               CHAPTER-1

                                      1. INTRODUCTION
An increasing demand for high quality, reliable electrical power and increasing number of distorting loads may leads to an increased awareness of power quality both by customers and utilities. The most common power quality problems today are voltage sags, harmonic distortion and low power factor. Voltage sags is a short time (10 ms to 1 minute) event during which a reduction in r.m.s voltage magnitude occur. It is often set only by two parameters, depth/magnitude and duration. The voltage sags magnitude is ranged from 10% to 90% of nominal voltage and with duration from half a cycle to 1 min.

Voltage sags is caused by a fault in the utility system, a fault within the customer’s facility or a large increase of the load current, like starting a motor or transformer energizing. Voltage sags are one of the most occurring power quality problems. For an industry voltage sags occur more often and cause severe problems and economical losses. Utilities often focus on disturbances from end-user equipment as the main power quality problems.

Harmonic currents in distribution system can cause harmonic distortion, low power factor and additional losses as well as heating in the electrical equipment. It also can cause vibration and noise in machines and malfunction of the sensitive equipment. The development of power electronics devices such as Flexible AC Transmission System (FACTS) and customs power devices have introduced and emerging branch of technology providing the power system with versatile new control capabilities.There are different ways to enhance power quality problems in transmission and distribution systems. Among these, the D-STATCOM is one of the most effective devices. 
A new PWM-based control scheme has been implemented to control the electronic valves in the DSTATCOM. The D-STATCOM has additional capability to sustain reactive current at low voltage, and can be developed as a voltage and frequency support by replacing capacitors with batteries as energy storage. In this paper, the configuration and design of the DSTATCOM with LCL Passive Filter are analyzed. It is connected in shunt or parallel to the 11 kV test distribution system. It also is design to enhance the power quality such as voltage sags, harmonic distortion and low power factor in distribution system.

1.1 POWER QUALITY

The contemporary container crane industry, like many other industry segments, is often enamored by the bells and whistles, colorful diagnostic displays, high speed performance, and levels of automation that can be achieved. Although these features and their indirectly related computer based enhancements are key issues to an efficient terminal operation, we must not forget the foundation upon which we are building. Power quality is the mortar which bonds the

Foundation blocks. Power quality also affects terminal operating economics, crane reliability, our environment, and initial investment in power distribution systems to support new crane installations. To quote the utility company newsletter which accompanied the last monthly issue of my home utility billing: ‘Using electricity wisely is a good environmental and business practice which saves you money, reduces emissions from generating plants, and conserves our

natural resources.’ As we are all aware, container crane performance requirements continue to increase at an astounding rate. Next generation container cranes, already in the bidding process, will require average power demands of 1500 to 2000 kW – almost double the total average

demand three years ago. The rapid increase in power demand levels, an increase in container crane population, SCR converter crane drive retrofits and the large AC and DC drives needed to power and control these cranes will increase awareness of the power quality issue in the very near future.

POWER QUALITY PROBLEMS

For the purpose of this article, we shall define power quality problems as:

‘Any power problem that results in failure or misoperation of customer equipment, Manifests itself as an economic burden to the user, or produces negative impacts on the environment.’

When applied to the container crane industry, the power issues which degrade power quality include:

• Power Factor

• Harmonic Distortion

• Voltage Transients

• Voltage Sags or Dips

• Voltage Swells

The AC and DC variable speed drives utilized on board container cranes are significant contributors to total harmonic current and voltage distortion. Whereas SCR phase control creates the desirable average power factor, DC SCR drives operate at less than this. In addition, line notching occurs when SCR’s commutate, creating transient peak recovery voltages that can be 3 to 4 times the nominal line voltage depending upon the system impedance and the size of the drives. The frequency and severity of these power system disturbances varies with the speed of the drive. Harmonic current injection by AC and DC drives will be highest when the drives are operating at slow speeds. Power factor will be lowest when DC drives are operating at slow speeds or during initial acceleration and deceleration periods, increasing to its maximum value when the SCR’s are phased on to produce rated or base speed. Above base speed, the power factor essentially remains constant. Unfortunately, container cranes can spend considerable time at low speeds as the operator attempts to spot and land containers. Poor power factor places a greater kVA demand burden on the utility or engine-alternator power source. Low power factor loads can also affect the voltage stability which can ultimately result in detrimental effects on the

life of sensitive electronic equipment or even intermittent malfunction. Voltage transients created by DC drive SCR line notching, AC drive voltage chopping, and high frequency harmonic voltages and currents are all significant sources of noise and disturbance to sensitive electronic equipment

It has been our experience that end users often do not associate power quality problems with

Container cranes, either because they are totally unaware of such issues or there was no economic Consequence if power quality was not addressed. Before the advent of solid-state power supplies, Power factor was reasonable, and harmonic current injection was minimal. Not until the crane Population multiplied, power demands per crane increased, and static power conversion became the way of life, did power quality issues begin to emerge. Even as harmonic distortion and power Factor issues surfaced, no one was really prepared. Even today, crane builders and electrical drive System vendors avoid the issue during competitive bidding for new cranes. Rather than focus on Awareness and understanding of the potential issues, the power quality issue is intentionally or unintentionally ignored. Power quality problem solutions are available. Although the solutions are not free, in most cases, they do represent a good return on investment. However, if power quality is not specified, it most likely will not be delivered. 

Power quality can be improved through:

• Power factor correction,

• Harmonic filtering,

• Special line notch filtering,

• Transient voltage surge suppression,

• Proper earthing systems.

In most cases, the person specifying and/or buying a container crane may not be fully aware of the potential power quality issues. If this article accomplishes nothing else, we would hope to Provide that awareness.

In many cases, those involved with specification and procurement of container cranes may not be cognizant of such issues, do not pay the utility billings, or consider it someone else’s concern. As a result, container crane specifications may not include definitive power quality criteria such as power factor correction and/or harmonic filtering. Also, many of those specifications which do

require power quality equipment do not properly define the criteria. Early in the process of preparing the crane specification:

• Consult with the utility company to determine regulatory or contract requirements that must be

satisfied, if any.

• Consult with the electrical drive suppliers and determine the power quality profiles that can be

expected based on the drive sizes and technologies proposed for the specific project.

• Evaluate the economics of power quality correction not only on the present situation, but consider the impact of future utility deregulation and the future development plans for the terminal

1.2 THE BENEFITS OF POWER QUALITY

Power quality in the container terminal environment impacts the economics of the terminal operation, affects reliability of the terminal equipment, and affects other consumers served by the same utility service. Each of these concerns is explored in the following paragraphs.

1. Economic Impact:
The economic impact of power quality is the foremost incentive to container terminal operators. Economic impact can be significant and manifest itself in several ways: 

a. Power Factor Penalties:
Many utility companies invoke penalties for low power factor on monthly billings. There is no industry standard followed by utility companies. Methods of metering and calculating power factor penalties vary from one utility company to the next. Some utility companies actually meter kVAR usage and establish a fixed rate times the number of kVAR-hours consumed. Other utility companies monitor kVAR demands and calculate power factor. If the power factor falls below a fixed limit value over a demand period, a penalty is billed in the form of an adjustment to the  peak demand charges. A number of utility companies servicing container terminal equipment do not yet invoke power factor penalties. However, their service contract with the Port may still require that a minimum power factor over a defined demand period be met. The utility company may not continuously monitor power factor or kVAR usage and reflect them in the monthly utility billings; however, they do reserve the right to monitor the Port service at any time. If the power factor criteria set forth in the service contract are not met, the user may be penalized, or required to take corrective actions at the user’s expense. One utility company, which supplies power service to several east coast container terminals in the USA, does not reflect power factor penalties in their monthly billings, however, their service contract with the terminal reads as follows:

‘The average power factor under operating conditions of customer’s load at the point where service is metered shall be not less than 85%. If below 85%, the customer may be required to furnish, install and maintain at its expense corrective apparatus which will increase the Power factor of the entire installation to not less than 85%. The customer shall ensure that no excessive harmonics or transients are introduced on to the [utility] system. This may require special power conditioning equipment or filters. The IEEE Std. 519-1992 is used as a guide in Determining appropriate design requirements.’ 

The Port or terminal operations personnel, who are responsible for maintaining container cranes, or specifying new container crane equipment, should be aware of these requirements. Utility deregulation will most likely force utilities to enforce requirements such as the example above.

Terminal operators who do not deal with penalty issues today may be faced with some rather severe penalties in the future. A sound, future terminal growth plan should include contingencies for addressing the possible economic impact of utility deregulation.

b. System Losses

Harmonic currents and low power factor created by nonlinear loads, not only result in possible power factor penalties, but also increase the power losses in the distribution system. These losses are not visible as a separate item on your monthly utility billing, but you pay for them each month. Container cranes are significant contributors to harmonic currents and low power factor. Based on the typical demands of today’s high speed container cranes, correction of power factor alone on a typical state of the art quay crane can result in a reduction of system losses that converts to a 6 to 10% reduction in the monthly utility billing. For most of the larger terminals, this is a significant annual saving in the cost of operation.

c. Power Service Initial Capital Investments:
The power distribution system design and installation for new terminals, as well as modification of systems for terminal capacity upgrades, involves high cost, specialized, high and medium voltage equipment. Transformers, switchgear, feeder cables, cable reel trailing cables, collector bars, etc. must be sized based on the kVA demand. Thus cost of the equipment is directly related to the total kVA demand. As the relationship above indicates, kVA demand is inversely proportional to the overall power factor, i.e. a lower power factor demands higher kVA for the same kW load. Container cranes are one of the most significant users of power in the terminal. Since container cranes with DC, 6 pulse, SCR drives operate at relatively low power factor, the total kVA demand is significantly larger than would be the case if power factor correction equipment were supplied on board each crane or at some common bus location in the terminal. In the absence of power quality corrective equipment, transformers are larger, switchgear current ratings must be higher, feeder cable copper sizes are larger, collector system and cable reel cables must be larger, etc. Consequently, the cost of the initial power distribution system equipment for a system which does not address power quality will most likely be higher than the same system which includes power quality equipment. 

2. Equipment Reliability:
Poor power quality can affect machine or equipment reliability and reduce the life of  components. Harmonics, voltage transients, and voltage system sags and swells are all power quality problems and are all interdependent. Harmonics affect power factor, voltage transients  can induce harmonics, the same phenomena which create harmonic current injection in DC SCR variable speed drives are responsible for poor power factor, and dynamically varying power factor of the same drives can create voltage sags and swells. The effects of harmonic distortion, harmonic currents, and line notch ringing can be mitigated using specially designed filters.

3. Power System Adequacy:
When considering the installation of additional cranes to an existing power distribution system, a power system analysis should be completed to determine the adequacy of the system to support additional crane loads. Power quality corrective actions may be dictated due to inadequacy of existing power distribution systems to which new or relocated cranes are to be connected. In other words, addition of power quality equipment may render a workable scenario on an existing power distribution system, which would otherwise be inadequate to support additional cranes without high risk of problems.
4. Environment:
No issue might be as important as the effect of power quality on our environment. Reduction in system losses and lower demands equate to a reduction in the consumption of our natural nm resources and reduction in power plant emissions. It is our responsibility as occupants of this planet to encourage conservation of our natural resources and support measures which improve our air quality

5.FACTS

Flexible ac transmission systems, called facts, got in the recent years a well known term for higher controllability in power systems by means of power electronic devices. Several facts-devices have been introduced for various applications worldwide. A number of new types of devices are in the stage of being introduced in practice.

In most of the applications the controllability is used to avoid cost intensive or landscape requiring extensions of power systems, for instance like upgrades or additions of substations and power lines. Facts-devices provide a better adaptation to varying operational conditions and improve the usage of existing installations. 

The basic applications of facts-devices are:

•  power flow control,

• increase of transmission capability,

• voltage control,

• reactive power compensation,

• stability improvement,

• power quality improvement,

• power conditioning,

• flicker mitigation,

• interconnection of renewable and distributed generation and storages.

Figure 1.1 shows the basic idea of facts for transmission systems. The usage of lines for active power transmission should be ideally up to the thermal limits. Voltage and stability limits shall be shifted with the means of the several different facts devices. It can be seen that with growing line length, the opportunity for facts devices gets more and more important.

The influence of facts-devices is achieved through switched or controlled shunt compensation, series compensation or phase shift control. The devices work electrically as fast current, voltage or impedance controllers. The power electronic allows very short reaction times down to far below one second.
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The development of facts-devices has started with the growing capabilities of power electronic components. Devices for high power levels have been made available in converters for high and even highest voltage levels. The overall starting points are network elements influencing the reactive power or the impedance of a part of the power system. Figure 1.2 shows a number of basic devices separated into the conventional ones and the facts-devices.

For the facts side the taxonomy in terms of 'dynamic' and 'static' needs some explanation. The term 'dynamic' is used to express the fast controllability of facts-devices provided by the power electronics. This is one of the main differentiation factors from the conventional devices. The term 'static' means that the devices have no moving parts like mechanical switches to perform the dynamic controllability. Therefore most of the facts-devices can equally be static and dynamic.
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The left column in figure 1.2 contains the conventional devices build out of fixed or mechanically switch able components like resistance, inductance or capacitance together with transformers. The facts-devices contain these elements as well but use additional power electronic valves or converters to switch the elements in smaller steps or with switching patterns within a cycle of the alternating current. The left column of facts-devices uses thyristor valves or converters. These valves or converters are well known since several years. They have low losses because of their low switching frequency of once a cycle in the converters or the usage of the thyristors to simply bridge impedances in the valves.

The right column of facts-devices contains more advanced technology of voltage source converters based today mainly on insulated gate bipolar transistors (IGBT) or insulated gate commutated thyristors (IGCT). Voltage source converters provide a free controllable voltage in magnitude and phase due to a pulse width modulation of the igbts or IGCTS. High modulation frequencies allow to get low harmonics in the output signal and even to compensate disturbances coming from the network. The disadvantage is that with an increasing switching frequency, the losses are increasing as well. Therefore special designs of the converters are required to compensate this.

1.3 Configurations of facts-devices:

Shunt devices:

The most used facts-device is the svc or the version with voltage source converter called statcom. These shunt devices are operating as reactive power compensators. The main applications in transmission, distribution and industrial networks are:
• reduction of unwanted reactive power flows and therefore reduced network losses.

• keeping of contractual power exchanges with balanced reactive power.

• compensation of consumers and improvement of power quality especially with huge demand fluctuations like industrial machines, metal melting plants, railway or underground train systems.

• compensation of thyristor converters e.g. In conventional hvdc lines.

• improvement of static or transient stability.

Almost half of the svc and more than half of the statcoms are used for industrial applications. Industry as well as commercial and domestic groups of users require power quality. Flickering lamps are no longer accepted, nor are interruptions of industrial processes due to insufficient power quality. Railway or underground systems with huge load variations require svcs or statcoms.

                     CHAPTER-2

       2. SVC:

Electrical loads both generate and absorb reactive power. Since the transmitted load varies considerably from one hour to another, the reactive power balance in a grid varies as well. The result can be unacceptable voltage amplitude variations or even a voltage depression, at the extreme a voltage collapse.
A rapidly operating static var compensator (svc) can continuously provide the reactive power required to control dynamic voltage oscillations under various system conditions and thereby improve the power system transmission and distribution stability.

Applications of the svc systems in transmission systems:

A. To increase active power transfer capacity and transient stability margin

B. To damp power oscillations

C. To achieve effective voltage control

In addition, svcs are also used

1.In transmission systems

A. To reduce temporary over voltages

B. To damp sub synchronous resonances

C. To damp power oscillations in interconnected power systems

2. In traction systems

A. To balance loads

B. To improve power factor

C. To improve voltage regulation

3. In hvdc systems

A. To provide reactive power to ac–dc converters

4. In arc furnaces

A. To reduce voltage variations and associated light flicker

Installing an svc at one or more suitable points in the network can increase transfer capability and reduce losses while maintaining a smooth voltage profile under different network conditions. In addition an svc can mitigate active power oscillations through voltage amplitude modulation.

Svc installations consist of a number of building blocks. The most important is the thyristor valve, i.e. Stack assemblies of series connected anti-parallel thyristors to provide controllability. Air core reactors and high voltage ac capacitors are the reactive power elements used together with the thyristor valves. The step up connection of this equipment to the transmission voltage is achieved through a power transformer.
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Svc building blocks and voltage / current characteristic

In principle the svc consists of thyristor switched capacitors (TSC) and thyristor switched or controlled reactors (TSC/TSR). The coordinated control of a combination of these branches varies the reactive power as shown in figure. The first commercial svc was installed in 1972 for an electric arc furnace. On transmission level the first svc was used in 1979. Since then it is widely used and the most accepted facts-device.
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Svc

Svc using a TCR and an FC:
In this arrangement, two or more fc (fixed capacitor) banks are connected to a TCR (thyristor controlled reactor) through a step-down transformer. The rating of the reactor is chosen larger than the rating of the capacitor by an amount to provide the maximum lagging vars that have to be absorbed from the system. 

By changing the firing angle of the thyristor controlling the reactor from 90° to 180°, the reactive power can be varied over the entire range from maximum lagging vars to leading vars that can be absorbed from the system by this compensator.
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Svc of the FC/TCR type:

The main disadvantage of this configuration is the significant harmonics that will be generated because of the partial conduction of the large reactor under normal sinusoidal steady-state operating condition when the svc is absorbing zero MVAR. These harmonics are filtered in the following manner. Triplex harmonics are canceled by arranging the TCR and the secondary windings of the step-down transformer in delta connection. 

The capacitor banks with the help of series reactors are tuned to filter fifth, seventh, and other higher-order harmonics as a high-pass filter. Further losses are high due to the circulating current between the reactor and capacitor banks.
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Comparison of the loss characteristics of TSC-TCR, TCR-FC compensators and synchronous condenser. These svcs do not have a short-time overload capability because the reactors are usually of the air-core type. In applications requiring overload capability, TCR must be designed for short-time overloading, or separate thyristor-switched overload reactors must be employed.

Svc using a TCR and TSC:

This compensator overcomes two major shortcomings of the earlier compensators by reducing losses under operating conditions and better performance under large system disturbances. In view of the smaller rating of each capacitor bank, the rating of the reactor bank will be 1/n times the maximum output of the svc, thus reducing the harmonics generated by the 

reactor. In those situations where harmonics have to be reduced further, a small amount of FCS tuned as filters may be connected in parallel with the TCR.
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                           CHAPTER-3

      3.Statcom:

In 1999 the first svc with voltage source converter called statcom (static compensator) went into operation. The statcom has a characteristic similar to the synchronous condenser, but as an electronic device it has no inertia and is superior to the synchronous condenser in several ways, such as better dynamics, a lower investment cost and lower operating and maintenance costs. A statcom is build with thyristors with turn-off capability like GTO or today IGCT or with more and more IGBTS. The static line between the current limitations has a certain steepness determining the control characteristic for the voltage. 

The advantage of a statcom is that the reactive power provision is independent from the actual voltage on the connection point. This can be seen in the diagram for the maximum currents being independent of the voltage in comparison to the svc. This means, that even during most severe contingencies, the statcom keeps its full capability.

In the distributed energy sector the usage of voltage source converters for grid interconnection is common practice today. The next step in statcom development is the combination with energy storages on the dc-side. The performance for power quality and balanced network operation can be improved much more with the combination of active and reactive power.
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             Fig.3.1Statcom structure and voltage / current characteristic
Statcoms are based on voltage sourced converter (VSX) topology and utilize either gate-turn-off thyristors (GTO) or isolated gate bipolar transistors (IGBT) devices. The statcom is a very fast acting, electronic equivalent of a synchronous condenser. If the statcom voltage, vs, (which is proportional to the dc bus voltage vc) is larger than bus voltage, ES, then leading or capacitive vars are produced. If vs is smaller than ES then lagging or inductive vars are produced. 
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                                     6 pulses statcom

The three phases statcom makes use of the fact that on a three phase, fundamental frequency, steady state basis, and the instantaneous power entering a purely reactive device must be zero. The reactive power in each phase is supplied by circulating the instantaneous real power between the phases. This is achieved by firing the GTO/diode switches in a manner that maintains the phase difference between the ac bus voltage ES and the statcom generated voltage vs. Ideally it is possible to construct a device based on circulating instantaneous power which has no energy storage device (i.e no dc capacitor). 

A practical statcom requires some amount of energy storage to accommodate harmonic power and ac system unbalances, when the instantaneous real power is non-zero. The maximum energy storage required for the statcom is much less than for a TCR/TSC type of svc compensator of comparable rating.
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3.1 Statcom equivalent circuit

Several different control techniques can be used for the firing control of the statcom. Fundamental switching of the GTO/diode once per cycle can be used. This approach will minimize switching losses, but will generally utilize more complex transformer topologies. As an alternative, pulse width modulated (pwm) techniques, which turn on and off the GTO or IGBT switch more than once per cycle, can be used. This approach allows for simpler transformer topologies at the expense of higher switching losses. 

The 6 pulse statcom using fundamental switching will of course produce the 6 n1 harmonics. There are a variety of methods to decrease the harmonics. These methods include the basic 12 pulse configuration with parallel star / delta transformer connections, a complete elimination of 5th and 7th harmonic current using series connection of star/star and star/delta transformers and a quasi 12 pulse method with a single star-star transformer, and two secondary windings, using control of firing angle to produce a 30phase shift between the two 6 pulse bridges. This method can be extended to produce a 24 pulse and a 48 pulse statcom, thus eliminating harmonics even further. Another possible approach for harmonic cancellation is a multi-level configuration which allows for more than one switching element per level and therefore more than one switching in each bridge arm. The ac voltage derived has a staircase effect, dependent on the number of levels. This staircase voltage can be controlled to eliminate harmonics.
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3.2 Substation with a statcom
SHUNT AND SERIES DEVICES

Dynamic power flow controller

A new device in the area of power flow control is the dynamic power flow controller (DFC). The DFC is a hybrid device between a phase shifting transformer (PST) and switched series compensation.

A functional single line diagram of the dynamic flow controller is shown in figure 1.19. The dynamic flow controller consists of the following components:

• a standard phase shifting transformer with tap-changer (PST)

• series-connected thyristor switched capacitors and reactors   

  (TSC/TCR)

• a mechanically switched shunt capacitor (MSC). (This is optional depending on the system reactive power requirements)
Based on the system requirements, a DFC might consist of a number of series TSC or TSR The mechanically switched shunt capacitor (MSC) will provide voltage support in case of overload and other conditions. Normally the reactance of reactors and the capacitors are selected based on a binary basis to result in a desired stepped reactance variation. If a higher power flow resolution is needed, a reactance equivalent to the half of the smallest one can be added.

The switching of series reactors occurs at zero current to avoid any harmonics. However, in general, the principle of phase-angle control used in tcsc can be applied for a continuous control as well. The operation of a DFC is based on the following rules:

• TSC/TSR  are switched when a fast response is required.

• the relieve of overload and work in stressed situations is handled by the TSC/TCR.

• the switching of the PST tap-changer should be minimized particularly for the currents higher than normal loading.

• the total reactive power consumption of the device can be optimized by the operation of the MSC, tap changer and the switched capacities and reactors.

In order to visualize the steady state operating range of the DFC, we assume an inductance in parallel representing parallel transmission paths. The overall control objective in steady state would be to control the distribution of power flow between the branch with the DFC and the parallel path. This control is accomplished by control of the injected series voltage.

The PST (assuming a quadrature booster) will inject a voltage in quadrature with the node voltage. The controllable reactance will inject a voltage in quadrature with the throughput current. Assuming that the power flow has a load factor close to one, the two parts of the series voltage will be close to collinear. 

However, in terms of speed of control, influence on reactive power balance and effectiveness at high/low loading the two parts of the series voltage has quite different characteristics. The steady state control range for loadings up to rated current is illustrated in figure 1.20, where the x-axis corresponds to the throughput current and the y-axis corresponds to the injected series voltage.

[image: image12.emf]
fig.3.3 Operational diagram of a DFC

Operation in the first and third quadrants corresponds to reduction of power through the DFC, whereas operation in the second and fourth quadrants corresponds to increasing the power flow through the DFC. The slope of the line passing through the origin (at which the tap is at zero and TSC/TSR are bypassed) depends on the short circuit reactance of the PST.

Starting at rated current (2 ka) the short circuit reactance by itself provides an injected voltage (approximately 20KV in this case). If more inductance is switched in and/or the tap is increased, the series voltage increases and the current through the DFC decreases (and the flow on parallel branches increases).The operating point moves along lines parallel to the arrows in the figure. The slope of these arrows depends on the size of the parallel reactance. The maximum series voltage in the first quadrant is obtained when all inductive steps are switched in and the tap is at its maximum.

Now, assuming maximum tap and inductance, if the throughput current decreases (due e.g. To changing loading of the system) the series voltage will decrease. At zero current, it will not matter whether the TSC/TSR steps are in or out, they will not contribute to the series voltage. Consequently, the series voltage at zero current corresponds to rated PST series voltage. Next, moving into the second quadrant, the operating range will be limited by the line corresponding to maximum tap and the capacitive step being switched in (and the inductive steps by-passed). In this case, the capacitive step is approximately as large as the short circuit reactance of the PST, giving an almost constant maximum voltage in the second quadrant.

3.2 UNIFIED POWER FLOW CONTROLLER:

The upfc is a combination of a static compensator and static series compensation. It acts as a shunt compensating and a phase shifting device simultaneously.
[image: image13.emf]
                         Fig.3.4 Principle configuration of an upfc

The upfc consists of a shunt and a series transformer, which are connected via two voltage source converters with a common dc-capacitor. The dc-circuit allows the active power exchange between shunt and series transformer to control the phase shift of the series voltage. This setup, as shown in figure 1.21, provides the full controllability for voltage and power flow. The series converter needs to be protected with a thyristor bridge. Due to the high efforts for the voltage source converters and the protection, an upfc is getting quite expensive, which limits the practical applications where the voltage and power flow control is required simultaneously.

OPERATING PRINCIPLE OF UPFC

The basic components of the upfc are two voltage source inverters (vsis) sharing a common dc storage capacitor, and connected to the power system through coupling transformers. One vsi is connected to in shunt to the transmission system via a shunt transformer, while the other one is connected in series through a series transformer.

A basic upfc functional scheme is shown in fig.1
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The series inverter is controlled to inject a symmetrical three phase voltage system (VSC), of controllable magnitude and phase angle in series with the line to control active and reactive power flows on the transmission line. So, this inverter will exchange active and reactive power with the line. The reactive power is electronically provided by the series inverter, and the active power is transmitted to the dc terminals. The shunt inverter is operated in such a way as to demand this dc terminal power (positive or negative) from the line keeping the voltage across the storage capacitor vdc constant. So, the net real power absorbed from the line by the upfc is equal only to the losses of the inverters and their transformers. The remaining capacity of the shunt inverter can be used to exchange reactive power with the line so to provide a voltage regulation at the connection point.
The two vsi’s can work independently of each other by separating the dc side. So in that case, the shunt inverter is operating as a statcom that generates or absorbs reactive power to regulate the voltage magnitude at the connection point. Instead, the series inverter is operating as sssc that generates or absorbs reactive power to regulate the current flow, and hence the power low on the transmission line.

The upfc has many possible operating modes. In particular, the shunt inverter is operating in such a way to inject a controllable current, ish into the transmission line. The shunt inverter can be controlled in two different modes:

Var control mode: 

the reference input is an inductive or capacitive var request. The shunt inverter control translates the var reference into a corresponding shunt current request and adjusts gating of the inverter to establish the desired current. For this mode of control a feedback signal representing the dc bus voltage, vdc, is also required.

Automatic voltage control mode:

 the shunt inverter reactive current is automatically regulated to maintain the transmission line voltage at the point of connection to a reference value. For this mode of control, voltage feedback signals are obtained from the sending end bus feeding the shunt coupling transformer. 

The series inverter controls the magnitude and angle of the voltage injected in series with the line to influence the power flow on the line. The actual value of the injected voltage can be obtained in several ways.

Direct voltage injection mode: the reference inputs are directly the magnitude and phase angle of the series voltage. Phase angle shifter emulation mode: the reference input is phase displacement between the sending end voltage and the receiving end voltage. Line impedance emulation mode: the reference input is an impedance value to insert in series with the line impedance

Automatic power flow control mode: the reference inputs are values of p and q to maintain on the transmission line despite system changes.
      3.3 DISTRIBUTION STATIC COMPENSATOR (DSTATCOM)
A D-STATCOM (Distribution Static  Compensator), which is schematically depicted in Figure, consists of a two-level Voltage Source Converter (VSC), a dc energy storage device, a coupling transformer connected in shunt to the distribution network through a coupling transformer. The VSC converts the dc voltage across the storage device into a set of three-phase ac output voltages. These voltages are in phase and coupled with the ac system through the reactance of the coupling transformer. Suitable adjustment of the phase and magnitude of the D-STATCOM output voltages allows effective control of active and reactive power exchanges between the D-STATCOM and the ac system. Such configuration allows the device to absorb or generate controllable active and reactive power. 

The VSC connected in shunt with the ac system provides a multifunctional topology which can be used for up to three quite distinct purposes: 

1. Voltage regulation and compensation of reactive power; 

2. Correction of power factor; and 

3. Elimination of current harmonics. 

Here, such device is employed to provide continuous voltage regulation using an indirectly controlled converter.

[image: image15.emf]
Figure- the shunt injected current Ish corrects the voltage sag by adjusting the voltage drop across the system impedance Zth. The value of Ish can be controlled by adjusting the output voltage of the converter. 

The shunt injected current Ish can be written as,

[image: image16.emf]
The complex power injection of the D-STATCOM can be expressed as,

[image: image17.emf]
It may be mentioned that the effectiveness of the D-STATCOM in correcting voltage sag depends on the value of Zth or fault level of the load bus. When the shunt injected current Ish is kept in quadrature with VL, the desired voltage correction can be achieved without injecting any active power into the system. On the other hand, when the value of Ish is minimized, the same voltage correction can be achieved with minimum apparent power injection into the system. The control scheme for the D-STATCOM follows the same principle as for DVR. The switching frequency is set at 475 Hz. 

 TEST SYSTEM 
Figure shows the test system used to carry out the various D-STATCOM simulations.

[image: image18.emf]
             Fig.3.5(a)  Single line diagram of the test system  for D-STATCOM.

[image: image19.emf]
              Fig.3.5(b)  Simulink model of D-STATCOM test system.

MATHEMATICAL MODELING OF DSTATCOM:

DSTATCOM is a shunt device which hast the capability to inject or absorb both active and reactive current. The reactive power output of a D-STATCOM is proportional to the system voltage rather than the square of the system voltage, as in a capacitor. This makes DSTATCOM more suitable rather than using capacitors. Though storing energy is a problem for long term basis, considering real power compensation for voltage control is not an ideal case. So most of the operations considered is steady stat only and the power exchange in such a condition is reactive. To realize such a model, it can be said that a DSTATCOM consists of a small DC capacitor and a voltage source converter

[image: image20.emf]
MODELING OF THE DSTATCOM/ESS:

A DSTATCOM consists of a three-phase voltage source inverter shunt-connected to the distribution network by means of a coupling transformer, as depicted in Fig. 1. Its topology allows the device to generate a set of three almost sinusoidal voltages at the fundamental frequency, with controllable amplitude and phase angle. In general, the DSTATCOM can be utilized for providing voltage regulation, power factor correction, harmonics compensation and load leveling [3]. The addition of energy storage through an appropriate interface to the power custom device leads to a more flexible integrated controller. The ability of the DSTATCOM/ESS of supplying effectively extra active power allows expanding its compensating actions, reducing transmission losses and enhancing the operation of the electric grid.

[image: image21.emf]
                    Fig.3.6 basic circuit of D-STATCOM
Basic circuit of a DSTATCOM integrated with energy storage Various types of energy storage technologies can be incorporated into the dc bus of the DSTATCOM, namely superconducting magnetic energy storage (SMES), super capacitors (SC), flywheels and battery energy storage systems (BESS), among others. However, lead-acid batteries offer a more economical solution for applications in the distribution level that require small devices for supplying power for short periods of time and intermittently. Moreover, BESS can be directly added to the dc bus of the inverter, thus avoiding the necessity of an extra coupling interface and thus reducing investment costs. The integrated DSTATCOM/BESS system proposed in Fig. 2 is basically composed of the inverter (indistinctly called converter), the coupling step-up transformer, the line connection filter, the dc bus capacitors, and the array of batteries. Since batteries acts as a stiff dc voltage source for the inverter, the use of a conventional voltage source inverter appears as the most cost-effective solution for this application. The presented VSI corresponds to a dc to ac switching power inverter using Insulated Gate Bipolar Transistors (IGBT). In the distribution voltage level, the switching device is generally the IGBT due to its lower switching losses and reduced size. In addition, the power rating of custom power devices is relatively low. As a result, the output voltage control of the DSTATCOM/BESS can be achieved through pulse width modulation (PWM) by using high-power fast-switched IGBTs. This topology supports the future use of PWM control even for higher power utility applications.

The VSI structure is designed to make use of a three-level pole structure, also called neutral point clamped (NPC), instead of a standard two-level six-pulse inverter structure This three-level inverter topology generates a more sinusoidal output voltage waveform than conventional structures without increasing the switching frequency. The additional flexibility of a level in the output voltage is used to assist in the output waveform construction. In this way, the harmonic performance of the inverter is improved, also obtaining better efficiency and reliability respect to the conventional two-level inverter. A drawback of the NPC inverters is that the split dc capacitor banks must maintain a constant voltage level of half the dc bus voltage. Otherwise, additional distortion will be contributed to the output voltage of the DSTATCOM/BESS. In this work, the use of battery energy storage in an arrangement with neutral point (NP) permits to independently contributing to the charge of the capacitors C1 and C2, and thus to maintain the voltage balance of the dc capacitors without using additional control  techniques. The connection to the utility grid is made by using low pass sine wave filters in order to reduce the perturbation on the distribution system from high-frequency switching harmonics generated by PWM control. The total harmonic distortion (THD) of the output voltage of the inverter combined with a sine wave filter is less than 5 % at full rated unity power factor load. Typically, leakage inductances of the step-up transformer windings are high enough as to build the sine wave filter simply by adding a bank of capacitors in the PCC. In this way, an effective filter is obtained at low costs, permitting to improve the quality of the voltage waveforms introduced by the PWM control to the power utility and thus meeting the requirements of IEEE Standard 519-1992 relative to power quality.

[image: image22.emf]
                  Fig.3.7 Detailed model of the proposed STATCOM/BESS

3.4 Basic Configuration and Operation of DSTATCOM:

The D-STATCOM is a three-phase and shunt connected power electronics based device. It is connected near the load at the distribution systems. The major components of a D-STATCOM are shown in Figure 1. It consists of a dc capacitor, three-phase inverter (IGBT, thyristor) module, ac filter, coupling transformer and a control strategy [5]. The basic electronic block of the D-STATCOM is the voltage-sourced inverter that converts an input dc voltage into a three-phase output voltage at fundamental frequency.

[image: image23.emf]
Basic Building Blocks of the D-STATCOM

The D-STACOM employs an inverter to convert the DC link voltage Vdc on the capacitor to a voltage source of adjustable magnitude and phase. Therefore the DSTATCOM can be treated as a voltage-controlled source. The D-STATCOM can also be seen as a current-controlled source. Figure  shows the inductance L and resistance R which represent the equivalent circuit elements of the step-down transformer and the inverter will is the main component of the D-STATCOM. The voltage Vi is the effective output voltage of the D-STATCOM and δ is the power angle. The reactive power output of the D-STATCOM inductive or capacitive depending can be either on the operation mode of the D-STATCOM. Referring to figure 1, the controller of the D STATCOM is used to operate the inverter in such a way that the phase angle between the inverter voltage and the line voltage is dynamically adjusted so that the D-STATCOM generates or absorbs the desired VAR at the point of connection. The phase of the output voltage of the thyristor-based inverter, Vi, is controlled in the same way as the distribution system voltage, Vs. Figure 2 shows the three basic operation modes of the DSTATCOM output current, I, which varies depending upon Vi. If Vi is equal to Vs, the reactive power is zero and the D-STATCOM does not generate or absorb reactive power. When Vi is greater than Vs, the DSTATCOM shows an inductive reactance connected at its terminal. The current, I, flows through the transformer reactance from the D-STATCOM to the ac system, and the device generates capacitive reactive power. If Vs is greater than Vi, the D-STATCOM shows the system as a capacitive reactance. Then the current flows from the ac system to the D-STATCOM, resulting in the device absorbing inductive reactive power.
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                                                   No-load mode (Vs = Vi)
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[image: image1.emf]                                       b) Capacitive mode (Vi >Vs)

      c) Inductive mode (Vi <Vs)

Operation modes of D-STATCOM

 
FIG  shows the three basic operation modes of the DSTATCOM output current, I, which varies depending upon Vi. If Vi is equal to Vs, the reactive power is zero and the D-STATCOM does not generate or absorb reactive power. When Vi is greater than Vs, the D-STATCOM shows an inductive reactance connected at its terminal. The current I, flows through the transformer reactance from the D-STATCOM to the ac system, and the device generates capacitive reactive power. If Vs is greater than Vi, the D-STATCOM shows the system as a capacitive reactance. Then the current flows from the ac system to the D-STATCOM, resulting in the device absorbing inductive reactive power.

COMPENSATION SCHEME OF DSTATCOM:

The DSTATCOM is a DC/AC switching power-converter composed of an air-cooled voltage source converter. Basically, the DSTATCOM is used to suppress voltage variations and control reactive power in phase with the system voltage. The DSTATCOM produces phase- synchronized output voltage, therefore, it can compensate for inductive and capacitive currents linearly and continuously. Active and reactive power trade between the power system and the DSTATCOM is accomplished by controlling the phase angle difference between the two voltages. If the output voltage of the DSTATCOM VI is in phase with the bus terminal voltage VT, and VI is greater than VT, the DSTATCOM provides reactive power to the system. If VI is smaller than VT, the DSTATCOM absorbs reactive power from the power system. Ideally, VT and VI have the same phase, but actually VT and VI have a little phase difference to compensate for the loss of transformer winding and inverter switching, so it absorbs some real power from system. Fig.  shows the DSTATCOM vector diagrams, which show the inverter output voltage VI, system voltage VT, reactive voltage VL and line current I in correlation with the magnitude and phase α. Fig. a and Fig. b explain how VI and VT produce inductive or capacitive power by controlling the magnitude of the inverter output voltage VI in phase with each other. Fig. c and Fig. d show that the DSTATCOM produces or absorbs real power with VI and VT having a phase difference ±α
[image: image27.emf]
Vector diagrams of DSTATCOM

Figure shows a radial type electric power distribution system feeding an unbalanced load. A DSTACOM is installed in parallel with the unbalance load for on-site load compensation. The reactive power output of the DSTATCOM in each phase, which is inductive or capacitive, can be independently controlled by the controller of the DSTATCOM for real-time load compensation. The method of symmetrical components is used in the paper for deriving the compensation scheme of the DSTATCOM. First in Fig. 1, the line-to-line load bus voltages are transferred to positive- and negative-sequence components by using the symmetrical components transformation matrix [T], as defined in (1). The three-phase unbalanced load currents in the a-b-c reference frame can be expressed as
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Fig.3.8 A radial distribution system with an unbalance load and a DSTATCOM

[image: image29.emf]
Applying the symmetrical components method transfers the three-phase load currents to positive- and negative-sequence components, as shown , the linnet- line voltages are assumed equal to simplify the derivation of the compensation scheme.
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The detection of the load power can be obtained via two wattmeter method, as shown in , the positive- and negative-sequence load currents are represented with line-to-line active and reactive powers, as shown 

[image: image32.emf]
For fast load compensation, the DSTATCOM should compensate the imaginary part of the positive-sequence load current and the entire negative-sequence load current in (7) as soon as possible. In this way, the power source supplies only real part of the positive-sequence load current. Since no zero sequence component appears in three-phase three-wire system, the compensation current can be derived from (8)~(10). Finally, the needed compensation current of the DSTATCOM for load compensation is obtained, as shown

[image: image33.emf][image: image34.emf]
According to (11), the DSTATCOM is now treated as a current-controlled source to locally supply the needed compensation current for on-site load compensation. In the implementation, a current-regulated PWM (CRPWM) inverter is used as the power stage of the DSTATCOM for generating the compensation current, as shown in Fig. 1. In order to keep the dc-link voltage of the inverter in the DSTATCOM at an assigned level during operation, the DSTATCOM needs to absorb active power from the power source to supply the power losses and charge the dc-link capacitor in the DSTATCOM. Hence, use of a P-I type feedback controller in the DSTATCOM controller regulates the active current | Ir| of the DSTATCOM, as shown in (12). The overall compensation scheme of the DSTATCOM is now completed.

[image: image35.emf]
For fast real-time compensation, the DSTATCOM needs to detect the line-to-line power data very quickly to calculate the needed compensation current, as shown in (8). The needed line-to-line power data ar e  [image: image36.emf] A fast detection method for these power data is described in [1]. Moreover, the three-phase power data measurements can also be incorporated in the controller of the DSTATCOM. With a high performance DSP-based system, the compensation scheme and other necessary functions regarding power detections can be implemented very easily. In this way, the necessity for measuring instruments is reduced. This significantly reduces the constructing cost of the DSTATCOM and enhances the system reliability

[image: image37.emf]
                          Block diagram of the proposed DSTATCOM controller.

Figure shows the block diagram of the proposed DSTATCOM controller for the DSTATCOM. According to (11), the DSTATCOM controller calculates the compensation current commands  [image: image38.emf] by using line-to-line voltages  and line current.i The instantaneous compensation currents are obtained with the aid of the synchronous signal sin t via a PLL circuit. Additionally, the dc-link voltage is maintained by supplying a real part of compensation current | Ir| via a P-I controller, as shown in (12). With the same synchronous signal sin t, the instantaneous current for active power balance is also yielded. Combining the above two currents generates the needed three-phase current command signals * * * C , C , C a b c i i i[image: image39.emf] for the DSTATCOM. The paper employees a current-regulated PWM (CRPWM) inverter as the power stage of the proposed DSTATCOM. The CRPWM inverter uses the error signals from the comparison results of the reference signals * * * C , C , C a b c i i i[image: image40.emf] and the actual compensation currents C , C , C a b c i i i[image: image41.emf] as the input. This generates the needed compensation current of the DSTATCOM for fast load compensation.

CONTROL OF THE DSTATCOM/BESS

The proposed multi-level control scheme for the integrated DSTATCOM/BESS device, consisting of an external, middle and internal level, is based on concepts of instantaneous power

on the synchronous-rotating dq reference frame [4] as depicted in Fig. 3. Rotating reference frame is used because it offers higher accuracy than stationary frame-based techniques [5]. All blocks make use of control variables that are feasible to be locally measured. 

A. External Level Control

 
The external level control (left side in Fig. 3) is responsible for determining the active and reactive power exchange between the enhanced custom power device and the 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 DSTATCOM/BESS through the modulation of the reactive component of the output current [6]. 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, vd and vq respectively. This operation permits to design a simpler control system than using abc components, by employing PI compensators. A voltage regulation droop (or slope) Rd is included in order to allow the terminal voltage of the DSTATCOM/BESS to vary in proportion with the compensating reactive current. In this way, a

higher operation stability of the integrated device is obtained in cases that more fast-response compensators are operating in the area. As a result, the PI controller with droop characteristics Fig.  Detailed model of the proposed STATCOM/BESS becomes a simple phase-lag compensator (LC).
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          Fig 3.9 Multi-level control scheme for the DSTATCOM/BESS compensator

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 DSTATCOM/BESS and the PS can be controlled so as to force the batteries to absorb active power when Pr is negative, or to inject active power when Pr is positive. The active power limits have been established with priority over the reactive power ones. In this way, Pmax and Pmin dynamically adjust in real-time the reactive power available from the DSTATCOM/BESS device, through constrains Qmax and Qmin. 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. It is significant to note that as digital signal processing is currently used to implement control techniques, anti-aliasing filtering composed of analog 2nd order low-pass filters is included in the measurement system in order to restrict the input signals bandwidth and thus to approximately satisfy the Shannon- Nyquist sampling theorem.

B. 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, a dynamic model of the integrated DSTATCOM/BESS controller needs to be set up. For this purpose, a simplified scheme of the DSTATCOM/BESS equivalent circuit is used, that is depicted in Fig. . The DSTATCOM is considered as a voltage source that is shunt-connected to the network through the inductance Ls, accounting for the equivalent leakage of the step-up coupling transformer and the series resistance Rs, representing the transformers winding resistance and VSI semiconductors conduction losses. 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 Cd/2 whereas the switching losses of the VSI and power loss in the capacitors are considered by Rp. The BESS is represented by an ideal dc voltage source Vb, and a series resistance Rb, 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 [7]. Both values are included into Rp and Cd/2, respectively. The dynamics equations governing the instantaneous values of the three-phase output voltages in the ac side of the DSTATCOM and the current exchanged with the utility grid are given by (1) and (2).
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C. Internal Level Control:

The internal level is responsible for generating the switching signals for the twelve valves of the three-level VSI, according to the control mode (sinusoidal PWM) and types of valves (IGBTs) used. Fig. 3 (right side) shows a basic scheme of the internal level control of the DSTATCOM/BESS. This level is mainly composed of a line synchronization module and a three-phase three-level PWM firing pulses generator for the DSTATCOM 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 DSTATCOM/BESS device switching pulses; through the phase 􀈙S of the inverse coordinate transformation from dq to  abc components, with the positive sequence components of the ac voltage vector at the PCC (vq). 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 through the PLL. In the case of the sinusoidal PWM pulses generator block, the controller of the VSI generates pulses for the carrier-based three-phase PWM inverter using three-level topology. Thus, the expected sinusoidal-based output voltage waveform Vabc* of the DSTACOM/BESS, 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 corresponding firing pulse for each IGBT of the four ones in each leg of the three-phase three-level VSI.

                                CHAPTER-4
4. VOLTAGE SAG

Voltage  sags  and  momentary  power  interruptions  are  probably  the  most  important  PQ  problem affecting industrial and large commercial customers.  These events are usually associated with a fault at some location in the supplying power system.  Interruptions  occur when the  fault  is  on  the  circuit  supplying  the customer.  But voltage sags occur even if the faults happen to be far away from the customer's site.  Voltage sags lasting only 4-5 cycles can cause a wide range  of sensitive customer equipment to  drop out.   To industrial customers, voltage sag and a momentary interruption are equivalent if both shut their process down.  A typical example of voltage sag is shown in fig 1.  The susceptibility of utilization equipment to voltage sag is dependent upon duration and magnitude of voltage sags and can be define
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Characteristics of Voltage Sags:

Voltage sags which can cause equipment impacts are caused by faults on the power system.

Motor starting also results in voltage sags but the magnitudes are usually not severe enough to cause equipment mis operation

How a  fault results in voltage sag at a customer facility?

            The one line diagram given below in fig. 3 can be used to explain this phenomenon.
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Consider a customer on the feeder controlled by breaker 1.   In  the  case of  a fault  on  this feeder,  the customer will experience voltage sag during the fault and an interruption when the breaker opens to  clear  the fault.  For temporary fault, enclosure may be successful.  

Anyway, sensitive equipment will almost surely trip during this interruption. Another  kind  of  likely  event  would  be  a  fault  on  one  of  the  feeders  from  the  substation  or  a  fault somewhere  on  the  transmission  system,  In  either  of these cases, the customer will experience a voltage sag during the actual period of fault.  As soon as breakers open to clear the fault, normal voltage will be restarted at the customer's end.  Fig 4 is a plot of rms voltage versus time and the waveform characteristics at the customer's location for one of these fault conditions. 

This waveform  is  typical  of the customer voltage  during a fault on a parallel feeder circuit that is cleared quickly by the substation breaker.  The total duration of fault is 150m sec.  The voltage during a fault on a parallel feeder will depend on the distance from the substation to fault point.  A fault close to substation will result in much more significant sag than a fault near the end of feeder.  Fig 5 shows the voltage sag magnitude 
the plant bus as a function of fault location for an example system. [image: image47.emf]
A single line to ground fault condition results in a much less severe voltage sag than 3-phase fault Condition due to a delta--star transformer connection at the plant. Transmission related voltage sags are normally much more consistent than those related to distribution. Because of large amounts of energy associated with transmission faults, they are cleared as soon as possible. 

This normally corresponds to 3-6 cycles, which is the total time for fault detection and breaker operation Normally  customers  do  not  experience  an  interruption  for  transmission  fault. Transmission  systems  are looped  or  networked,  as  distinct  from  radial  distribution  systems.    If a fault  occurs  as  shown  on  the  115KV system, the protective relaying will sense the fault and breakers A and B will open to clear the fault. While the fault is on the transmission system, the entire power system, including the distribution system will experience

Voltage sag. Fig 6 shown the magnitude of measured voltage sags at an industrial plant supplied from a 115 kV system. Most of the voltages were 10-30% below nominal voltage, and no momentary interrupts were measured at the plant during the monitoring period (about a year).   Fig7 given a three-dimensional plot illustrating  the number of sags experienced as a function of both the voltage sag magnitude and the duration.
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This is a convenient way to completely characterize the actual or expected voltage sag conditions at a site.  Evaluating the impact of voltage sags at a customer plant involves estimating the member of voltage sags that  can  be  expected  as  a  function  of  the  voltage  sag  magnitude  and  then  comparing  this  with  equipment sensitivity. 

The estimate of voltage sag performance are developed by performing short-circuit simulations to determine the plant  voltage as a function  of fault location throughout the power system.  Total circuit miles of line exposure that can affect the plant (area of vulnerability) are determined for a particular sag level.   

Historical  fault performance  (fault per  year per 100 miles) can, then  be  used to estimate  the number of sags per year that can be expected below the magnitude.  A chart such as the one in fig 8.  Can be drawn in splitting the expected number of voltage sags by magnitude. This  information  can  be  used  directly  by  the customers to  determine the need  for  power conditioning  equipment at sensitive loads in the plant.

4.1 Voltage-Sag Analysis- Methodology

 The methodology is outlined in chapter9  (proposed) of IEEE Gold book (IEEE standard 493, Recommended practice for the design of reliable industrial and commercial power system) The methodology basically consists of the following four steps: 

Load Flow:

 A load flow representing the existing or modified system  is  required with an accurate  zero- sequence representation.  The machine reactance Xd" or Xd ' is also required.  The reactance used is dependent upon  the post  fault time frame of interest.  The machine and zero-sequence reactance  are  not required to calculate the voltage sag magnitude.

Voltage Sag Calculation:

Sliding faults which include line-line, line to ground, line to line- to ground and three phase are applied to all the lines in the load flow.  Each line is divided into equal sections and each section is faulted as shown in fig 9.

Voltage Sag Occurrence Calculation:
 
 Based  upon the utilities reliability data (the number of  times  each  line section  will  experience  a fault) and the results of load flow and voltage sag calculations, the number of voltage sags at the customer site due to remote faults can be calculated.  Depending upon the equipment connection, the voltage sag occurrence rate may be calculated in terms of either phase or line voltages dependent upon the load connection.  For some facilities, both line and phase voltages may be required.   The  data  thus obtained from  load  flow, Voltage  sag calculation,  and  voltage  sag  occurrence  calculation  can  be  sorted  and  tabulated  by  sag magnitude,  fault  type, location of fault and nominal system voltage at the fault location

Study of Results of Sag- Analysis:

The results can be tabulated and displayed in many different ways to  recognize difficult aspects.  Area of vulnerability can be plotted on a geographical map or one - line diagram (fig 9). These plots can be used to target transmission and distribution lines for enhancements in reliability.  Further  bar charts, and pie-charts showing the total number of voltage  sags with reference to voltage level at fault point, area/zone of fault,  or  the  fault  type  can  be  developed  to  help utilities  focus  on their system improvements (figs. 10 and 11) To examining the existing system, system modifications aimed at mitigating or reducing voltage sags can also be identified, thus enabling cost benefits analysis.  Possible such system structural changes that can be identified include.

  
Reconnection of a customer from one voltage level to another, Installation of Ferro-resonant transformers or time delayed under voltage, drop out relay to facilitate easy ride - through the sag

Application of static transfer switch and energy storage system., Application of fast acting synchronous condensers,  Neighborhood generation capacity addition ,  Increase service voltage addition through transformer tap changing,  By enhancement of system reliability

Equipment Sensitivity Studies:

A.Process controllers can be very sensitive to voltage sags: 
 An electronic component manufacturer was experiencing problems with large chiller motors tripping off-line during voltage sag conditions.   A 15VA process controller which regulates water temperature was thought to be causing individual chillers to trip.  This controller  was  tested  using  a  voltage  sag  simulator  for  voltage  sags  from  0.5-1000  cycles  in  duration.    The controller was found to be very sensitive to voltage sags tripping at around 80%  of voltage  regardless of duration.

B.Chip Testers: 

Electronic chip testers are very sensitive to voltage variations, and because of the complexity involved, often require 30 minutes or more to restart.  In addition, the chips involved in the testing process can

be damaged and several days' later internal electronic circuit boards in the testers may fail.  A chip tester consists of a collection of electronic loads, printers, computers, monitors etc.  If any one component of the total package goes down, the entire testing process is disrupted.  The chip testers can be 50KVA or larger in size.

C.DC Drives: 

DC drives are  used in many industrial proc esses, including printing  presses and plastics manufacturing. The plastic  extrusion  process  is  one  of the common applications where voltage sag can be particularly important.  The extruders melt and grind plastic pellets into liquid plastic.   The liquid plastic may then be blowup into a bag or processed in some other way before winder winds the plastic into spools. During voltage sag, the controls to the D.C.  drives and winders  may  trip.    These operations are typically completely automated and an interruption  can cause very  expensive  cleanup  and  restarting requirements.  Losses may be of the order of Rs. 15 lakhs / event and a plant fed from a distribution system is likely to experience at least one event per month.  Extra ders begin to have problems when the voltage sags to only 88% of normal, which indicates a very high level of sensitivity.  Faults May miles away from the plant will cause voltage sags down to 88% level.  Even protecting only the winders and controls does not serve the purpose always.  When they are protected and voltage sag occurs, the controls and winders continue to work properly. However, the dc drives slow down.  For severe voltage dips, the slowing down is so much that the process is interrupted.  Therefore D.C. drives also need to be helped to ride through all voltage sags. 
D .Programmable Logic Controllers. 
 Their overall sensitivity to voltage sags varies greatly by portions of  an overall  PLC  system have  been  found to  be  very sensitive The remote I/O units  have been  found to trip for voltages as high as 90% for a few cycles. 

E. Machine Tools: Robots or complicated machines used in cutting, drilling and metal processing can be very sensitive to voltage variation.  Any variation in voltage can affect the quality of the part that is being machined.      Robots generally need very constant voltage to operate properly  and  safely.   Any voltage  fluctuations especially sags. May cause unsafe operation of robot. Therefore these types of machines re often set to trip at voltage levels of only 90%

Solutions to Voltage Sag Problems:

           Efforts by utilities and customers can reduce the number and severity of sags.

 A. Utility solutions: Utilities can take two main steps to reduce the detrimental effects of sags –

 (1) Prevent fault

 (2) Improve fault clearing methods

Fault prevention methods include activities like tree trimming, adding line arrests, washing insulators and installing  animal  guards. Improved fault clearing practices include activities like adding line recloses, eliminating fast tripping, adding loop schemes and modifying feeder design.  These may reduce the number and /or duration of momentary interruptions and voltage sags but faults cannot be eliminated completely.

B.  Customer solutions: Power conditioning is the general concept behind these methods. Fig 12 is a schematic f the general approach used.

Power conditioning helps to

1.  Isolate equipment from high frequency noise and transients.

2.  Provide voltage sag ride through capability

The  following are  some of the  solutions available to provide ride  - through capability to critical loads.

Motor generator sets (M-G sets)

Uninterruptible Power supply (UPS's)

Ferro resonant, constant voltage transformers (CVT's)

Magnetic synthesizers

Super conducting storage devices (SSD's)

[image: image49.emf]
MG sets usually utilize flying wheels for energy storage.  They completely decouple the loads

from electric power system Relational energy in the flywheel provides voltage  regulation  and voltage  support during under voltage conditions.  MG sets have relatively high efficiency and low initial cost. UPS's (Fig.13): utilize batteries to store energy which is converted to usable form during an outage  or voltage  sag UPS technology is  well established and there are many UPS  configurations  to  choose

From.

[image: image50.emf]
CTS can be used to enhance voltage sag ride through capability.  CVT's are basically 1; transformers which are excited high on their saturation curves, thereby supplying output voltage which is fairly independent of input voltage variations.  Magnetic synthesizers are generally used for larger loads.  A load of at least several KVA is needed to make these units cost effective.  They are often  used to  protect large computers and  other sensitive electronic equipment, This is an electromagnetic device which generates a clean three phase ac output way form regardless of input power quality (Fig . 14) SSD's utilize a super conducting magnet (Fig.15)  store energy in the same way a UPS  uses batteries to store energy.  SSD's  occupy less space and use fewer electrical connections as compared to UPS's thus promising better reliability.  They are also expected to become economically competitive.
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Economic Evaluation

If the less-expensive solutions mentioned in this brief are not effective, the next step is to evaluate the life-cycle costs and effectiveness of voltage sag mitigation technologies. This task can be very challenging and tends to be beyond the expertise of most industrial facility managers. This type of evaluation requires an analysis of the costs of your voltage sag problems in terms of downtime and lost production, the costs of the devices, and an Understanding of how the mitigation devices work, including partial solutions. A good place to start in performing this type of analysis is to ask your utility or a power quality consultant for assistance. Many utilities offer power quality mitigation services or can refer you to outside specialists.
4.2 VOLTAGE SOURCE CONVERTERS (VSC)

A voltage-source converter is a power electronic device, which can generate a sinusoidal voltage with any required magnitude, frequency and phase angle. Voltage source converters are widely used in adjustable-speed drives, but can also be used to mitigate voltage dips. The VSC is used to either completely replace the voltage or to inject the ‘missing voltage’. The ‘missing voltage’ is the difference between the nominal voltage and the actual. The converter is normally based on some kind of energy storage, which will supply the converter with a DC voltage. The solid-state electronics in the converter is then switched to get the desired output voltage. Normally the VSC is not only used for voltage dip mitigation, but also for other power quality issues, e.g. flicker and harmonics. 

The voltage source rectifier operates by keeping the dc link voltage at a desired reference value, using a feedback control loop as shown in Fig. 12.36. To accomplish this task, the dc link voltage is measured and compared with a reference VREF. The error signal generated from this comparison is used to switch the six valves of the rectifier ON and OFF. In this way, power can come or return to the ac source according to dc link voltage requirements. Voltage VD is measured at capacitor CD. When the current ID is positive (rectifier operation), the capacitor CD is discharged, and the error signal ask the Control Block for more power from the ac supply. The

Control Block takes the power from the supply by generating the appropriate PWM signals for the six valves. In this way, more current flows from the ac to the dc side, and the capacitor voltage is recovered. Inversely, when ID becomes negative (inverter operation), the capacitor CD is overcharged, and the error signal asks the control to discharge the capacitor and return power to the ac mains. The PWM control not only can manage the active power, but also reactive power, allowing this type of rectifier to correct power factor. In addition, the ac current waveforms can be maintained as almost sinusoidal, which reduces harmonic contamination to the mains supply. Pulse width-modulation consists of switching the valves ON and OFF, following a pre-established template. This template could be a sinusoidal waveform of voltage or current. For example, the modulation of one phase could be as the one shown in Fig. 12.37. This PWM pattern is a periodical waveform whose fundamental is a voltage with the same frequency of the template. The amplitude of this fundamental, called VMOD in Fig. 12.37, is also proportional to the amplitude of the template.

To make the rectifier work properly, the PWM pattern must generate a fundamental VMOD with the same frequency as the power source. Changing the amplitude of this fundamental

[image: image52.emf]
           Fig.4.1 Operation principle of the voltage source rectifier.

[image: image53.emf]
FIGURE A PWM pattern and its fundamental VMOD. and its phase-shift with respect to the mains, the rectifier can be controlled to operate in the four quadrants: leading power factor rectifier, lagging power factor rectifier, leading power factor inverter, and lagging power factor inverter. Changing the pattern of modulation, as shown in Fig. 12.38, modifies the magnitude of VMOD. Displacing the PWM pattern changes the phase-shift. The interaction between VMOD and V (source voltage) can be seen through a phasor diagram. This interaction permits understanding of the four-quadrant capability of this rectifier. In Fig. 12.39, the following operations are displayed: (a) rectifier at unity power factor; (b) inverter at unity power factor; (c) capacitor (zero power factor); and (d) inductor (zero power factor). In Fig. 12.39 Is is the rms value of the source current is . This current flows through the semiconductors in the same way as shown in Fig. 12.40. During the positive half cycle, the transistor TN connected at the negative side of the dc link is switched ON, and the current is begins to flow through TN .iTn.. The current returns to the mains and comes back to the valves, closing a loop with another phase, and passing through a diode connected at the same negative terminal of the dc link. The current can also go to the dc load (inversion) and return through another transistor located at the positive terminal of the dc link. When the transistor TN is switched OFF, the current path is interrupted, and the current begins to flow through diode DP, connected at the positive terminal of the dc link. This current, called iDp in Fig, goes directly to the dc link, helping in the generation of the current idc . The current idc charges the capacitor CD and permits the rectifier to produce dc power. The inductances LS are very important in this process, because they generate an induced voltage that allows conduction of the diode DP. A similar operation occurs during the negative half cycle, but with TP and DN
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                 Changing VMOD through the PWM pattern.

[image: image55.emf]
Four-quadrant operation of the force-commutated rectifier: (a) the PWM force-commutated rectifier; (b) rectifier operation at unity power factor; (c) inverter operation at unity power factor; (d) capacitor operation at zero power factor; and (e) inductor operation at

zero power factor.

 
Under inverter operation, the current paths are different because the currents flowing through the transistors come mainly from the dc capacitor CD. Under rectifier operation, the circuit works like a Boost converter, and under inverter operation it works as a Buck converter. To have full control of the operation of the rectifier, their six diodes must be polarized negatively at all values of instantaneous ac voltage supply. Otherwise, the diodes will conduct, and the PWM rectifier will behave like a common diode rectifier bridge. The way to keep the diodes blocked is to ensure a dc link voltage higher than the peak dc voltage generated by the diodes alone, as shown in Fig. 12.41. In this way, the diodes remain polarized negatively, and they will conduct only when at least one transistor is switched ON, and favorable instantaneous ac voltage conditions are given represents the capacitor dc voltage, which is kept higher than the normal diode-bridge rectification value nBRIDGE. To maintain this condition, the rectifier must have a control loop like the one displayed in Fig. 
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Current waveforms through the mains, the valves, and the dc link.

Three-Phase Voltage Source Inverters:

Single-phase VSIs cover low-range power applications and three-phase VSIs cover the medium- to high-power applications. The main purpose of these topologies is to provide a three-phase voltage source, where the amplitude, phase, and frequency of the voltages should always be controllable. Although most of the applications require sinusoidal voltage waveforms (e.g., ASDs, UPSs, FACTS, var compensators), arbitrary voltages are also required in some emerging applications (e.g., active filters, voltage compensators). The standard three-phase VSI topology and the eight valid switch states are given in Table 14.3. As in single-phase VSIs, the switches of any 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 VSI, and thus undefined ac output line voltages, the switches of any leg of the inverter cannot be switched off simultaneously as this will result in voltages that will depend upon the respective line current polarity. Of the 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 remaining states produce nonzero ac output voltages. In order to generate a given voltage waveform, the inverter moves from one state to another. Thus the resulting ac output line voltages consist of discrete values of voltages that are vi 0, and ÿvi for the topology shown in Fig. The selection of the states in order to generate the given waveform is done by the modulating technique that should ensure the use of only the valid states.
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4.3 LCL Passive filter
The line-filter between the converter and the grid can be reduced by using an LCL-filter instead of an L-filter. The main drawback with this is that the LCL-filter will introduce a resonance frequency into the system. Harmonic components in the output voltage can lead to resonance oscillations and instability problems unless they are properly handled. One way of reducing the resonance current is by adding a passive damping circuit to the filter. This damping circuit can be purely resistive, causing relatively high losses, or a more complex solutions consisting of a combination of resistors, capacitors and inductors. A more attractive option is the use of active damping where the output voltage from the converter is used to damp out the resonance oscillations. Several methods for active damping have been presented in the literature, but most of these are utilizing sensors for measuring the either the capacitor voltages or currents, only a few methods based on sensorless control have been presented. The focus in this paper is on sensorless control and how to realize active damping without measuring anything but the output current from the converter and the dc bus voltage.

The Virtual Flux Concept

A typical LCL-filter is shown in Figure 1 where V1 is the grid side voltage, Vc is the voltage across the filter capacitor and V2 is the converter output voltage.

[image: image59.emf]
The capacitor voltage, Vc, can be expressed by equation (1) whereas the grid side voltage,V1, can be expressed by equation (2). 

[image: image60.emf]
The main problem with equation (2) is that it depends on the third derivative of the converter output current, a fast changing quantity containing a relatively large amount of ripple in addition to measurement and discretization noise. It is therefore desirable to express the equations in an Alternative way. One such way is to use the virtual flux concept introduced by for the VOC and later by for the DPC. The converter side flux is given by equation (3) whereas the capacitor and grid side virtual flux is given by equation (4) and (5). Drift compensation of the virtual flux is done using the method described by Niemela.
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The capacitor current can be estimated using equation (6).
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The control system based on the voltage oriented control (VOC) and virtual flux is shown in Figure 2
[image: image63.emf]
Active Damping:
Using lead-lag compensator

A method for active damping using a lead-lag compensator was introduced in [1], [2], and a sensorless solution of the same method was simulated in [3]. The lead compensator used to add positive phase to the system is shown in equation (7). The compensator has to be tuned for the systems resonance frequency.

[image: image64.emf]
The control system with virtual flux and active damping using lead-lag compensators is shown in Figure 3. The estimated capacitor voltages are coming from the virtual flux model and the two correction voltages from the lead-lag element are added to the output from the two current

regulators.

The effect of the lead-lag compensator can be seen by comparing the two bode plots in Figure 4 and Figure 5. The first bode plot shows the open loop response of the current control loop without the lead-lag compensator whereas the latter shows the response with the compensator.
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TOTAL HARMONIC DISTORTION
Harmonic problems are almost always introduced by the consumers’ equipment and installation practices. Harmonic distortion is caused by the high use of non-linear load equipment such as computer power supplies, electronic ballasts, compact fluorescent lamps and variable speed drives etc, which create high current flow with harmonic frequency components. The limiting rating for most electrical circuit elements is determined by the amount of heat that can be dissipated to avoid overheating of bus bars, circuit breakers, neutral conductors, transformer windings or generator alternators. 

Definition

THD is defined as the RMS value of the waveform remaining when the fundamental is removed. A perfect sine wave is 100%, the fundamental is the system frequency of 50 or 60Hz. Harmonic distortion is caused by the introduction of waveforms at frequencies in multiplies of the fundamental ie: 3rd harmonic is 3x the fundamental frequency / 150Hz. Total harmonic distortion is a  easurement of the sum value of the waveform that is distorted.
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Power Measurement

Despite the use of good quality test meter instrumentation, high current flow can often remain undetected or under estimated by as much 40%. This severe underestimation causes overly high running temperatures of equipment and nuisance tripping. This is simply because the average reading test meters commonly used by maintenance technicians, is not designed to accurately measure distorted currents, and can only provide indication of the condition of the supply at the time of checking. Power quality conditions change continuously, and only instruments offering true RMS measurement of distorted waveforms and neutral currents can provide the correct measurements to accurately determine the ratings of cables, bus bars and circuit breakers.

Neutral Currents

High harmonic environments can produce unexpected and dangerous neutral currents. In a balanced system, the fundamental currents will cancel out, but, triple- N’s will add, so harmonic currents at the 3rd, 9th, 15th etc. will flow in the neutral. Traditional 3 phase system meters are only able to calculate the vector of line to neutral current measurements, which may not register the true reading. Integra 1530, 1560 and 1580 offer a 3 phase 4 wire versions with a neutral 4th CT allowing true neutral current measurement and protection in high harmonic environments. 

Harmonic Profiles 

There is much discussion over the practical harmonic range of a measurement instrument; however study of the harmonic profiles of typically installed equipment can guide the system designer to the practical solution. A typical harmonic profile graph will show a logarithmic decay as the harmonic frequency increases. It is necessary to establish the upper level at which the harmonic content is negligible.

For Example:

A laptop switch mode power supply causes approximately 25% of 3rd harmonic, 19% of 5th harmonic, 10% of 7th harmonic and 5% of 9th harmonic etc. Therefore it can be seen that almost all the harmonic content in an IT dominated load will be below the 15th harmonic. In a 3 phase load incorporating 6 pulse bridge technology as is common in many variable speed drives, UPS systems and DC converters, similar profiles will be observed but extending to the 25th and 27th harmonic. 
                                         CHAPTER-5

5.MODELLING OF CASE STUDY

DISTRIBUTION STATIC COMPENSATOR (D-STATCOM)

A D-STATCOM consists of a two-level VSC, a dc energy storage device, controller and a coupling transformer connected in shunt to the distribution network. Figure 2.1 shows the schematic diagram of D-STATCOM.
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Referring to the equation 2.2, output current will correct the voltage sags by adjusting the voltage drop across the system impedance. It may be mention that the effectiveness of D-STATCOM in correcting voltage sags depends on:

a) The value of Impedance, 
b) The fault level of the load bus
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A.Voltage Source Converter (VSC)

A voltage-source converter is a power electronic device that connected in shunt or parallel to the system. It can generate a sinusoidal voltage with any required magnitude, frequency and phase angle. The VSC used to either completely replace the voltage or to inject the ‘missing voltage’. The ‘missing voltage’ is the difference between the nominal voltage and the actual. It also converts the DC voltage across storage devices into a set of three phase AC output voltages [8, 9]. In addition, D-STATCOM is also capable to generate or absorbs reactive power. If the output voltage of the VSC is greater than AC bus terminal voltages, D-STATCOM is said to be in capacitive mode. So, it will compensate the reactive power through AC system and regulates missing voltages. These voltages are in phase and coupled with the AC system through the reactance of coupling transformers. Suitable adjustment of the phase and magnitude of the DSTATCOM output voltages allows effectives control of active and reactive power exchanges between D-STATCOM and AC system. In addition, the converter is normally based on some

kind of energy storage, which will supply the converter with a DC voltage [10].

B. Controller

Figure 2.2 shows the block diagram of Controller system. The controller system is partially part of distribution system.
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Proportional-integral controller (PI Controller) is a feedback controller which drives the system to be controlled with a weighted sum of the error signal (difference between the output and desired set point) and the integral of that value. In this case, PI controller will process the error signal to zero. The load r.m.s voltage is brought back to the reference voltage by comparing the reference voltage with the r.m.s voltages that had been measured at the load point. It also is

used to control the flow of reactive power from the DC capacitor storage circuit. PWM generator is the device that generates the Sinusoidal PWM waveform or signal. To operate PWM generator, the angle is summed with the phase angle of the balance supply voltages equally at 120 degrees. Therefore, it can produce the desired synchronizing signal that required. PWM generator also received the error signal angle from PI controller. The modulated signal is compared against a triangle signal in order to generate the switching signals for VSC valves.

C. Energy Storage Circuit

[image: image70.emf]
DC source is connected in parallel with the DC capacitor. It carries the input ripple current of the converter and it is the main reactive energy storage element. This DC capacitor could be charged by a battery source or could be recharged by the converter itself.

D. LCL Passive Filter

LCL Passive filter is more effective on reducing harmonic distortion. To design it, equation (2.3), (2.4) and (2.5) are used.
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To design an efficient LCL Passive filters make sure that 10,[image: image72.emf]
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 METHODOLOGY

To enhance the performance of distribution system, DSTATCOM was connected to the distribution system. DSTATCOM was designed using MATLAB simulink version R2007b. Figure 3.1 below shows the flowchart for the methodology:

[image: image75.emf]
The test system shown in figure 3.2 comprises a 230kV, 50Hz transmission system, represented by a Thevenin equivalent, feeding into the primary side of a 3-winding transformer connected in Y/Y/Y, 230/11/11 kV. A varying load is connected to the 11 kV, secondary side of the transformer. A two-level D-STATCOM is connected to the 11 kV tertiary winding to provide instantaneous voltage support at the load point. A 750 μF capacitor on the dc side provides the D-STATCOM energy storage capabilities. Breaker 1 is used to control the period of operation of the D-STATCOM and breaker 2 is used to control the connection of load 1 to the system.

MATLAB DESIGN OF CASE STUDY
Diagram of the test system
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CONCLUSION
The simulation results show that the voltage sags can be mitigate by inserting D-STATCOM to the distribution system. By adding LCL Passive filter to D-STATCOM, the THD reduced within the IEEE STD 519-1992. The power factors also increase close to unity. Thus, it can be concluded that by adding D-STATCOM with LCL filter the power quality is improved.
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