
INTRODUCTION

 A voltage sag is a momentary decrease in the rms voltage, usually caused by a fault in the utility transmission line or distribution system within customer facility. It is a temporary voltage drop below 90% of the nominal voltage level. Voltage sags and momentary power interruptions are probably the most important power quality problems affecting industrial and large commercial customers.
           A voltage sag  is a sudden reduction in the supply voltage magnitude followed by a voltage recovery after a short period of time. Voltage sags are mainly caused by short circuits, overloads and starting of large motors. The importance of voltage sags has increased due to problem sags cause to many types of equipment. To be able to estimate the damage voltage sags cause to customers also new tools and analysis programs are needed.

         Network information systems are widely used in power distribution companies. These systems include tools for case-specific steady state analysis for different purposes, e.g. programs for load flow calculations, fault current analysis, load growth estimation and reliability analysis. Also voltage sag analysis could be included in this list of programs.

This paper presents typical voltage sag distributions calculated for Finnish rural and urban networks. Voltage sags propagate throughout the power system and a sag sensitive customer can experience sags caused by faults at the same, higher or lower voltage levels. In this paper the main interest is distribution companies and their possibilities in decreasing the impact of voltage sags. Thus only voltage sags caused by short circuit faults on MV radially operated networks and experienced by LV customers are studied. Network characteristics have influence on voltage sag distribution. 
  In this paper it is shown that while one investment may be justified e.g. in the sense of reliability the same investment may worsen the situation related to voltage sags. This is one basis to include sag analysis in network information systems. The platform used for network planning in power distribution companies and including voltage sag analysis is presented.
  This paper describes the causes of voltage sags, their impacts on equipment operations and possible solutions. This paper focuses on system faults as the major cause of voltage sags. The sensitivity of different types of equipments including programmable logic controllers and motor contactors is analyzed. Then the range of fault locations on the power system that can cause problems is estimated (area of vulnerability)
                                                                          The customer will have to improve the ride through capability of their sensitive equipment. If system power conditioning is expensive it may be economical in the long term to improve the design of the equipment. Mitigation of voltage sags requires careful inspection of the characteristics of the process and of the nature and origin of events. 
                              The installation of mitigation devices (normally the only choice for the customers) can be seen as a short term solution. The mitigation capability of these devices is mainly limited by the energy storage capacity. Only improvement of system performance (for long deep sags) and of equipment tolerance (for short, shallow sags) can solve the problem in the long term
WHAT ARE VOLTAGE SAGS?

           Electronic devices function properly as long as the voltage (or driving force) of the electricity feeding the device stays within a consistent range. There are several types of voltage fluctuations that can cause problems, including surges and spikes, sags, harmonic distortions, and momentary disruptions.  A voltage sag is not a complete interruption of power; it is a temporary drop below 90 percent of the nominal voltage level. Most voltage sags do not go below 50 percent of the nominal voltage, and they normally last from 3 to 10 cycles—or 50 to 170 milliseconds. Voltage sags are probably the most significant power quality (PQ) problem facing industrial customers today, and they can be a significant problem for large commercial customers as well.
There are two sources of voltage sags: external (on the utility’s lines up to your facility) and internal (within your facility). Utilities continuously strive to provide the most reliable and consistent electric power possible. In the course of normal utility operations, however, many things can cause voltage sags. Storms are the most common cause of external sags and momentary interruptions in most areas of the U.S. A storm passing through an area can result in dozens of major and minor PQ variations, including sags.

                                                             For example, consider how PQ would be affected by a lightning strike on or near a power line or by wind sending tree limbs into power lines. Other common causes of external voltage sags are ice storms, animals (particularly squirrels), and the start-up of large loads at neighboring facilities. Internal causes of voltage sags can include starting major loads and grounding or wiring problems.

Whether or not a voltage sag causes a problem will depend on the magnitude and duration of the sag and on the sensitivity of your equipment. Many types of electronic equipment are sensitive to voltage sags, including variable speed drive controls, motor starter contactors, robotics, programmable logic controllers, controller power supplies, and control relays. Much of this equipment is used in applications that are critical to an overall process, which can lead tower expensive downtime when voltage sags occur. 

                                                                               If your facility is having frequent voltage sag problems, a good place to start is with your utility. Ask about the utility’s statistics regarding performance in your area. You should also look into possible internal causes. But whether the causes are mainly external or internal, you should consider taking charge of the problem and working toward a cost effective solution for your facility.
VOLTAGE SAG DEFINITION
· Voltage Sag:
  A Voltage Sag as defined by IEEE Standard 1159-1995, IEEE Recommended Practice for Monitoring Electric Power Quality, is a decrease in RMS voltage at the power frequency for durations from 0.5 cycles to 1 minute, reported as the remaining voltage.                                                                                                                                                                                             
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The measurement of a Voltage Sag is stated as a percentage of the nominal voltage, it is a measurement of the remaining voltage and is stated as a sag to a percentage value. Thus a Voltage Sag to 60% is equivalent to 60% of nominal voltage, or 288 Volts for a nominal 480 Volt system.
· Voltage Dip:
In North America a Voltage Dip is usually understood to mean the amount by which the nominal voltage declines - in percentage terms this is 100-Voltage Sag. Thus a voltage  dip of 40% equates to a Voltage Sag to 60% . Unfortunately in practice there is confusion and the terms Voltage Sag and Voltage Dip are sometimes interchanged. It is therefore important that data is clarified.
WHERE DO VOLTAGE SAGS OCCUR?
· Utility Systems:
Voltage sags can occur on Utility systems both at distribution voltages and transmission voltages. Voltage sags which occur at higher voltages will normally spread through a utility system and will be transmitted to lower voltage systems via transformers.
· Inside Industrial Plants:
 Voltage sags can be created within an industrial complex without any influence from the Utility system. These sags are typically caused by starting large motors or by electrical faults inside the facility.
CAUSES OF VOLTAGE SAGS
1. Utility Systems

· Operation of Reclosers and Circuit breakers

 If for any reason a sub-station circuit breaker or a reclose is tripped, then the line which it is feeding will be temporarily disconnected. All other feeder lines from the same substation system will see this disconnection event as a voltage sag which will spread to consumers on these other lines. The depth of the voltage sag at the consumer’s site will vary depending on the supply line voltage and the distance from the fault. Typically a higher supply voltage will have larger sag affected zone
· Equipment Failure
 If electrical equipment fails due to overloading, cable faults etc., protective equipment will operate at the sub-station and voltage sags will be seen on other feeder lines  across the utility system.
· Bad Weather

Thunderstorms and lightning strikes cause a significant number of voltage sags. If lightning strikes a power line and continues to ground, this creates a line to ground fault. The line to ground fault in turn creates a voltage sag and this reduced voltage can be seen over a wide area. Note the lightning strike to ground causes Voltage Sags on all other lines . 
Circuit breakers and reclosers operate more frequently in poor weather conditions High winds can blow tree branches into power lines. As the tree branch strikes the line, a line to ground fault occurs which creates a voltage sag. 
                                                                     If the line protection system does not operate immediately, a series of sags will occur if the branch repeatedly touches the power line. Broken branches landing on power lines cause phase to phase and phase to ground faults Snow and Ice build up on power line insulators can cause flash-over, either phase to ground or phase to phase. Similarly snow or ice falling from one line can cause it to rebound and strike another line. These events cause voltage sags to spread through other feeders on the system.
· Pollution

Salt spray build up on power line insulators over time in coastal areas, even many miles inland, can cause flash over especially in stormy weather. Dust in arid inland areas can cause similar problems. As circuit protector devices operate, voltage sags appear on other feeders
· Animals & Birds

  Animals particularly squirrels, racoons and snakes occasionally find there way onto power lines or transformers and can cause a short circuit either phase to phase or phase to ground. Large birds, geese and swans, fly into power lines and cause similar faults. While the creature rarely survives, the protective circuit breaker operates and a voltage sag is created on other feeders.
· Vehicle Problems

Utility power lines frequently run alongside public roads. Vehicles occasionally collide with utility poles causing lines to touch, protective devices trip and voltage sags occur.
· Construction Activity

Even when all power lines are underground, digging foundations for new building construction can result in damage to underground power lines and create voltage sags.
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2. Inside Industrial Plants:
Voltage sags can be caused within an industrial facility or a group of facilities by the starting of large electric motors either individually or in groups. The large current inrush on starting can cause voltage sags in the local or adjacent areas even if the utility line voltage remains at a constant nominal value.

MULTI PHASE SAGS AND SINGLE PHASE SAGS
· Single Phase Sags

The most common voltage sags, over 70%, are single phase events which are typically due to a phase to ground fault occurring somewhere on the system. This phase to ground fault appears as a single phase voltage sag on other feeders from the same substation. Typical causes are lightning strikes, tree branches, animal contact etc. It is not uncommon to see single phase voltage sags to 30% of nominal voltage or even lower in industrial plants.
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                    Figure 1. Phase shift of line B to the ground fault.
· Phase to Phase Sags

  2-Phase, phase to phase sags may be caused by tree branches, adverse weather, animals or vehicle collision with utility poles. The two phase voltage sag will typically appear on other feeders from the same substation.
[image: image5.emf]
                                                 (a)

[image: image6.emf]
                                  (b)

Fig2. (a) Phase shift for line A and B to the ground fault (b) Rms voltage drop
· Phase Sags

                                      Symmetrical 3 phase sags account for less than 20% of all sag events and are caused either by switching or tripping of a 3 phase circuit breaker, switch or recloser which will create a 3 phase voltage sag on other lines fed from the same substation.

                                                  3-phase sags will also be caused by starting large motors but this type of event typically causes voltage sags to approximately 80% of nominal voltage and are usually confined to an industrial plant or its immediate neighbours.
VOLTAGE SAGS AFFECT PRODUCTION
Both single phase and multiphase voltage sags can cause unplanned production

stoppages but single phase (120V) control devices and electronic sensors can be very vulnerable to voltage sags.

                                         Modern electronic equipment requires more precise voltage regulation than traditional devices such as induction motors. When manufacturing industry used mechanical devices and gearboxes to control the speed of its processes, many of which were relatively slow and required manual operation or intervention by operators, voltage variations were not such a serious issue.

Automation has lead to high speed processes, automatic electronic sensing and controls precision machine tools have sophisticated electronic controls, variable speed drives have replaced many gearboxes and any unplanned manufacturing stoppage can be very expensive.

                                                     Electronic process controls, sensors, computer controls, PLC’s and variable speed drives, even conventional electrical relays are all to some degree susceptible to voltage sags. In many cases one or more of these devices may trip if there is a voltage sag to less than 90% of nominal voltage even if the duration is only for one or two cycles i.e. less than 100 milliseconds.

                                                           The time to restart production after such an unplanned stoppage can typically be measured in minutes, hours or even days. Costs per event can be many tens of thousands of dollars.

INDUSTRIAL RESPONSIBILITY
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Fig. Indusrial distribution system
Industrial customers who have invested heavily in production equipment which is

susceptible to voltage sags must take responsibility for their own solutions to voltage sags or lose some benefit from their investment.
Voltage sags are a fact of life – 

                                                       They cannot readily be eliminated from regular

utility systems. For the industrial customer the solution may involve replacement of components or devices, which are especially sensitive, with less voltage sensitive substitutes or installation of some form of protection against voltage sags.
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Fig.  Magnitude and duration
SOLUTIONS TO VOLTAGE SAG PROBLEMS
The first step toward a cost-effective solution is to understand the sensitivity of your electronic equipment to momentary interruptions and voltage sags. You can find this information by consulting the equipment manufacturer’s specifications and testing data.

                           You can also test the sensitivity of your equipment to voltage sags using a measuring device called a sag generator, which generates voltage sags and records the responses of the equipment. There are several possible solutions to voltage sag problems.

                        Generally, the least expensive approach is to purchase controls and other electronic equipment designed with a greater tolerance to voltage sags. Information on these tolerances should be included in the equipment’s specifications. Another inexpensive and simple solution is to adjust the trip thresholds of sensitive equipment. If you identify a relay that is inadvertently tripping during a voltage sag, you can change its settings—either the voltage threshold or the trip delay. However, you can only do this if the trip settings were set too conservatively, so it is important to understand what they were designed to protect.
                                      Another option is to install a coil hold-in device. These devices are designed to mitigate the effects of voltage sags on individual relays and contactors. Coil hold-in devices are installed between the relay or contactor coil connection terminals and the incoming alternating current (AC) control line. They allow a relay or contactor to remain engaged until the voltage drops to about 25 percent of nominal, significantly improving
                                   its voltage sag tolerance without interfering with emergency shutoff functions. The best application for this type of device is to support relays and contactors in an emergency off circuit, master control relay, or motor control circuit. Coil hold-in devices normally cost less than $50 and are small enough to be installed next to the contactor, relay, or motor starter. The next level of potential solutions in terms of cost is to consider modifying the power supplied to the sensitive equipment. For example, it may be possible to substitute a direct current (DC)–operated power supply for an AC supply. This would allow you to use simple capacitors or batteries to help support the DC bus. This is the approach that high-reliability telecommunications systems commonly use. 
                                                 The remaining solutions for voltage sag problems involve installing some form of power conditioning device. These solutions increase in cost with the size and scope of the equipment or circuits being protected.

              There are several technologies that serve as quick acting voltage regulators on the AC power supply. One of the most common of these is an uninterruptible power supply (UPS). UPSs have the disadvantage of relying on a battery, which has a limited life, generates hydrogen gas (requiring ventilation), and becomes hazardous waste when it is disposed of at the end of its useful life. On the plus side, UPSs can help the equipment plugged into them ride through sags, momentary interruptions, and even extended interruptions up to the limit of the battery—10 minutes or more. A UPS can be installed off-line, which is cheaper, or on-line, which doubles the cost but adds the ability to filter out all types of voltage disturbances, including spikes and harmonic distortions.

Another common quick-acting voltage regulator is a constant voltage transformer (CVT). CVTs provide sag ride-through and also filter spikes, but they are not able

to protect against interruptions, either momentary or sustained. CVTs are often used for relatively constant, low-power loads, and have the advantage of lower operating and maintenance costs than UPSs, because CVTs don’t require batteries. For an individual computer or a group of machines, another solution is to install a dynamic sag corrector, which can ride through a sag down to 50 percent of nominal voltage for up to 2.0 seconds and through an interruption of up to 0.2 seconds. Dynamic sag correctors are available in single- or three-phase

configurations, for loads of 1.5 to 2,000 kilo volt amperes (kVA). The single-phase configuration is more expensive, because it requires a storage device. UPSs and CVTs are available in smaller capacities than 1.5 kVA, and therefore may be cheaper for these smaller loads.
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VOLTAGE SAG CORRECTION DEVICES
· Traditional Solutions

 Traditional methods of Voltage Control included Transformer Tap Changers both mechanical and SCR switched units, Servo-Variac technology and Ferro-Resonant Transformers (constant voltage transformers). In some cases and for some applications these traditional technologies may still be applicable and work well but in many cases they were designed to correct problems other than voltage sags.
· UPS Solutions

 Uninterruptible Power Supplies (UPS) technology has been available for over 20 years and is ideally suited for those applications such as high speed data processing where continuous protection against any power variation and more importantly against any power interruption is essential.

Industrial UPS units are widely used to protect electronic process control equipment and to allow for an orderly shutdown of the process but it is rarely economic to install large UPS systems with their attendant large battery banks for high power electrical equipment such as high horsepower drives, extruders etc.
· Electronic Voltage Regulators

There are several manufacturers of devices designed specifically for voltage sag correction in industrial applications. These devices use a combination of an inverter plus short term electrical storage or an inverter with a specially designed injection transformer to provide voltage correction against voltage sags as they arise.

Typical response times from initiation of a voltage sag to its correction are of the order of one half cycle or less. Some devices offer limited ride through a zero voltage event for a short time, others do not.

These devices provide excellent protection against both 3 phase and single phase voltage sags. Some manufacturers offer small single phase devices at low voltage 120V or 220V typically with small kVA ratings .

                    Others provide only 3 phase devices at low voltage 208V – 600V and at medium voltage to 36kV. The kVA ratings of 3 phase devices typically range from <20kVA -5 MVA at low voltage and from 1MVA to 50MVA for medium voltage applications.

                                                                        A few manufacturers offer solutions in the 50MVA to 100+MVA range at medium  voltage but demand for these occurs infrequently.
· Pay back on Sag Correction Investment

                                                                                       Typically pay back periods for actual savings achieved by businesses who have installed voltage sag correction equipment can be as little as few weeks, more commonly 12 months or less, but rarely exceed two years.
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Conclusion

Nowadays, reliability and quality of electric power is one of the most discuss

topics in power industry. There are numerous types of power quality issues and power problems and each of them might have varying and diverse causes. The types of power quality problems that a customer may encounter classified depending on how the voltage waveform is being distorted. There are transients, short duration variations (sags, swells, and interruption), long duration variations (sustained interruptions, under voltages, over voltages), voltage imbalance, waveform distortion (dc offset, harmonics, interharmonics, notching, and noise), voltage fluctuations and power frequency variations. Among them, two power quality problems have been identified to be of major concern to the customers are voltage sags and harmonics, but this project is focusing on voltage sags.
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