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Abstract

The modern industrial facility depends on sensitive elec-
tronic equipment that can be shut down suddenly by
severe power system disturbances. A large number of
these disturbances on the power system are a result of
line faults which can cause momentary voltage sags. This
results in equipment malfunctioning and high cleanup
cost. This papers describes some of the emerging oppor-
tunities for new services to users of electrical power. In
particular the focus is on the need for improved quality of
power and methods for providing this new service.

1. Introduction

One of the driving forces behind change in the power
industry has been customers seeking variety in terms and
conditions of electric service. The distribution system
can greatly facilitate this customer choice, because it
affects the quality and nature of service. This includes a
choice of generation, demand side technologies, level of
power quality and tools for risk management.

In the past, to the electrical power user, power qual-
ity implied that power was available when needed at an
acceptable voltage level. Today the definition of power
quality depends on the user’s load and it's sensitivity to

2. Forces of Change

There a many forces encouraging change in the dis-
tribution system. These include new marketplace oppor-
tunities, change in the character of customer’s load and
the need for power quality services.

2.1 Marketplace

Most of forces for change acting on the distribution
system are driven by technology. Technological changes
in the nature of available generation, the growing poten-
tial of several distributed storage technologies, methods
for effective application of electrical power and power
quality controllers suggest that the power delivery system
could change dramatically. Most of these technologies
utilize power electronics.

If current trends continue, it may make more eco-
nomic sense to place small scale generation and storage
units at the distribution system level. Clearly, with an
appropriate level of local generation and storage it is pos-
sible to achieve competitive energy prices for customers.
There is an option to contract the level of power from the
wholesaler which includes “time-of-purchase” rates
rather than “time-of-use” rates. For example storage
allows purchase of power at low demand times for use
during peak periods. This flexibility to negotiate for low-
est cost energy is expanded using efficient distributed

voltage changes. These changes are a result of the intro-generation. The basic operational task is to find the best

duction of equipment based on adjustable speed drives
(ASD) and complex control systems.

In this paper the details of power quality are dis-
cussed along with methods to measure the quality of

mix between wholesale power, locally generated power
based on available fuel source, and level of power quality
required by the customer.

The growth of demand side technologies is driven

power. The last sections discuss power electronics basedthrough the need for effective consumption of electricity.

solutions which can be supplied by the distribution com-
pany.

This implies not only greater efficiencies but greater con-
trol of energy intensive process. Prime examples are
heavy robots, machine tools, compressors, microelec-



tronics processing and other automated precision pro- voltage dips by drawing more current. On the other hand,
cessing systems. However this technology has an adverseAC drives require a diode rectifier, a DC bus, and an
impact on the power system and the user. To the power inverter, which results in a system that is much more sen-
system, there is a degradation of power quality due to sitive to AC voltage dips. In a like manner, programmable
harmonic current. A second issue is the change in the logic controllers require a stable DC voltage source
complexity of system load which could have a major which in many cases is supplied by a single phase diode
impact on the voltage stability. From the user perspec- rectifier. The DC voltage supplied by the rectifier will
tive, power disturbances that once were barely noticed track the fluctuations of the AC voltage resulting in the
now produce costly malfunctions in customers’ equip- controller misoperation during voltage dips. The result is
ment. This change in the nature of the load demands the malfunction of critical process at a large cost to the
more flexibility in power quality services. industry. This trend has resulted in an emerging market
for solutions from both the supplier of equipment and the
Risk management is not only a hedge against the cost electrical utility. The solutions to these malfunctions
of power, but protection against costly loss of production range from designing equipment with greater ride-
due to a short or long loss of power. For example, a through capability to new power electronic equipment
recent agreement between Detroit Edison Company and designed to enhance the quality of the distribution system
manufacturers of motor vehicles reimburses the customer power.
for defects in the supplier's product. This contract
embraces both traditional reliability and power quality. In 150
France, Electricite de France (EDF) now provides power
quality services with a performance guarantee to its cus-
tomers.
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These technological changes suggest the possibility
of an integrated, customer centered electrical energy sup-
plier which has the ability to provide extra user services s
in addition to low cost power. 50

2.2 Changes in Load Characteristics

Manufacturers want faster, more efficient machines
that are more productive. The electrical utilities encour-
age this because it reduces the aggregate rate of growth
of electrical load and helps defer large investment for
substations and generation.This results in systems which
depend on precise control of motors through adjustable
speed drives (ASD) and complex control systems.

1978 1988 1995

Figure 1. Market Growth (%)of AC, DC Drives [1].
2.3 Power System Quality Enhancement

Today's power electronic technology allows for solu-
This trend towards greater control of energy inten- tions that can be beneficial to both the customer and the

sive process is supported by the rate of growth in the AC distribution company. This technology enables the sup-
and DC drives market as shown in Figure 1. In 1988 DC plier to provide different levels of power quality to the
drives held close to 60% of the market. Between 1988 €nd user at a cost reflecting the users needs. For example,
and 1995 there has been a 50% increase in the number ofPfémium power to the sensitive loads would warrant
drives with most of the growth in AC drives. Equivalent higher tariffs than a thermal load that is willing to lose

controllers. provide a range of quality of power is becoming a distinct

competitive advantage as utilities face increasing compe-

Industrial systems that depend upon programmable fition through deregulation of retail markets.
logic controllers and AC adjustable speed drives are the ] ) )
most sensitive to the quality of powdiis type equip- ~ About 90% of disturbances affecting customers orig-
ment can experience costly malfunctions due to minor inate on thg distribution system. Qne pI’InC.Ip|e sources.of
power disturbances. For example, constant speed induc- CUstomer disturbances are Ilghtnlng'and line fgults. [.)IS-
tion motors and DC drives can hold their torque during Fuptive loads such as whole-log chippers, rolling mills



etc., and harmonics due to rectifier based loads are 0% voltage for 1/2 cycle to 87% voltage at steady state.

another important source of problems. The equipment

available today to mediate these problems are; solid-state 5-10 cycles

switches for transfer between feeders or for fast isolation

of a problem line; series injected voltages to isolate criti- 150 ‘ ‘ ‘ :

cal loads; shunt voltages controllers to isolate disruptive \ ! ; ! '
|

load, and active filters to control harmonics penetration
in the distribution system.
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3. Load sensitivity and the quality of power

The key to understanding load sensitivity and its \
relationship to quality of power centers around the | } !
response of diode rectifiers to changes in AC voltage. 1 / / Type 2
Sensitive load will malfunction during voltage sags and | w | |

i X ) ; CBEMA / | / | |

momentary interruptions, depending on the duration and : |
the magnitude of the voltage sag. These events are usu- 0 T T | T T
ally associated with a fault or rapidly changing load 101 109 10! 102 103
somewhere on the distribution system. Actual interrup- Duration (60 Hz Cycles)
tion occurs when the fault is on the circuit supplying the
customer.
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Figure 2. Equipment Sensitivity to Voltage Sags
3.1 Sensitivity of Load
Motor drives voltage sag trip-out levels range from a
e Poor 85% voltage for 3 cycles to 70% voltage drop for 30
| cycles [4]. All drives could be designed to meet the
CBEMA standard or higher with careful power supply
design and correct sizing of the DC bus capacitor.

A distinction needs to be made between single phas
loads and three phase loads. Many sensitive industria
processes depend upon adjustable speed drives. These ar
three phase loads with a diode rectifier providing the
interface between the AC system and the drive. On the
DC side there is a capacitor to provide an interface
between the rectifier and the load. During an AC voltage
sag the DC voltage across the capacitor will also sag. The
magnitude is dependent upon the average of the AC volt-
age present, while the rate of drop is dependent upon the
size of the DC capacitor and the nature of the load. Con-
trollers such as programmable logic controllers are typi-
cal single phase loads. They also rely on diode rectifiers

; 058 |00 |.72 | 1-58 1-0.0
to provide a DC voltage for the controller. >T >T 10 | 1.0
- - 0.58 | 1.0

Table 1: DC and Secondary Transformer Voltages
During a Shorted Phase on the Primary

Transformer| Secondary | Diode Rectifier's DC
Connection \oltage \oltage

L-L | L-G | 3F L-L L-G

Figure 2 shows sensitivity of equipment as a function
of duration of the sag and the magnitude of the DC volt- 0.58 | 0.33| .72 | 1-.58 1-.33
age. The figure shows the difference between an old and >_>T 1.0 | 0.88
a new version of the same programmable logic control- - 0.58 | 0.88
ler[2]. The new, Type 1 controller will trip at 60-75%

voltage with no ride-through capabilities. The older, Type 0.33 ] _ 70 | .88-33| -
2, PLC could ride through zero voltage for 10-15 cycles L 0.88

with no problems. Voltage dips are becoming a greater 0.88 | _
problem for electronic controllers due to this increased 088 | 058! .70 | 88-33 1.-58
sensitivity. CBEMA limits, developed by the Computer ff >T 088 | 1.0

Business Manufacturers Association, are a possible stan- = 033 | 0.58

dard for equipment sensitivity. They set the allowable sag

as a function of the duration. Allowable sags range from




3.2 Importance of Transformers down transformer connected to the 230 kV transmission
system. A fault on the high voltage transmission system

Voltage disturbances that occur close to a customer’s Or on any feeder of the distribution system will cause an
transformer can cause the most problems. In Table 1 the interruption that will affect customers.
effect of a line-to-ground fault on a primary phase is
shown. The first column shows a set of possible trans- Faults on the transmission system can affect custom-
former connections, followed with the change in the sec- €rs on other distribution systems. Customers hundreds of
ondary voltage measured line-to-line and line-to-ground. Mmiles from the fault location can experience a voltage sag
For examp|e, the line-to-line Secondary Vo|tages can resulting in equipment misoperation. Faults on the distri-

never be less than 33% and in most cases will be 88% or bution system are usually limited to the feeders of the
higher during the fault. faulted distribution system.

The last three columns of Table 1 look at the DC bus The majority of faults on a utility are line-to-ground
voltage change from nominal. It is apparent that a three faults (SLGF). Three phase faults cause more problems,
phase rectifier sees a much smaller DC voltage drop than but are less frequent. SLGF's can result from lightning,
that seen by a Sing|e phase rectifier. Some Sing|e phaseWil’ld, animal contact, contamination of insulators, trees,
loads will be unaffected and other single phase loads may accidents, etc. Lightning is the most common cause of
drop out, even though their sensitivities to voltage sags faults. Fortunately these are temporary, clearing in a few
may be identical. For example consider a Type 1 control- cycles
ler connected line-to-line. Table 1 indicates that for all
connections shown a line-to-ground fault on the primary
would result in a trip average of 50%.
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3.3 Frequency of Voltage Dips
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\’JN lg L-L The last remaining question is frequency and magni-
}7 tude of voltage dips at a customer’s site. Figure 4 shows
Fault frequency and magnitude of voltage dips at a typical site.
10 Hp This site experiences close to 40 events per year with
[ASD] [PLC] voltages below 75%. Of these 40 events around 1/3 are
expected to be due to three phase faults, the remaining
Figure 3. Example Distribution System events are line-to-line and line-to-ground voltage dips.
An ASD would see close to 13 trips due to the 3 phase

) » faults. A type 1 controller will trip out on the same 13
\oltage sags are typically caused by fault conditions. oy ents plus an average of 13 tips due to single phase
These faults can occur on the transmission system or ON ¢y ,its  This results in 26 events per year. Most critical

th_e d_istribution sys_tem. Figure 3 illustrates a typ_ical dis- processes are completely automated and dependent both
tribution system with a number of feeders supplied from 4, ASps and PLC controllers. These interruptions can
a common 13.2 kV bus. This bus is feed through a step-
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cause very expensive cleanups and restarting require-
ments. Financial losses per event can be very high.

4. Example System

. The example distribution system shown in Figure 3
will be used to demonstrate the response of the loads
connected to transformer A to faults on Feeder 2. Both
single line-to-ground and three phase faults will be simu-
lated. This model system includes three phase ASD loads
and single phase PLC controllers connected line-to-line.
The faults introduce a 50% reduction in phase voltage at
the distribution bus.

Simulation results due to a single phase fault and a
three phase fault are shown in Figure 5. The top trace is
the line-to-line voltage at the 13.2 kV distribution bus. At
120 milliseconds there is single phase fault held for 100
milliseconds followed by 100 milliseconds of restored
voltage and a second fault which is three phase.

The middle trace of Figure 5 shows the response of
the DC capacitor voltage for a single phase diode bridge.
The DC bus voltage dips to 65% during the single line-
to-ground fault and 50% for the three phase fault. In both
cases a Type 1 controller would trip. A Type 2 controller
would also trip if the faults lasted for more than 600 mil-
liseconds.

The last trace in figure 5 is for the three phase recti-
fier. In this case we see a reduced sensitivity if the recti-
fier can operated in a single phase mode during single
phase voltage dips. In both cases the measure of the
effects of different types of faults and transformer con-
nections on is equipment is the response of the related
D.C. bus voltage.

5. Solutions

Understanding the relationship of system distur-
bances to tripping of rectifier type loads described, the
next step is to describe the range of solutions for avoiding

power quality problems.Solutions may be implemented
by the customer or by the utility. Of the many utility
based solutions, two Custom Power devices will be
described in greater detail.

AC Voltage (pu)

DC Voltage (pu)

_\ASD Trip Level

7 Vdc: Three Phase Rectifier

DC Voltage (pu)

0 200 400
Time (MmS)

Figure 5. Response of Rectifiers to Voltage Dips.



5.1 Customer feeders are available to a load, a Solid State Transfer
Switch SSTS can provide an instantaneous transfer

The customer can take measures to reduce productiv- between feeders, decreasing the likelihood of a complete

ity losses caused by power disturbances. Equipment sen-outage or transferring the load away from a sagging

sitivity can be reduced by specifying, at the time of feeder. A Static Var Compensation SVC can compensate

acquisition, that equipment must have a certain level of for the effect of widely varying loads. Finally, a Battery

sag ride-through capability. For equipment already in Energy Storage System BESS can be used to provide

place, small scale power conditioning equipment can be completely uninterruptible power.

applied first to controllers and then to ASDs. Constant

voltage transformers, uninterruptible power supplies, and For removing sags at a customer’s bus, the Dynamic

motor-generator sets are examples customer based poweMoltage Restorer DVR and the Static Compensator

conditioning equipment. Besides dealing with power dis- STATCOM are the most appropriate devices. These two

turbances that come from the utility, customers may also compensators are now discussed in more detail.

have to take measures to prevent harmonics originating in

their plant from propagating back to the utility. Passive 6. Shunt and Series Compensation

and active filters may used to avoid exceeding harmonic

current limits set out in proposed IEEE 519-1992 stan-

dard. Another option is to purchase power quality ser-

vices from the distribution company.

Compensators typically employ a controlled funda-
mental frequency voltage source, synthesized by a con-
verter. The voltage may be inserted in series or in shunt
= with the line. The series configuration has been referred
5.2 Utility to as a Dynamic Voltage Restorer or DVR while the shunt

configuration has been referred to as a Static Compensa-

The utility’s range of power quality enhancing mea- tor or STATCOM.
sures go from creation of a more robust power system
with fewer opportunities for disturbances to application 6.1 Description of Series Compensator
of power electronic devices for meeting the needs of spe-

cific sensitive customers. In the DVR, a transformer is placed in series with the

feeder. The converter generates a voltage across the
transformer that is in quadrature with feeder current. The
series transformer appears as a variable impedance,
either inductive or capacitive, which adds to or subtracts
from line impedance.

The first step is for the utility to reduce the number
of sags and interruptions by improved practices. Vigilant
tree trimming and insulator washing will reduce the num-
ber of faults. Additional reclosers can be placed on distri-
bution feeders and fast tripping practices can be modified
to reduce the number of interruptions. Parallel feeders
can be used to stiffen the supply to a particular load and
reduce the chance of a complete outage.

By changing the total apparent feeder impedance, the
voltage drop across the line can be controlled and the
load bus voltage increased or decreased. For example,
) . when the incoming voltage sags, the transformer can pro-

When power electronics are brought to bear, the pri- §,ce capacitive voltage canceling some of the voltage
mary features is fast subcycle control. Momentary volt- drop in the line. In this normal mode of operation, the

age dips as brief as one cycle can be prevented from by goes not have to supply real power to achieve volt-
getting through to sensitive loads. This means that sags age control. During power interruptions, the DVR can

that might otherwise have tripped a controller or ASD  hertorm a UPS function if it has energy storage capabil-
will go unnoticed, reducing product defects and produc- ity.

tion downtime. Using modern self commutating power
devices such as Insulated Gate Bipolar Transistors, com- The severity of voltage sag that can be handled with
pensators can be built with ratings of 20 MVA or more, a 4 pyR without real power flow is dependent upon the

level suitable for distribution applications. characteristics of the distribution system and the power
factor of the feeder load. The limit for a given system can

By using power electronics, the utility can provide & e getermined from the power flow equations using the
range of additional functions. A Solid State Breaker SSB assumption that the line impedance can take on any

can be used_tq isolate a faulted_feeder in less than a Cyde'value, either inductive or capacitive.
thereby avoiding a sag on adjacent feeders. If parallel



6.2 Description of Shunt Compensator

In the STATCOM, a converter synthesized shunt
voltage source is connected to the feeder by a reactance.
This shunt voltage is in phase with the feeder voltage but
can be higher or lower in magnitude, resulting in capaci-
tive or inductive vars being supplied to the line. The
injected reactive current interacts with the primarily
inductive feeder impedance causing the line voltage to
increase or decrease.

0.5+ Vdc: Single Phase Rectifier

DC Voltage (pu)

The range of STATCOM voltage control depends i
upon the line impedance and the amount of reactive cur- j
0

rent it can supply. With energy storage, the STATCOM
can also perform a UPS function. 0 200 400

One difference between the two compensators is that
the DVR can provide improved power quality only to [\'
loads that are downline from it. This is because the DVR 1.0 W \/‘ A
is in series with the feeder. It provides no voltage regula- {J
tion benefit to any upline loads or adjacent feeders. The
STATCOM, on the other hand, provides some measure of
voltage support to loads upline from the regulated bus.
The STATCOM can also reduce voltage flicker along the
entire distribution system when it is placed near a vari-
able load that is causing the flicker.

0.5 Vdc: Three Phase Rectifier

DC Voltage (pu)

6.3 Unbalance problem 1

One problem that needs to be addressed in the appli- 0 0‘ 2IOO : ‘ 460 ‘
cation of DVRs and STATCOM is imbalance. Long term .
voltage imbalance of a few percent is not uncommon in Time (mS)
distribution systems. The STATCOM and DVR must be Figure 6. Response of Rectifiers to Voltage Dips
able to deal with these unbalanced conditions. The STAT- with a DVR

COM is particularly sensitive to voltage imbalance. Even  grawn from unfaulted lines and fed to the faulted line. By
apparently small levels of imbalance can produce high going this, the low line can be supported beyond the nor-
current magnitudes in the compensator. mal compensation limit for a three phase sag.

In addition to mild long term imbalance, severe The controls for removing imbalance operate by reg-
momentary |mba_lance arises during asymmetrical power ulating the positive sequence component of the voltage in
system faults. With advanced controls, a DVR or STAT-  the ysual fashion and rejecting or canceling the negative
COM can deal with imbalance and also prevent gequence component of the voltage. If needed, zero
asymmetrical voltage disturbances from reaching sensi- sequence voltage components can be eliminated as well,
tive loads. For example, single line voltage sags can be though special considerations must be taken in the con-
removed.[5,6] verter design.

Controls for dealing with imbalance have the added g 4 Examples
benefit of extending the compensator’s range of compen-
sation. In severely asymmetrical sags, the compensator
may no longer be able regulate voltage through only
reactive means. During a single line sag, for example, the
converter can transition to a mode where real power is

To demonstrate the effectiveness of the DVR and
STATCOM in protecting sensitive loads, the distribution
system of figure 3 is simulated with a compensator
applied to the feeder with the sensitive load. The system
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Figure 7. Response of Rectifiers to Voltage Dips
with a STATCOM

is subjected to the same faults as appear in figure 5..

Top of figure 6 shows the DC bus voltage of a single

By using a utility based solution for removing sags,
all loads at the customer’s site receive high quality power.
This can greatly simplify the power conditioning prob-
lem when a large percentage of the load is sensitive volt-
age dips. In comparison to a full-time UPS, the DVR and
STATCOM provide their power quality without requiring
energy storage.

6.5 Compensation vs. Cost Trade-off

By using a DVR or STATCOM, load tripping can be
reduced. As the severity of fault increases, so will the rat-
ing and cost of the compensator required for voltage res-
toration. The added cost of the compensator must be
compared to the benefit of reduced downtime to deter-
mine the optimal compensator rating. The choice of
which compensator to use, DVR or STATCOM, is depen-
dent on the nature of the load and the distribution system
characteristics.
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