled Reactor (TCR) etc are the
examples of shunt controllers.

c. Combined Series-Shunt Controllers

This could be a combination of separate shunt and series controllers, which are controlled in a
coordinated manner. 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.
Unified Power Flow Controller (UPFC) and Thyristor Controlled Phase Shifting Transformer
(TCPST) are the examples of shunt series controllers.

d. Combined Series-Series Controllers

This could be a combination of separate series controllers, which are controlled in a coordinated
manner, in a multi-line transmission system or it could be a unified controller, in which series
controller provides independent series reactive compensation for each line but also transfer real
power among the line via the power link.

IV. STATCOM

The STATCOM (or SSC) is a shunt-connected reactive-power compensation device that is capable of
generating 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. Specifically, the
STATCOM considered in this project is a voltage-source converter that, from a given input of dc
voltage, produces a set of 3-phase ac-output voltages, each in phase with and coupled to the
corresponding ac system voltage through a relatively small reactance. The dc voltage is provided by
an energy-storage capacitor[5][6].

Balanced/ 3¢-line Linn:ear.-"
Unbalanced ; Nonlinear
supply load
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Fig.1 STATCOM Principal Diagram

A STATCOM can improve power-system performance in such areas as the following:
The dynamic voltage control in transmission and distribution systems, The power-oscillation damping
in power-transmission systems, The transient stability, The voltage flicker control and The control of
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not only reactive power but also (if needed) active power in the connected line, requiring a dc energy
source.

A STATCOM is analogous to an ideal synchronous machine, which generates a balanced set of three
sinusoidal voltages—at the fundamental frequency—with controllable 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.

4.1 Principle of Operation

A STATCOM is a controlled reactive-power source. 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) [7]. 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.

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, Vs, of the converter. That is, if the amplitude of
the output voltage is increased above that of the utility bus voltage, Vz, then a current flows through
the reactance from the converter to the ac system and the converter generates capacitive-reactive
power for the ac system. If the amplitude of the output voltage is decreased below the utility bus
voltage, then the current flows from the ac system to the converter and the converter absorbs
inductive-reactive power from the ac system. If the output voltage equals the ac system voltage, the
reactive-power exchange becomes zero, in which case the STATCOM is said to be in a floating state.
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. 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)[8][9].

Although reactive power is generated internally by the action of converter switches, a dc 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 [10].
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.
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Fig.2 The power exchange between the STATCOM and the ac system

4.2 A Multilevel VSC-Based STATCOM

The harmonic contamination of the power-system network by the addition of STATCOM into the
power system can be reduced by employing multilevel VSC configurations. The multilevel converters
usually synthesize a staircase-type voltage wave from several levels of dc-voltage sources (typically
capacitor-voltage sources). The multilevel VSC schemes studied and tested so far include the diode
clamp, the flying capacitor, and the cascaded, separate dc-source converter types. Many separate dc-
source converter topologies are suggested in refs. Multilevel converters can reach high voltages and
reduce harmonic distortion because of their structure. To increase the voltage rating, many single-
phase full-bridge converters (FBCs) can be connected in series, automatically leading to a desirable
reduction of harmonic distortion. However, the need to balance capacitor voltages, the complexity of
switching, and the size of the capacitors all limit the number of levels that can be practically
employed [16][17].

Figure 3 shows the 3-phase star-connected arrangement of the separate dc-source, 3-level binary VSC
commonly referred to as a BVSI. It consists of three single-phase FBCs, each with its own dc source,
connected in series. However, the magnitude of each dc source is in binary proportion of Vdc, 2Vdc,
and 4Vdc, where Vdc is chosen to get the desired fundamental ac-voltage output for a normalized 1-
pu modulation index. The switches are turned on and off to generate a 15-step ac-voltage output over
one fundamental cycle. In general, n-level BVSI would produce a (2" *'~1)-step ac-voltage output
versus a (2n + 1)-step output generated by a conventional n-level, separate dc-source VSC
configuration.
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Fig 3 The 3-phase, star-connected 3-level VSI

The multilevel converters usually synthesize a staircase-type voltage wave from several levels of dc-
voltage sources (typically capacitor-voltage sources). The multilevel VSC schemes studied and tested
so far include the diode clamp, the flying capacitor, and the cascaded, separate dc-source converter
types. Many separate dc-source converter topologies are suggested in refs. Multilevel converters can
reach high voltages and reduce harmonic distortion because of their structure. To increase the voltage
rating, many single-phase full-bridge converters (FBCs) can be connected in series, automatically
leading to a desirable reduction of harmonic distortion. However, the need to balance capacitor
voltages, the complexity of switching, and the size of the capacitors all limit the number of levels that
can be practically employed [7].

V. CONTROL STRATEGY

Active- and Reactive-Power Controls

The control strategy that is proposed in this paper regulates a generic single-phase cascaded H-bridge
multilevel converter, which is composed of N H-bridges that are connected in series. The connection
of the STATCOM device to the power grid is made using a coupling inductance. Assume that the grid
voltage and output-current expressions are equal to the following:

Voria= V2 Vgra . Cos (dt) (1)
If=V21I;. Cos (o1-0) )

The expressions of the active and reactive powers that are supplied by the STATCOM to the grid are
the following

ProraL= Vi - It. Cos (D) 3)

Qrorar= Vgria- It. Sin (9) 4
Where ¢ is the angle between the grid voltage and the current that is injected by the STATCOM. The
active power is proportional to the current component which is in phase with the grid voltage (active
component), and the reactive power is proportional to the current component which is orthogonal to
the grid voltage (reactive component). Therefore, for active-power regulation, the active component
of the current is changed, and on the other hand, for reactive-power regulation, the reactive
component is modified. From these two current components, the instantaneous current reference
could be generated.
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The reactive-power reference is obtained from the dc-bus voltage control loops. If the dc-bus voltage
of one of the shunt-connected H-bridges is lower than the reference voltage, it means that the reactive
power should be provided to this H-bridge; therefore, the capacitor would take energy, which would
increase the voltage level. On the other hand, if the dc-bus voltage is higher than the voltage reference,
energy should be taken out of the bus capacitor. In this way, the output of each dc-bus voltage
regulator is a particular reactive-power reference for each H-bridge.

V1. SIMULATION RESULTS

To verify the performance of the proposed cascade Three phase five level inverter is implemented as
STATCOM with phase shifted bipolar sinusoidal PWM as control algorithm.Simulation have been
carried out using Matlab—Simulink.

In this paper, a simulation block set in Simulink/matlab was implemented as shown in fig 4 and the
results are presented. In this model initially load1 (50KW, 15 KVAR) is supplied with 415V. After a
period of 2 cycles another load2 (30KW, 10KV AR) is added with the help of circuit breaker. A five
level inverter is connected as STATCOM. The control signal for this STATCOM taken from a closed
loop POD technique. In this technique load voltage is always compared with reference voltage,
whenever a deviation in the load voltage an error signal generated in the form of sine wave and this
sine wave is used as reference signal in POD technique. Hence this control system produces
necessary control signals for STATCOM to compensate the load voltage and reactive power
requirement of the system.
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Fig.4 Simulation Diagram of MLI as STATCOM 1
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Fig. 7 Pulse Generation for STATCOM 1

Fig. 8 MLI using as STATCOM 1
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Fig 5 shows the balanced voltage and current supplying from the source. In fig 6 error signal
generator has been shown. Fig 7 represents pulse generation for STATCOM based on the error signal.
Fig 10 indicates the output voltage which clearly shows even after adding a load after two cycles it
maintains a constant voltage where as a change in output current Fig 11 shows load active and
reactive power when MLI acting as STATCOM.

VII. CONCLUSION

In this paper cascade five level inverter is implemented as STATCOM with star configuration for
medium-voltage applications. The control algorithm is based on the “POD” type Multicarrier PWM.
The control arrangement results from giving priority to the voltage-balancing control and reactive
power balancing control. This model is mainly concentrated on unbalanced and continuously varying
loads. Whenever there is a change in load this control arrangement of STATCOM able to balance the
voltage and compensate the required reactive power. A 415V supply is given to the varying
unbalanced load and a cascade number of N = 2 have verified the ability and effectiveness of the
Reactive Power compensation.
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