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INTRODUCTION

The significance of voltage sags among power quality related phenomena
seems to be increasing rapidly. Their impact as randomly timed and randomly
shaped events makes them a special challenge for power distribution engineering.
From an economic point of view, sags are definitely a problem worth studying and,
in most cases, are also worth being solved. Economic losses due to sags are espe-
cially high for industrial customers. In many countries the phenomenon and its
consequences have only recently been noticed.

However, there are no proper tools for comprehensive voltage sag management,
i.e. for assessing and mitigating the inconvenience due to sags as well as for finding
the optimal solution for corrective measure(s).

The objective of this thesis is to develop a new probabilistic approach for voltage
sag management in power distribution systems.

The major aim in developing the method is to provide the distribution system
community — including planning, operation, software development and financial
staff — with a practical, yet theoretically convincing tool for their everyday work.

This tool should comprehensively cover the technical and economic aspects re-
lated to voltage sags as well as be able to meet the future challenges set by the issue
in a most flexible and adaptive way.



2.1

2.2

VOLTAGE SAGS IN A POWER DISTRIBUTION SYSTEM

Ideally, a power distribution system provides its customers with an uninter-
rupted flow of energy at unlimited power rating having smooth sinusoidal voltage
at the contracted magnitude level and frequency.

In reality, a power system has numerous non-ideal features which significantly
affect the quality of power. Voltage sags also originate from these anomalies. It is
impossible to completely avoid sags but they are events that we can live with pro-
vided that the phenomenon is understood and taken into account.

Definition

This thesis considers voltage sags in power distribution systems. The European
norm EN 50160 (2000-01-24) “Voltage characteristics of electricity supplied by
public distribution systems” [1] applies to distribution systems in FEurope. This
norm also has the status of a Finnish national standard (SFS). In the publication, a
voltage sag (or dip) is defined as a sudden reduction of supply voltage down to 90
%...1 % of nominal followed by a recovery after a short period of time. A typical
duration of a sag is, according to the standard, 10 ms to 1 minute.

IEEE Std. 1159-1995, the IEEE recommended practice for monitoring electric
power quality [2], gives somewhat similar values (magnitude 90 % to 10 %, dura-
tion 10 ms to 1 minute) as a definition of voltage sag.

The type of event considered in the thesis is sometimes called a voltage dip and
on other occasions a voltage sag. Technically these two terms describe exactly the
same phenomenon. Thus from this point on the expressions voltage sag and sag
will be used to avoid confusion.

Another thing that needs to be defined is the magnitude or depth of a sag. Of
ten the remaining voltage during a sag is used to describe its severity whereas some
people prefer to speak of the missing voltage instead. Even though it is a subjective
matter, the latter alternative is more complicated and has a higher risk of misinter-
pretation than the former one. In this thesis, the expression sag magnitude refers to
the remaining supply voltage during a voltage sag. Further, deep sag refers to sags
that have small a remaining voltage and shallow sag to ones with high remaining
voltage.

Cause of voltage sags
Generally, voltage sags experienced by distribution system customers originate

from the (HV) transmission and sub-transmission systems, or the (MV) distribution
system itself. In the case of weak transmission systems it is also possible to get sags



from neighbouring MV distribution systems through the transmission network.
Fig. 2.1 gives an example.

Sag frequency (1/a)

<10 <20 <30 <40 <50 <60 <70 <80 <90

Sag magnitude (%)

BMV OMVremote BHYV

Fig. 2.1. Example of distribution of sags propagating from different power system lev-
els [3].

The ratio of contributions from different voltage levels depends on the struc-
ture, protection coordination and stiffness of the various subsystems. Downstream
from a strong HV transmission system most sags, especially the deep ones, originate
from the MV network. Only a fraction of the sags experienced by a customer are of
HV system origin, and most of them are typically shallow.

Disregarding the delivering subsystem(s), there is one prime reason for sags:
high current flowing through some part(s) of the network. This current induces
voltage drop over network impedances until it is cut off, usually by overcurrent pro-
tection. See Fig. 2.2.

Most severe sags originate from power system faults. A 3-phase short circuit
close to a distribution substation is capable of bringing the main busbar voltage
down and thus causing a deep sag to all customers supplied by that particular sub-
station. Most of the sags due to power system faults are shallower, though. Fig. 2.3
shows an example.

Faults typically originate from climatic phenomena (lightning, wind, snow),
wildlife (birds, squirrels, beavers, etc.) and component failures. In addition to
faults, significant changes in power flow may cause momentary voltage drops.
Starting a large, directly fed motor, energizing a transformer or transferring loads
from one supply to another, e.g. during backup supply arrangements, are the most
likely examples of such events.
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Fig 2.3. Voltage sag caused by an unsymmetrical power system fault. RMS recording
shows 20 kV phase-to-phase voltages.

Figure 2.4 shows a voltage sag caused by two of the above reasons. The load
consists of a 20/6 kV transformer, a 6 kV, 400 kVA capacitor bank and a 6 kV, 1,6
MVA induction motor, all connected simultaneously. Total duration of the event
is approximately 3 seconds. The very beginning of this sag is dominated by a
switching transient due to reactances in the transformer and capacitor bank. The



starting characteristics of the heavily loaded motor are seen thereafter. Fig. 2.5

gives another example.
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Fig 2.4. Voltage sag due to load switching. RMS recording shows 20 kV phase-to-
phase voltages and the current in each phase.

Rapid load changes and the sags they induce are an accepted phenomenon and
belong to the normal operation of a power system. For this reason only shallow sags
are allowed without mitigation, hence load variations cause problems only for the
most sensitive equipment or in extremely weak power systems.
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Fig. 2.5. RMS recording of 20 kV phase-to-phase voltages and the current in each
phase. The first sag is due to a 3-phase short circuit, the second due to re-energizing
of the feeder and its transformers (successful re-closure attempt).



2.3 Frequency of voltage sags

From an economic point of view the sag frequency, i.e. the annual number of
sags, is very important. Each sag that exceeds the process withstand level intro-
duces considerable economic losses. The higher the sag frequency, the higher be-
comes the annual cost as well.

When assessing the total annual sag related cost one has to find out how many
sags are expected. The difficulty in retrieving the data is its random nature. The
annual number of faults depends on numerous random variables.

The ceraunic level (i.e. the number of lightning strokes), wind, rain and snow
conditions, even the prevalence of cones (affecting the squirrel population), have
significant effects on annual sag numbers. It takes decades, or even centuries, to
obtain highly reliable averaged sag density statistics for a certain area.

However, some rough estimation can be acquired from measurement over a
shorter period. Another approach is to use stochastic mathematical methods for as-
sessing more precise figures.

Often the annual sag frequency, or sag distribution, is shown as a three-
dimensional chart, like the one in Fig. 2.6. The data is retrieved from actual meas-
urements and represents an annual sag frequency in a 20 kV system. Events are
first categorised phase by phase. Figures are then summed up category by category
and further divided by three, i.e. the number of phases. This way of processing is
based on the assumption that events are evenly distributed in each phase. Perform-
ing the above mentioned calculations gives us the annual number of sags per
phase.

This is a very typical distribution, although the sample is reasonably small. In
the time domain there are obvious peaks in three categories, 50-150 ms, 150-300
ms and 300-500 ms. The first one represents the characteristic delays form the in-
stant tripping of a circuit breaker in both HV and MV systems. Instant tripping is
used when the fault current is higher, in other words, the sags are deeper. This fea-
ture can also be seen in the chart. The deepest registered sags are in this time cate-
gory.

If the fault current is not very high, an additional delay is allowed in the breaker
tripping coordination. Typically this means 300-500 ms. In this time category we
can see a high peak at shallow sags. This contribution comes wholly from MV
faults. In HV systems, fault currents are reasonably high and thus the faults are
usually cleared instantly to avoid component damage. The two deep sags, or actu-
ally outages, in the 0,5-1 s category penetrated from the HV system. They were se-
vere 3-phase faults which brought the voltages down to zero and tripped a 110 kV
line. Automatic backup supply connections took almost a second to arrange. These
are very problematic events for sag sensitive devices.
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Fig. 2.6. A common way of presenting annual sag distribution. Nr. of sags per year as
a function of sag magnitude (remaining voltage) and duration.

2.4 Three-phase characterization of voltage sags

Voltage sags in a 3-phase power system are always a phenomenon affecting one,
two or three phase-to-ground voltages, and further, 0 to 3 phase-to-phase voltages.
In addition to the magnitude, the phase angle(s) between the phases may also
change during the event.

These changes in both magnitude and phase angle are related to the fault type
causing a sag. A symmetrical 3-phase fault leads to a symmetrical 3-phase sag
whereas 1- or 2-phase faults cause unsymmetrical sags.

By using the symmetrical components of a 3-phase power system it is possible
to categorize the sag characteristics in all three phases simultaneously. Such an ap-
proach has been developed and proposed by Dr. M. H. J. Bollen [4-5].



In the method, sags are divided into four basic types, A, B, C and D. Type A re-
fers to symmetrical 3-phase sags, whereas single-phase and phase-to-phase faults
cause class B, C or D sags. In Ref. [5], C and D type sags are further divided into
three subtypes, e.g. C, C, and C_, depending on which of the phases, a, b, or ¢, the
fault affected.

In addition to the sag type, a complex phasor called characteristic voltage is all
that is needed to describe a voltage sag in a 3-phase system without losing any es-
sential information. For systems where the positive and negative impedances are
not equal, an additional PN factor (positive-negative factor) is needed in order to
ensure accurate results. Any of the phase-to-ground or phase-to-phase voltages dur-
ing a sag can be retrieved when the three parameters are known: sag type, charac-
teristic voltage and PN factor.

The approach described above is valid also from one voltage level to another
because it takes into account transformer and load connections (star-delta), and is
based on per unit (p.u.) calculation.
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TECHNICAL AND ECONOMIC IMPACTS

Technical aspects

Voltage sags can cause serious economic damage to customers. Before we are
able to determine the severity of the economic impact we have to determine the
technical impact of voltage sags on power distribution system loads. Further, before
we can predict the impact of voltage sags on a complete process, plant or service,
we have to predict the voltage sag sensitivity of single loads and load types. Because
each piece of equipment has a withstand level or curve of its own and, in addition,
has a certain amount of randomness in its behaviour, only categorized predictions
can reasonably be established. The following chapters give such estimates, i.e. for
the impact of voltage sags on some of the most sensitive load types.

There are at least three ways to determine and predict the performance of loads
during voltage sags. First there are standards and codes which set the withstand
limits for devices connected to a public power system. Manufacturers commit
themselves to obeying the standards when designing equipment.

The second way is to collect data from previous surveys done on the topic. Sags
seem, however, to be such an emerging issue that comprehensive studies do not
yet exist.

The third alternative, one of the academic contributions of this thesis, is to
carry out one’s own tests. In the Power Systems Laboratory of Helsinki University
of Technology we have successfully set up a testing facility which, among other
features, can be used for generating voltage sags of preferred magnitude, waveform,
duration and pointon-wave of initiation. The equipment is based on ProfLine
2100, a 3x5 kVA solid-state voltage generator supplied by Schaffner EMV AG,
Switzerland, and a DSP (digital signal processing) measuring module. See Fig.
3.1.

One of the great benefits of the system is its capability of reproducing events
with exactly the same waveform and parameters. Repeated tests give the results
more accuracy. The outcome of our tests compared with previously achieved val-
ues and the prevailing standards are represented in the following chapters.



Fig. 3.1. Schaffner Profline 2100 EMC tester was used for generating voltage sags.

3.1.1 Contactors

Contactors and ac relays, henceforth referred to as contactors, are used for con-
necting loads, typically motors, to the power system. They provide galvanic isola-
tion between the control circuit and primary circuits also allowing different voltage
levels for each circuit. Heavy 3-phase loads can thus be connected to the network
by controlling only the low power coil of the contactor. Motor starters also typically
use contactors for connecting the primary circuits.

™

Fig. 3.2. Schematic symbol of a contactor illustrating the coil, one auxiliary contact
and 3-phase main contacts.

See Fig. 3.2. The structure of a contactor is very simple. Applying a control
voltage causes a current flow through the coil. The current generates a magnetic
flux and further a force which keeps the contacts closed. After disengaging the
voltage the flux vanishes and the spring will open the contacts. Despite the rather

11
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simple and conventional construction, an unintended tripping of a single contac-
tor may lead to the shut-down of a sophisticated industrial process. This makes
contactors really worth studying from the sag point of view.

Most European contactor manufacturers have designed their products accord-
ing to IEC 60947-4-1 [6]. The standard gives the following limits for electromag-
netic contactors, whether used separately or in motor starters:

- shall close satisfactorily at any value between 85 % and 110 % of their
rated control supply voltage U,

- shall drop out and open fully between 75 % and 20 % of U_for ac, 75 %
and 10 % for dc

As can be seen, the limits refer to steady-state conditions. No time limits are
given and thus event type phenomena, e.g. voltage sags, are not specifically consid-
ered. One could still expect that the steady state limits are more or less applicable
to voltage sags as well.

Several studies have been carried out and typical values published on the sag
sensitivity of contactors [7-12]. The results are combined in Fig. 3.3 as an average
of the devices tested in each reference.

Most of the references mentioned above do not only give magnitude/duration
limits for the tested equipment but also point out that the point-on-wave of initia-
tion strongly affects the contactor performance. This is due to the energy stored in
the magnetic circuit as a remaining (dc) flux. The stronger the flux is at the mo-
ment of sag initiation the better the contactor rides through the event. Further, the
deeper the sag, the more significant the decaying de component of the magnetic
field is. In other words, the effect of the point-on-wave of initiation is most clearly
seen in the case of deep sags.

In practice, the maximum flux is achieved if the voltage drops at the moment of
coil current maximum. Due to the lagging power factor of the inductive contactor
coil the current appears at the voltage zero-crossing (0°). Conversely, at the mo-
ment of voltage maximum (90°) the momentary current and remaining dc flux are
close to zero. This leads to the conclusion that contactors are most sensitive to sags
initiated at 90° and least sensitive to sags initiated at 0°. Ref. [7,8] also support this
way of thinking.

To provide additional results for comparison, contactors were also tested in the
PO (power quality) laboratory, as described in Ch. 3.1. The performance of 28
contactors rated from 9 to 900 A continuous current (AC-3) from 5 manufacturers
was examined thoroughly. Some units were brand new while others had been in
operation for several years. Some of the tested devices are shown in Fig. 3.4.

Few elderly contactors were rated at 220 V control voltage whereas the new
ones comply with the up-to-date European 230 V rating. However, all of them
were tested at 230 V, 50 Hz. The experiment set-up is shown in Fig. 3.5.
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Fig. 3.3. Contactor drop-out limits according to [7-12].

Fig. 3.4. Some contactors under test.

For detecting the disengagement of the main contacts, 500 W of incandescent
lamp load was connected through the contacts. The lamp voltage was also moni-
tored by a Fluke 43 PQ analyzer. The analyzer is capable of detecting very rapid
drops in the voltage and is thus a reliable way of revealing the contactor behaviour
during sags. Additionally, the lamps were observed by the test personnel. The hu-
man eye is extremely sensitive to variations in lamp luminance and easily detects
contactor drop-outs lasting only a few milliseconds.

The performance of each contactor was tested by applying sags of different
depth and duration in order to define a tolerance curve. To get accurate results, all
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relevant combinations of these two measures were repeated several times. If a con-
tactor tolerated more than 50 % of sags of a certain duration and magnitude the
test was considered passed for those values.

PQ Analyzer
Sag
Generator Contactor
ey Lamp
/ load
L4 [ _

Fig. 3.5. Laboratory arrangement for testing contactors.

The magnitude resolution was 5 %. As for the duration, a logarithmic
categorization was used: 20, 40, 60, 80, 100, 200, 300, 400, 500, 600, 700, 800, 900
and 1000 ms. It was not considered reasonable to perform an exhaustive test with
sags shorter than one 50 Hz cycle, because one can hardly ever experience such in
public distribution systems. Typically, sag duration is determined by the circuit
breaker opening time, which for the time being cannot be less than 50 ms. Some
contactors were tested down to 0 ms for curiosity, though. As Collins et al. [7,8]
point out, a sag lasting a quarter of a cycle is enough to drop out a contactor under
certain circumstances. This was also recognized in our own tests.

Where we didn’t agree with [7,8] was the upper limit of duration. Collins et al.
say there is no change in contactor performance for sags lasting more than 60 ms.
According to our sample this limit was closer to 700 ms.

To be able to estimate the effect of point-on-wave of sag initiation, two sensitiv-
ity curves for each contactor were drawn, one at 0° and another at 90°, correspond-
ing to the most and least sensitive cases, respectively. Summarized curves (mini-
mum, median and maximum) of all 28 contactors are shown in Fig. 3.6.

Median curves are very close to the ones shown in Fig. 3.3. They also represent
very typically the effect of point-on-wave of sag initiation. When increasing the
triggering angle from 0° towards 90°, two changes will occur in the sensitivity
curves. First, the steady-state limit, i.e. the horizontal part of the curve decreases by
5-10 %. Secondly, the performance during deep sags changes significantly. At 0°
the contactor may ride through an outage of 700 ms whereas at 90° a 20 ms sag
having a remaining voltage of 50 % may cause the device to trip.



In practice the duration of voltage sags is determined by the operating time of
the medium voltage breaker and feeder relay. The combination of a processor
based relay and an SF, breaker is able to disconnect the faulted feeder in 50-70 ms.
Sometimes an additional delay is allowed to prevent harmful outages. The delay
seldom exceeds 500 ms. From the utility point of view the interesting range is thus
from 50 to 500 ms. As can be seen in the median curves in Fig. 3.6, within this
range the point-on-wave does not have much significance, neither does the dura-
tion. The magnitude remains practically the only interesting measure and the most
problematic 0° value gives a simple rule of thumb for contactor sag sensitivity. The
distribution chart of this steady-state voltage limit for two point-on-wave angle val-
ues (0° and 90°) in Fig. 3.7 shows the performance of the 28 tested contactors.

All values are between 20 % and 70 %, which also complies with the European
standard [6]. Most tolerate 50 %, a commonly proposed level. Fig. 3.7 also clearly
indicates that selecting a less sensitive contactor may drastically improve the overall
sag sensitivity of the process.

100 % A
m— = 0°min — 0° med = = '0°max
90 %
80 % 90° min 90° med 90° max
6 A
70 % 4 ——— — —— —— — —— -
(] ’ ’
—
60 % 1 I
50 % - I
40 % - |
—
30 % "
20 % -
¢
10 % 7 l -~
-~
0% N ‘ - |
10 100 t(ms) 1000

Fig. 3.6. Acquired voltage tolerance curves for 28 contactors. Note: Sags shorter than
20 ms were not included in the test.
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two point-on-wave values. The normal distribution curve is also drawn.



3.1.2 Gas discharge lamps

Gas discharge lamps are widely used in places where a significant amount of
light intensity is needed, i.e. street lighting, sports fields and halls, supermarkets,
factory sheds, etc. They provide a very cost-effective way of transforming electricity
into visible light. Pressurised gas, e.g. mercury or sodium, inside a light bulb is ig-
nited by a starter-choke or more sophisticated ballast construction. A controlled arc
burns in the gas, producing light. A high pressure sodium lamp is shown in Fig.
3.8.

Fig. 3.8. High pressure sodium lamp.

Once the electricity supply is disconnected, or sags sufficiently, the arc is extin-
guished. After supply recovery it takes several minutes to cool down the gas and
electrodes until the arc is re-ignited. This is an obvious disadvantage from the volt-
age sag point of view. Although losing the illumination seldom trips off an indus-
trial process or causes damage to equipment, the indirect consequences may nev-
ertheless be significant. A black-out in a factory shed or ice-hockey hall can easily
cause panic, injuries, loss of production, and other problems which lead to direct
or indirect economic losses.
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Standards for lamp, ballast and igniter manufacturers give no limits for the sys-
tem performance during sags [13-18]. Some reference can be obtained, however.
Testing limits for the rated performance of a luminaire are in most cases set to 92
% ... 110 % of the nominal voltage. In other words, the system has to fulfil the
manufacturer specifications at a steady-state voltage level of 92 % of the nominal.
The minimum voltage level for stable operation of a lamp is typically 85-90 % of
nominal. Above this level the starters and igniters may not cause any interference
to the lamp. As one could assume from these figures, gas discharge lamps are very
sensitive to voltage sag magnitude. There is no energy storage in the system as in
the case of contactors and this makes the lamps sensitive to short duration sags as
well.

Some studies on the topic have been carried out abroad [19-20]. Reference
values for critical sag magnitude vary from 50 % to 80 % of nominal, most typical
figures being closer to the upper value. A sag as short as a 0,5 cycle, at the specified
magnitude may cause the lamp to extinguish. According to Dorr & al., lamp sensi-
tivity to sags depends very much on the age of the lamp. The older the lamp, the
more sensitive it is to voltage sags.

In our own tests, 7 gas discharge lamps of different brand, type and power rat-
ing were tested. The sample included the following 230 V bulbs:

- mercury 80 W

- mercury 125 W

- high-pressure sodium 70 W

- high-pressure sodium 100 W

- high-pressure sodium with red correction coating 150 W
- high-pressure sodium with red correction coating 250 W

- metal halide 250 W

All lamps were aged for 100 hours before being subjected to the test. Sags were
applied to lamps under normal and stable operating conditions, i.e. after a proper
warm-up period. The sensitivity curves in Fig. 3.9 were obtained for the lamps
specified above.
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Fig. 3.9. Voltage sag tolerance curves for seven gas discharge lamps (Hg = mercury,
HPS = high-pressure sodium, MH = metal halide).

We also tested two lamps with reactive power compensation capacitors con-
nected to the ballasts. For these lamps the effect of the capacitor was negligible. All
lamps had conventional ballast and starter construction; no electronic ballasts were
used.

According to this sample the oldest lamp types, mercury and conventional
high-pressure sodium lamps, were the most sensitive to sags. Bulbs representing
more modern technology, i.e. HPS with high colour rendering index as well as
metal halide lamps tolerated much deeper sags. The sample is not large enough for
drawing more profound conclusions. Sag duration does not have any practical
meaning. In real power distribution systems sags generally last longer than the criti-
cal value of the lamps. This leads to the fact that the lamp sensitivity to sags can be
specified by simply defining the critical sag magnitude.
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3.1.3 Microprocessor hased equipment

20

Microprocessors are basic components in almost all types of electronics, from
household appliances to complicated industrial process control devices. Personal
computers (PC) and programmable logic controllers (PLC) are typical examples.

Common to this equipment category is the obvious sensitivity to supply under-
voltage conditions. Low voltage electronics are usually powered by an ac/dc con-
verter consisting of a conventional transformer-rectifier topology or a more sophis-
ticated chopper construction. Capacitors are used on the de side for filtering the
ripple. In addition, the fully charged capacitor bank also contains a certain amount
of energy that can be used for supply backup purposes in the case of a momentary
input voltage drop. The rating of the capacitor determines the maximum depth
and duration of a sag that can be successfully mitigated.

An unintended restart or lock-up of a processor based device may lead to vari-
ous problems, ranging from loss of data to a shutdown or halt of a complete indus-
trial process.

No standards have been established on the issue, probably due to the wide, het-
erogeneous range of devices and solutions in this category. Instead, a common
agreement by the manufacturers does exist. The so called I'TI curve is published by
the Information Technology Industry Council (ITI) [21]. The latest version is
shown in Fig. 3.10. The previous version of the curve was known as CBEMA,
which stands for Computer and Business Equipment Manufacturers Association.

Below the lower I'TI curve there is a region where the loss of energy in the dec
capacitor may cause unwanted operation or malfunction of the sensitive equip-
ment. Permanent damage is anticipated under conditions violating the overvoltage
limit curve but this seldom happens within the undervoltage region.

Because of the almost endless variety of device constructions and power supply
units it is impossible to give precise limits for this kind of equipment. For example,
the sensitivity of a computer is strongly dependent on the components and their
operational state. Adding auxiliary devices and performing complex calculations
require more power and further decrease the system sag tolerance. Sometimes PCs
or logic controllers are supplied through a UPS backup, which increases their tol-
erance significantly. It is possible, however, to acquire accurate results for a par-
ticular device by performing exhaustive sag tests.

Some ride-through values for personal computers are presented in [20] by
Brauner & al. The critical remaining voltage varies between 30 % and 65 % of
nominal. The allowed duration of a total interruption ranges from 80 ms to 450
ms.

In our tests seven personal computers aged from 0 to 7 years were subjected to
sags. Sags were made deeper and longer until the tested computer rebooted. The
monitors were connected to another supply to prevent their effect on the behaviour
of the central processing units. Results obtained for the test set are shown in Fig.

3.11.



There is quite a lot variation in the critical values. The average level for the
minimum allowed remaining voltage is 50...60 % of nominal. This corresponds
well with figures shown in [20]. These typical values are assumed to be roughly
applicable to PLCs and other microprocessor based devices as well.

For this device category the sag duration also seems to have some significance.
Most computers tolerate a deep sag, or even an interruption, for more than 100 ms.
Sag duration can be restricted to this value by up-to-date MV feeder circuit break-
ers and protection relays with proper settings.
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Fig. 3.10. ITI curve [21].
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Fig. 3.11. Test results for seven computers. I'Tl curve is also shown. The numbers in-
dicate the approximate year of manufacture.

3.1.4 Converters

Another group to be mentioned regarding voltage sag sensitivity comprises
ac/ac- and ac/dc-converters. Variable speed drives are used to control motors in in-
dustrial processes, building automation, water supply and sewerage, etc. Regardless
of the converter construction there is always a dc link downstream from the ac in-
put. Here also a capacitor is used to filter the dc ripple.

Compared to computer power supplies, converters are rated for a much higher
output power. The capacitor is not rated accordingly and can thus not be used for
backup supply purposes. In addition, it is not recommended to supply motors with
sagged or unbalanced voltage. This is due to the risk of overheating and permanent
damage to the equipment.

Converter control schemes are usually designed so that the undervoltage pro-
tection trips the drive output as soon as the voltage drops down to the rated mini-
mum operation voltage of the load. This not only protects the (motor) load from
damage but also prohibits unwanted current increase on the converter input side.

These aspects lead us to the conclusion that there are two limits governing con-
verter sag sensitivity:

- hardware limit determined by the dc link capacitor and the converter
load rate

- software limit determined by the minimum load input voltage limit and
set by the user
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If the software limit, i.e. undervoltage protection, is disengaged, the hardware
limit applies. At the hardware limit the converter is not capable of providing rated
performance but instead produces a sagged output voltage. How much the output
voltage decreases depends on the component rating and load rate. Converter input
unbalance is corrected in most cases, however.

As with computers, here also the variety of brands, constructions and power rat-
ings is huge. It is neither possible nor reasonable to test all equipment on the mar-
ket. Some estimates of typical values may be used or tests performed on devices of
particular interest.

Existing standards for manufacturers give some guidelines, which are useful for
determining the average values [22-27]. Most of them only give limits for the
steady state input voltage. One limit is for uninterrupted operation, typically
90...110 % of nominal. Another, more strict, is the limit for rated performance, set
to as high as 100...110 % of nominal in [24].

The IEC standard [25] for power drive system electromagnetic compatibility
(EMCQ) issues superficially mentions sags of 70 % to 50 % remaining voltage and
300-1000 ms as problematic.

The standard for line commutated converters [27] establishes three immunity
classes: a, b and ¢, which apply to both steady state and voltage events (0,5 to 30
cycles). Class a is the most tolerant and ¢ the most sensitive. For steady state condi-
tions the minimum is 95 % to 90 % of nominal depending on the immunity class.
Violating this limit leads to “loss of performance”. For undervoltage events the
minimum varies from 92,5 % to 85 % of nominal depending on the immunity
class and whether the converter is used as an inverter or is intended for rectifier
operation only. Voltage sags deeper than the given limits lead to “interruption of
service due to protective devices”.

As can be seen, all these limits are very strict. The supply voltage should never
go below 85 % of nominal even for a few milliseconds. As discussed above, this is
mostly for protecting the load from permanent damage. When the software limit is
set to 90 % or 85 % for this reason, it is not economically viable to make the hard-
ware much more tolerant either.

Some motors in some applications operate without problems at undervoltage as
well, whereas in others the momentary loss of torque or speed may be fatal to the
process or equipment [28]. In the former cases the software limit can be set far be-
low the standard recommendations or completely disengaged. Hardware then de-
termines the ultimate trip-out voltage. From the point of view of the complete
process it is extremely important to study whether running the motor below nomi-
nal ratings will still adversely affect the process. For example, even though a vac-
uum pump in a silicon wafer oven seems to run adequately at undervoltage the
slight diminution of vacuum during a sag may completely spoil the product. It is
thus totally dependent on the process whether running in this “grey zone” will or
will not cause problems. Fig. 3.12 concludes the issue.
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An optimal (and obvious) protection scheme should thus provide optimal pro-
tection for the process, not only for the converter load device. A more sophisticated
way is, instead of only concentrating on the protection scheme, to switch to a com-
pletely different load control scheme while a sag is present. This alternative opera-
tion mode is carefully and individually designed for each particular load to opti-
mise the ride-through capabilities and process stability. An example is given in

129].
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Fig. 3.12. Converter sag sensitivity. Software limit (shutdown by undervoltage protec-
tion) can be freely set to any magnitude and duration outside the hardware limit
zone.

In terms of actual test results, Koch et al. gave minimum and maximum sag
sensitivity values for tested variable speed drives (VSD) [9]. The minimum voltage
amplitude ranges from 90 % to 60 % of nominal and the maximum duration of an
outage varies between 50 and 500 milliseconds. IEEE Standard 1346-1998 [12]
gives very similar example values, while pointing out that the figures should not be
considered to represent typical performance.



3.2 Economic aspects

Why are we basically interested in voltage sags? The presence of sags in a power
system introduces the risk of process interruption and further significant economic
losses.

Before assessing the cost it is worth devoting some time to its source. We have
two quantities that affect the cost: process sensitivity and sag frequency. Expressed
as a probability distribution:

Process sensitivity Sag frequency

Process tripping probability
Nr. of sags per year

Nr. of interruptions

Remaining voltage

Fig. 3.13. Probability of process interruption due to voltage sags.

Let the remaining voltage be u, process sensitivity P(u) and sag frequency S(u).
The risk of interruption is thus

I(u) =P(u)-S(u) (3.1)

For this continuous distribution, the total number of sag related interruptions is
written as:

100% 100%
N= [Iwdu= [(PW-Sw)du (3.2)
u=0% u=0%

Usually sag duration is also considered. In terms of Fig. 3.13 this leads to the
addition of one more dimension. The three probability curves, I, P and S, are no
longer curves but planes comprising u/t coordinates. Equation 3.2 also needs to be
rewritten:
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tmax [ 100% tmax /100%
N= j[ Il(u,t)dujdt: j[ j(P(u,t)S(u,t))du]dt (3.3)

t=0 \u=0% t=0 \u=0%

An unintended process shutdown means a lot of unexpected work, regardless of
the cause of the interruption. Torn web on a paper mill production line or lost vac-
uum in a silicon wafer oven may cost huge amounts of money. The line has to be
shut down, cleaned and started up again. Loss of production and raw materials,
delayed delivery penalties as well as paying the workers for overtime introduce ad-
ditional costs. Ref. [12] proposes one thorough method for retrieving proper figures
for the event cost of a sag related interruption.

Total cost may be assessed for one process or customer, customer category or
for the customers of a complete power distribution company, depending on the
standpoint. The more accurate the results required, the more focused the study
should be.

Assessing the economic significance of a process interruption has to be based
on facts, not solely on subjective matters. Inconvenience due to sags can be taken
into account as one factor in the analysis but should not be emphasized exces-
sively. Even if based on facts the results vary widely. In [30], 400 industrial custom-
ers participated in a survey. Being asked about the real cost of a 50 %, 200 ms sag,

the customers gave the results shown in Fig. 3.14, arranged in order from low to

high:
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Fig. 3.14. Distribution of experienced sag cost announced by 400 industrial custom-
ers, put in order from low to high.



Although this is only one example, it is strongly assumed that it represents a
quite typical distribution. The curve shows that 150 of those 400 customers did not
have any inconvenience or losses due to voltage sags whereas 2 %, i.e. less than 10
customers, accounted for 50 % of the total cost spanned by the curve. Obviously
certain types of industry are more sensitive to power system disturbances than oth-
ers. The chip manufacturing and process industries are often mentioned to be the
most vulnerable. When the economic significance is high, more sophisticated
methods for correcting the problems may also prove to be cost-effective.

The fact is that a vast amount of money is spent yearly for the consequences of
voltage sags. A paper by the author et al. [31] gives an estimate for the total voltage
sag related cost for the customers of five Finnish power distribution companies.
Numbers range from 0,6 to 14,5 million € per company.

According to [30], a voltage sag (50 %, 200 ms) is likely to cost the customer
more than an outage lasting 1 second but, in most cases, less than an outage of 1
minute duration. See Table. 3.1.

Table 3.1. Outage and sag cost reported by industrial customers in € per kW [30]. (1
DKK in 1993 = 0,16 € in 2002)

Sag, 50 %, 200 ms | Outage, 1 s | Outage, 60 s
Denmark 2,35 1,25 3,49
Finland 2,90 2,39 3,31
Iceland 6,41 0,18 0,21

In the reference, the Icelandic figures for sag cost are seen to be much higher
than the mean value due to some excessive numbers given in the survey. Exclud-
ing these two customers gives 0,77 €/kW as an average, which is still higher than
the interruption figures.

The phenomenon described above is due to the fact that a total interruption
brings the whole plant down whereas a voltage sag may cause some devices to trip,
others to get stuck, while some will continue to run unaffected. The plant is de-
signed to automatically recover from total blackout without any human interven-
tion or by simply being restarted manually. A process that has got into an unin-
tended and uncontrolled state, as described above, is much more difficult to re-
store back to normal. This not only increases the direct cost due to a sag but also
introduces a high risk of equipment damage during the abnormal operation.
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MITIGATION OF VOLTAGE SAGS

As voltage sags are a recognised power quality issue and a source of significant
economic losses, various means for mitigating the consequences of sags have been
developed. Basically, all these solutions aim to reduce the number and severity of
sags experienced by a sensitive customer. See Fig. 4.1 and compare with Fig. 3.13.

Process sensitivity Original sag frequency

Mitigated sag
frequency

Nr. of sags per year

Process trippping probability

Nr. of interruptions

Remaining voltage

Fig. 4.1. Probabilistic risk of process interruption when mitigation is used. Dotted
lines represent the original sag frequency and interruption risk curves.

One solution is to use conventional means and regular power system compo-
nents to prevent faults or restrict the penetration of sags in a network. Tree trim-
ming, surge protection, load rearrangement and separation of sensitive loads are
well-known and widely used examples.

Custom power technology

A more sophisticated way, although no longer so novel or emerging, is called
custom power technology. The expression “custom power” was established by Dr.
Narain G. Hingorani in 1988 [32]. In the reference he writes about custom power:
The term describes the value-added power that electric utilities and other service pro-
viders will offer their customers and ...a prominent feature will be the application of
power electronic controllers.

“Custom power” thus refers to premium power quality customized to meet the
customers” needs. Further, the term “custom power technology” describes the
equipment used for providing custom power. The technology is based on power



electronics and also, on some occasions, electrical energy storage. Below the ab-
breviation CP stands for custom power.

Custom power technology is a general term for equipment capable of mitigat-
ing numerous power quality problems including voltage sags. Basic functions are
fast switching and current or voltage injection for correcting anomalies in supply
voltage or load current. Injecting or absorbing both active and reactive power is
possible. Current injection is typically used for protecting the power system from a
polluting load.

For mitigating voltage sags, i.e. protecting a sensitive load from network distur-
bances, there are three basic custom power applications:

- switching the load to another supply
- injecting missing voltage from an energy storage
- injecting missing voltage by increasing the line current (booster)

The first is simply a rapid transfer switch, capable of switching the load to an-
other supply. The more independent this alternative supply is from the primary
supply, the higher level the load voltage can be restored to.

The second option utilizes an inverter, equipped with energy storage, for inject-
ing the missing voltage. After supply voltage recovery the storage is recharged to
full capacity for upcoming challenges. The size of the storage determines the maxi-
mum duration of sag that can be restored.

In a case where there is no stored energy available, the inverter injects energy
drawn from the sagged supply, in other words converts current on the supply side
into voltage on the load side. This construction requires some voltage to remain in
the supplying power system in order to perform the conversion. Deep sags and out-
ages are beyond its reach.

The following chapters discuss the characteristics of existing custom power sag
mitigation applications and the corresponding power system requirements in de-
tail. Rather than giving exact brand-related figures the scope is on general perform-
ance and modelling of mitigation capabilities.

4.1.1 Transfer switch

The solid-state transfer switch, also referred to as a sub-cycle or static transfer
switch, is already an off-the-shelf product. The switch simply connects sensitive

load(s) to an alternate supply as soon as a sag is registered in the primary supply.
See Fig. 4.2.
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Fig. 4.2. Solid state transfer switch used for voltage sag mitigation.

A properly designed transfer switch installation is fully compatible with the
connecting power system. Surrounding network conditions are a highly critical fac-
tor from the switch point of view, and determine the feasibility of the application.
For rating the device itself, the following quantities have to be considered.

basic voltage level

maximum continuous current
- maximum let-through fault current (magnitude and duration)
load transfer time

The largest available MV units are rated at 38 kV phase-to-phase, 1200 A con-
tinuous current. They are capable of transferring the load in 4 ms [33]. That is why
the device is often referred to as a sub-cycle transfer switch. The above mentioned
ratings are, however, determined by the stand-by environment of the switch and
protected load. They do not necessarily guarantee successtul voltage sag mitigation.

Alternate supply voltage during a sag in the primary supply is the critical factor.
In an ideal case the alternate supply voltage is not at all affected by disturbances in
the primary supply. For real cases, however, the backup supply quality, especially
the voltage level during primary supply sag events, is the main concern when as-
sessing the achievable protection level. As long as the alternate supply voltage is



acceptable there is no time limit for this mitigation technique, which is a major
advantage.

An alternate MV supply may be arranged in many ways. In areas where the HV
transmission system is strong enough and substations are equipped with more than
one HV/MV transtormer, it may be adequate to transfer the sensitive load(s) from
one transformer to another. See Fig. 4.3.

........................................................

HV/MV
transformers

MV busbars

MYV feeders SSTS

Sag sensitive
load

Fault
Fig. 4.3. Solid-state transfer switch at an HV/MV substation. Primary and alternate
supplies are taken from different transformers.

The cause of the sag is in this case assumed to be a fault on one of the MV
feeders. The following discussion also applies to other origins of voltage sags, how-
ever. The schematic diagram of the arrangement is shown in Fig. 4.4.

The load voltage during the voltage sag is in this case written:

U = _|_Letilutsd 4.1)
LOAD PCC ZF+ZM+ZT+ZS ~SOURCE
Let us calculate an example. For achieving the most severe case we assume a
zero-impedance 3-phase fault occurs at the substation MV busbar, i.e. Z,= 0 and
Z,,= 0. Thus the load voltage after the switching operation, and the obtained pro-
tection level, is dependent on the transformer and source impedances only:
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z

=1
" YSOURCE
Z; +Zs

(4.2)

Uioap =Upee =

In practice these impedances refer to the HV system short circuit capacity and
HV/MV transformer rating. See Fig. 4.5. The transformer short circuit reactance z,
is here assumed to be 10 % for ratings up to 30 MVA, and 12 % for transformers
rated at 40 MVA and higher. According to the figure, for example, an 80 % protec-
tion level is achieved by using a 25 MVA 110/21 kV transformer in systems where
the HV short circuit current is 5 kA or more.

Source
U

SOURCE

Source
Z

S

PCC

1

:ITransformer Transformer
Z

T

U SSTS
BUS Fault current

MV feeder

Faulted
feeder
Protected
feeder

Fig. 4.4. Schematic diagram where the transfer switch is connected to two separate
transformers located at the same substation.
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Short circuit current at 110 kV (kA)

110/21 kV transformer rating (MVA)

Fig. 4.5. Obtained protection level, i.e. the minimum vyoltage at load terminals as a
function of short circuit current and transformer rating.

At distant substation or plant sites it may be necessary to build an MV feeder
from another substation. In such a case the point of common coupling (PCC) is
located higher upstream in the grid. See Fig. 4.6.

In a simplified case where both supplying HV subsystems are radial, i.e. there
are no closed HV loops downstream the PCC, the remaining load voltage after
supply transfer is written:

Ze + 2y + L + 2,
Le+Zy+Zr+2y+ 1L

(4.3)

" ¥SOURCE

Uioao =Upee =

Again, if we want to create a worst case scenario, a 3-phase fault is assumed at
the substation MV busbar. Thus

Zr + 2y

Lty (4.4)
ZT+ZH+ZS ~SOURCE

Uioap =Upee =

If the supplying HV systems include closed loops, more complicated calcula-
tions must be performed, though. Disregarding the network structure and required
method of calculation, the quantities to consider seem to be: the transformer rat-
ing, HV line type and length, connection between the transformers and PCC as
well as the short circuit current at the PCC.
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Source

U SOURCE

Source at PCC
Z

S

HV line
Z

H

Transformer

Transformer MV line

SSTS

Fault current
MV feeder

Faulted
feeder
feeder

Protected

Fig. 4.6. Schematic diagram for the case where the alternate supply for the transfer
switch is taken from another substation through an MV backup feeder.

In Fig. 4.7 some example numbers are calculated for a 110/21 kV system and a
25 MVA transformer. The HV conductor reactance is assumed to be 0,4 ohm/km
and the lines are assumed to be connected radially from the PCC to the HV/MV
transformers.

According to this calculation, the PCC short circuit current has much more
relevance than the HV line length. Obtaining a high protection level requires a
rather high short circuit current rating, i.e. a strong HV system.



14 7 90 % — - -80 %

Short circuit current at PCC (kA)

110 kV line length between transformer and PCC (km)

Fig. 4.7. Achieved protection level for a 25 MVA transformer as a function of PCC
short circuit current and HV line length between the transformer and PCC.

4.1.2 Series power conditioner with energy storage

In cases where the transmission system is weak or a back-up supply neither ex-
ists nor is reasonable to build, a transfer switch does not necessarily provide suffi-
cient protection against voltage sags. Something else has to be considered.

For correcting a sagged public supply, another voltage source, connected in se-
ries with the troubled one, is needed at the sensitive load. In a successfully rated
system these two sources together add up to sufficient load voltage, although not
necessarily 100 %.

Unlike the case of a transfer switch, the network environment is not as critical
as the correct rating and compatibility with the connected load. Sufficient mitiga-
tion is usually achievable in weak power systems as well.

This technology is also available commercially. Due to the variety of brands
and models, it is neither possible nor reasonable to give detailed information of
their features within this publication. Some general facts about rating and per-
formance are discussed to serve the purpose of this thesis, though.

Probably the best known name for such an application is the dynamic voltage
restorer, DVR. Despite the name, all solutions consist of an inverter and a trans-
former used for interconnection. Injected active power is taken from a dc energy
storage. The basic construction of a series connected power conditioner is shown
in Fig. 4.8.

The dc energy storage is charged through a rectifier. When a sag occurs, the
inverter injects a current that flows through the transformer, whose secondary
winding is connected in series with the supply feeder. The transformer winding ra-
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tio is selected so that the maximum inverter output current flowing through the
primary side causes sufficient voltage injection on the secondary side. Each phase
is controlled independently, i.e. supply unbalance is corrected as well.

Interconnection

Supply transformer Load
W
——
T _
Rectifier DC link Inverter
(or other +
charger Energy
device) storage

Fig. 4.8. Single-phase schematic of a series power conditioner with energy storage. In-
terconnection switchgear is not shown.

Depending on the load power factor, a certain amount of active and reactive
power is needed for normal operation. A dynamic voltage restorer is capable of in-
jecting both. Generating reactive power does not require stored energy whereas in-
jected active power is taken from the dc storage. The size of the storage thus de-
termines the available maximum time for injection. Once the supply voltage is re-
stored back to normal the power conditioner switches to stand-by mode and the
storage is recharged.

Mathematically expressed, the injection satisfies

U =U,+U, (4.5)

where U, is load voltage, U, sagged supply voltage and U, . the voltage injected by

the mitigation device. Fig. 4.9 shows an ideal case where an unbalanced three-
phase sag is restored back to the balanced nominal voltage.



U

inj, L1

Fig. 4.9. Correction of an unbalanced 3-phase sag. The load is provided with a full,
balanced voltage.

Under nominal voltage conditions the load power on each phase is
S=UI =R+iQ (4.6)
where |, is the load current, and P, & Q, the active and reactive power taken by the

load, respectively. During a sag, when the mitigation device is active and restores
the voltages back to normal, the following applies to each phase:

S, =(P+jQ), =(P+jQ), +(P+jQ) (+.7)

inj
where s refers to the sagged supply quantities and inj to quantities injected by the

mitigation device. Once the power conditioner is connected in series, equal cur-
rent flows throughout the system:

L=1 -1, (4.8)
Power taken from the public supply is thus
S, =P.+iQ.=U. [ (+9)

The mitigation device injects the remaining
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{ij =P -P (4.10)

where Q, . is generated by the inverter and P, is taken from the energy storage, the
total apparent power being

Sy = Py Qi (4.11)

This maximum injection power is limited by the current rating of the inter-
connection transformer windings and the inverter primary circuit. In addition, the
energy storage size determines the maximum available active power as a function
of time:

By = [Py (t)-dlt (4.12)
t

Typically, due to the unpredictable duration of sags, the device control scheme
is set to limit the maximum voltage injection to a certain level, in order to provide
the rated protection level for the rated time. In the case of a rectangular sag this
makes the protected region rectangular when expressed in U/t coordinates. See
Fig. 4.10.

This is a simplification, of course. If the sag is non-rectangular, the voltage in-
jection is real-time controlled and adjusted to provide constant load voltage at the
nominal or defined ride-through level but must not, however, exceed the maxi-
mum voltage injection.

N\
Nominal voltage level (or plant ride-through level)

injection max. {

S magnitude

£ U

S PLANT SAVED D PLANT LOST

@ due to sag duration

= max. duration

© <— for U, :

E inj, max :

S U, e Eacescescucuenisensnnsnnsusuennee
PLANT LOST PLANT LOST

due to sag depth

due to sag depth and duration

o N
1 7
t Time

crit

Fig. 4.10. Rating of a series power conditioner equipped with an energy storage.



In terms of Fig. 4.10 there are two major rating parameters for the device,
Uy and

nominal (or plant ride-through) level U, determine the critical remaining voltage
during a sag, U

The maximum voltage injection of the inverter, U, and the

inj,max?

crit”

U, =U,-U

crit n inj, max

(4.13)

Below U, the plant cannot be saved, assuming U, is the minimum allowable
load voltage, i.e. the plant ride-through level. The inverter may be able to give full
injection even though the supply voltage drops below U_,. However, there typically
exists a minimum input voltage limit for a series power conditioner, below which
the device is disengaged. This limit is set to U, or less depending on various rat-
ing, protection and electric environment parameters.

The maximum time for full injection (U is t_. This is the maximum al-

m],max) crit®

lowed sag duration in the case where the voltage sags down to U

+ T'hese two pa-
rameters, U, . and t_, are related by the required active power and further by the

amount of stored energy. See Eq. 4.12.
If the injected active power P, remains constant over the observed period of

time, which seldom happens in reality, t, can be expressed mathematically in
general form:

. (4.14)
Pinj

The parameters discussed above are used for rating the device. In addition to
the sags within the rated region discussed above, the power conditioner may also
be capable of restoring sags lasting longer than t_,. This is possible for sags less se-
vere than U, providing the total available amount of active power is not exceeded.
Eq. 4.15 thus has to be satistied. See also Fig. 4.11.

U, -t<u (4.15)

inj ho.max " £ v U, <y

crit inj, max

where U, and t are the magnitude and duration of injection in this particular case
and t > t . The load current is considered to remain constant throughout the
event. Further, Eq. 4.15 can be written

U'mj max
t< /"t

U crit

inj

v U, <y (4.16)

inj, max

In the region where U > U, and the sag duration t is longer than the limit de-

termined by Eiq. 4.16 the sags are shortened by t,,. Depending on the process this

crit*

may have a slight positive effect on the plant protection.
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Nominal voltage level (or plant ride-through level)
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t Time

crit

Fig. 4.11. In a case where the remaining voltage is higher than U_,, the mitigation
device may be capable of saving a plant against sags lasting longer than t . The ac-
cessible amount of stored energy is the limiting factor.

The features discussed above are typically left outside rating considerations but
may introduce some improvement in plant sag sensitivity as an additional benefit.

In practice, however, an individual sag may vary in magnitude and therefore
this rectangular or curvilinear way of presentation is somewhat simplified. Never-
theless, for preventive measures like device rating and cost/benefit analysis of the
mitigation, this is a most reasonable way.

In addition to the already discussed rating parameters, U, and t_,

some other quantities to consider. Total power rating (P and Q), basic insulation
level and maximum let-through fault current are the most important. Physically,

there are

the multiplication of active power and time is expressed as the size of the energy
storage in joules. In Fig. 4.12, the rating of a storage application is shown. No
losses are considered.

The electric energy storage type has to be selected as well. Capacitors are per-
haps the most used but batteries, flywheels and superconducting coils (SMES)
have also been introduced. Some conventional switchgear is needed for by-pass
and maintenance purposes.
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Fig. 4.12. Required net energy for restoring the full supply voltage for a 1 MVA load
at three different levels of voltage injection.

4.1.3 Series power conditioner without energy storage

In areas where the distribution system is strong, stored energy is not necessarily
required. The active power needed for the load voltage restoration is now taken
from the public supply by increasing the current drawn from the feeding substa-
tion. See Iig. 4.13.

In this application, the rectifier module has to be controlled and rated in such a
way that it is capable of supplying the maximum injected power on-line. In devices
presented in Chapter 4.1.2, the rectifier typically has a lower power rating and
simpler control algorithm because it is only used for charging the storage. In the
case of an electromechanical storage solution, e.g. flywheel, there may not be a
rectifier at all, but a motor instead.

Typically these devices are capable of providing ~ 50 % voltage injection with-
out any time limits. In terms of Fig. 4.10, the critical remaining voltage level dur-
ing a sag, U_,, is determined by not only the power conditioner rating but also by
the distribution system stiffness. In the case of a more severe voltage sag, a higher
current is needed for the compensation, which in turn causes an even greater volt-
age drop. Fig 4.14 describes the features of this application.

Practically it is not reasonable to mitigate 3-phase sags having less than 50 %
remaining voltage by using this application. Under unbalanced conditions one or
two phases may be allowed to drop lower than this margin providing the sound
one(s) remains close to nominal. Fig. 4.15 gives some idea of the viable network
conditions for this application.
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Rectifier DC link Inverter

Fig. 4.13. Single phase schematics of a series power conditioner without energy stor-
age. Interconnection switchgear is not shown. Rectifier is capable of supplying full
power for the inverter on-line.
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Fig. 4.14. Rating of a series power conditioner without stored energy.



Additional voltage drop due to mitigation device (%)

Short circuit current at mitigation device terminals (kA)

Fig. 4.15. Additional voltage drop due to a mitigation device restoring a balanced 3-
phase sag at different levels of voltage injection.

As can be seen in Fig. 4.15, higher injection levels are acceptable in strong
power systems only.

Another, practical reason to prohibit this is the protection relay setting and co-
ordination. Suddenly and strongly increasing current is easily interpreted as fault
current, which may cause false tripping of the feeder, and further, plant interrup-
tion. Especially careful considerations are required if multiple devices of this kind
are connected to the same feeder.
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4.2 Other means of mitigation
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In addition to the applications presented above, the solid-state transfer switch
and the series connected power conditioners, there are other means to mitigate
voltage sags.

The static tap changer, uninterruptible power supply (UPS) and constant volt-
age transformer are capable of taking care of the voltage restoration as well. Be-
cause they are, however, from the scope of this thesis very similar in performance,
no detailed discussion is presented here. They can be modelled by using the same
simplified parameters as for the devices in Chapters 4.1.1 - 4.1.3.



5 PROB-A-SAG METHOD

To optimise investments, minimize inconvenience and maximize process per-
formance in environments where voltage sags are frequent, a careful and thorough
analysis is required. Process sensitivity, annual sag frequency, sag related cost and
the performance of eventual mitigation equipment are the figures and factors to be
considered. The most challenging task is to find a common mode for presenting all
these quantities, which are inherently very different from each other.

This chapter presents a novel analysis and optimization method named Prob-A-
Sag (Probabilistic Arrays for voltage Sag management), which successfully com-
bines the consequences, economic significance and mitigation of voltage sags in a
uniquely flexible way, also applicable to computerized processing.

The fundamentals of applied mathematics can be found, for example, in Ref.

[34].

5.1 Existing methods

IEEE standard 1346-1998 “IEEE recommended practice for evaluating electric
power system compatibility with electronic process equipment” [12] recommends
methodology for voltage sag analysis. Assessing the annual number of power qual-
ity related disruptions and determining the process sag sensitivity are the main tasks
presented. From the outcome of these two studies, a system designer or analyst
should be able to evaluate the cost of compatibility between the process and power
system as well as to find alternatives to correct the problems.

This application is very similar to high voltage insulation coordination. Differ-
ent curves of device sensitivity and the annual sag distribution, i.e. the sag envi-
ronment, are drawn and placed upon each other. Further, these coordination
charts are studied, losses evaluated and the optimal solution proposed. See Fig. 5.1.

The method is illustrative and quickly gives an estimate of the prevailing situa-
tion and potential problems. However, human thinking, consideration and inter-
vention are needed throughout the procedure. Despite the illustrative nature of its
presentation, using paper and pencil and observing the drawn curves with the hu-
man eye do not comply with the requirements of an exact and up-to-date analysis
method. Neither can it be used for computerized calculation.

The standard enables a rough and quick estimate of sag related problems in a
power system but a thorough and precise numerical analysis for a larger industrial
process is not possible. Another major disadvantage is that a probabilistic approach
is not taken. Process sag sensitivity, especially in large, complicated processes, is
always a probabilistic function of several variables, such as the sensitivity of a single
device and its eventual random variation, as well as the device’s connection to
other devices in the process. The more sag sensitive devices there are in a process,
the more important it is to use probabilistic methodology.
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Generally, the technical approach seems to be quite approximate whereas the
analysis of the overall economic impact of a sag related plant disruption is per-
formed in a very thorough way. Everything from idle labour to repair parts is calcu-
lated. Finally, the payback time is obtained for the money invested in corrective
measures. See Fig. 5.2.
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Fig. 5.1. Example of the analysis procedure recommended by IEEE Std. 1346-1998
[12, picture copied from 35].

Determine the cost of a process disruption and how to evaluate pay back.

Investment Return
one-time capital 3 Annual benefit 3
outlay
+ -
One-time operating % ongoing annual 3
ExpENSEes ExXpENSE
Wet Inwestment ¥ Wet annual return ¥
Pay back = [(net inwvestment / net annual return) = 12 = Months

Fig. 5.2. IEEE Std 1346-1198. Calculation of pay back time [12, picture copied
from 35].
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5.2

This makes the procedure a good tool for business people but it is not necessar-
ily accurate enough for power systems people. From the power systems point of
view, the emphasis should be on technical and electrical analysis as much as it is
on financial matters. Economic figures can be provided by either the customer or
the power system analyst whereas the thorough technical analysis needs some ex-
pertise in engineering.

A search in the IEEE database reveals that most references to this standard
seem to concern the device sensitivity curves, not the method itself. According to
the standard the curves are, however, intended only to be examples and not to rep-
resent the typical performance of a device.

Objectives for novel method

The ambitious primary aim of this work was to develop a method for analysing
the technical and economic impacts of voltage sags, including features for finding
the optimised solution for a problem in any voltage sag concerned power system or
process. The following conditions were to be met:

- all quantities should be presented in a uniform format

- applicable to all environments from a single customer to a complete
power distribution system

- flexible accuracy from a rough estimate to exact numbers

- must allow for probabilistic processing of data

- possibility to be implemented in power system software platforms

- includes tools for investigating custom power applications and other
means of mitigation

The uniform way of presenting all variables was chosen to be a 2-dimensional
array. All quantities needed for the analysis can be expressed as an array which has
rows for remaining voltage magnitude and columns for the duration of the sag. An
example is shown in Fig. 5.3.
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<100 %

<90 %

<80 %

<70 %

<60 %

<50 %

<40 %

Remaining voltage

<30 %

<20 %

<10 %

0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s

Sag duration

Fig. 5.3. Example of an array used for presenting the variables.

Each quantity, e.g. a device sag sensitivity, is indicated by placing numbers (bi-
nary or decimal) in corresponding cells. See Fig. 5.4.

<100 % 0 0 0 0 0
<90 % 0 0 0 0 0
o] <s0% 0 0 0 0 0
g <70% 0 0 0 0 0
2 <60 % 0 1 1 1 1
g
=] <50 % 0 1 1 1 1
E[ <a0% 0 1 1 1 1
“ <30% 0 1 1 1 1
<20 % 0 1 1 1 1
<10 % 0 1 1 1 1
0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s
Sag duration

Fig. 5.4. Example of a device sensitivity array. (Sag sensitivity of a personal com-
puter, 0 = no trip, 1 = trip.)

The cells of an array are referred to in the same way as matrix entries: A(i,j),
where i is the row number and j identifies the column in matrix A. The uppermost
cell on the left is A(1,1). An example is shown in Fig. 5.5. Each entry corresponds
to a cell value in a 3 x 3 array.
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Fig. 5.5. Identifying the cells of an array.

Conventional matrix notation is used for performing mathematical operations
on array elements. The elements, i.e. matrix cell values, are simply used as argu-
ments in the calculations. Both arithmetic and Boolean operations are allowed.
This means of presentation also enables the probabilistic processing of data.

Only the remaining voltage and sag duration are applied here. Other features
like point-on-wave, imbalance and transient energy content may be flexibly added
by increasing the array dimension as needed. Although out of the scope of the pre-
sent publication, this would be an excellent advance for future development of the
Prob-A-Sag method. It also enables fully computerized processing of the complex
data of multidimensional and multivariable arrays.

Selecting array resolution, i.e. the number of rows and columns, affects the ac-
curacy of the analysis. If more detailed initial data and computing power are avail-
able, using larger arrays might be justified.

Processing the arrays

Let us define two arrays: device sag sensitivity array D and annual sag frequency
array S. Examples are shown in Fig. 5.6 & 5.7.

<100 % 0 0 0 0 0
<90 % 0 0 0 0 0
.| <80% 0 0 0 0 0
g <70% 0 0 0 0 0
= <60 % 0 0 0 0 0
£ <50 % 1 1 1 1 1
E[ <a0% 1 1 1 1 1
1 <30% 1 1 1 1 1
<20 % 1 1 1 1 1
<10 % 1 1 1 1 1
0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s
D Sag duration

Fig. 5.6. Contactor sag sensitivity, 0 = no trip, 1 = trip.
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This is a sample array with real case data. It simply indicates that all sags having
remaining voltage less than 50 % are capable of tripping this particular contactor
within all these time categories. 50 % is a typical mean value for contactor tripping,

based both on our measurements and on other sources. See section 3.1.1.

<100 % 5,33 2,33 10,33 0,33
<90 % 2 3,67 1,33 0,67
o <80 % 1,67 3 0,33
S| <70% 3
o
; <60 % 1
o
=| <50% 0,33
©
OE) <40 % 0,67
x
<30 % 0,33
<20 %
<10 % 2,00
S 0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s
Sag duration

Fig. 5.7. Annual sag frequency (number of sags per phase).

The sag frequency shown in Fig. 5.7 actually represents an annual single phase
sag distribution measured at the secondary side of a Finnish 110/20 kV substation.
See Fig. 2.6. A total of 39 3-phase events were recorded.

Multiplying these two quantities, sag tolerance D and sag frequency S, gives us
the annual interruption frequency array, I:

1G,)=DG,-SG, )V (5.1)

i=1..m,j=1...n
where m and n are the maximum numbers of rows and columns, respectively. Ar-
ray | thus indicates the annual frequency of sag related interruptions in each U-t
category. Applying equation 5.1 on the arrays in Fig. 5.6 and 5.7 gives the array

shown in Fig. 5.8.
Total annual number of interruptions, N, is derived from I:

N= 310G, (5:2)

=1 j=1

For the array in Fig. 5.8, N = 3,33 annual interruptions due to voltage sags.




<100 %
<90 %
<80 %
<70 %
<60 %
<50 % 0,33
<40 % 0,67
<30 % 0,33
<20 %
<10 % 2

I 0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s

Remaining voltage

Sag duration

Fig. 5.8. Annual frequency of sag related interruptions. Shaded area indicates the
contactor sag sensitive region.

Probabilistic approach

In section 5.3 the contactor is assumed to have certain performance characteris-
tics. The device is presumed to be unconditionally sensitive to sags of certain mag-
nitude and duration. The rest of the sags are not considered harmful in any case.
This gives us a device sensitivity array with binary cell values (0 or 1). The contac-
tor either trips (1) or does not (0).

In real life, however, an individual contactor may have random variation in its
tolerance. Another thing is that we may not know the characteristics of a particular
device whose performance we want to assess and thus a generalised model has to
be used instead. This requires application of probabilistic concepts. The device
sensitivity array no longer consists of zeros and ones but may contain intermediate
values indicating the probability of tripping when a sag of certain category is ex-
perienced.

Fig. 3.7 presents the measured performance of 28 contactors. A normal distri-
bution curve is fitted to contactor test results. The probability of tripping between
75 % and 20 % of remaining voltage (IEC standard limits) is scaled to be 99,5 %.
Converting the normal distribution to a cumulative one gives us one assumption of
the tripping probability of any contactor. The array is shown in Fig. 5.9.

Again, annual interruption frequency is obtained by multiplying cell values in
this D array with the corresponding values in the S array drawn in Fig. 5.7, accord-
ing to Eq. 5.1. The resulting array is shown in Fig. 5.10.

51



52

<100 % 0,00 0,00 0,00 0,00 0,00
<90 % 0,00 0,00 0,00 0,00 0,00
.| <80% 0,01 0,01 0,01 0,01 0,01
g <70% 0,11 0,11 0,11 0,11 0,11
| <60 % 0,40 0,40 0,40 0,40 0,40
£ <50 % 0,77 0,77 0,77 0,77 0,77
E[ <a0% 0,96 0,96 0,96 0,96 0,96
“1 <30% 1,00 1,00 1,00 1,00 1,00
<20 % 1,00 1,00 1,00 1,00 1,00
<10 % 1,00 1,00 1,00 1,00 1,00
0-50 ms 50-150 ms | 150-300 ms | 300-500 ms | 500 ms-1s
D Sag duration
Fig. 5.9. Contactor sag sensitivity. Probabilistic cell values.
<100 %
<90 %
o1 <s0% 0,02 0,03
g <70 % 0,33
o | <00% 0,40
£ <50% 0,25
El <a0% 0,64
“ <30% 0,33
<20 %
<10 % 2,00
0-50 ms 50-150 ms | 150-300 ms | 300-500 ms | 500 ms-1s
I Sag duration

Fig. 5.10. Annual frequency of sag related interruptions.

The total annual number of interruptions is in this case: N = 4,01 (kEq. 5.2).
The binary sag sensitivity array in Fig. 5.8 gave a somewhat smaller value: N =
3,33. Probabilistic processing of data thus proved to have a strong effect on the re-
sults. In general terms, the value of N depends on the location of non-zero cell
values in S and D. Typically S has larger cell values on the upper rows whereas the
sensitivity arrays usually have an emphasis on deep sags. Introducing probabilistic
D arrays in such cases increases N in comparison to the binary approach.

As a matter of fact, the annual sag frequency array S is also a probabilistic quan-
tity with measured and/or simulated numbers. S indicates how many sags there are
to be expected in each category annually. The more measurement data we have or
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the more exhaustive the simulations that we carry out, the more generally applica-
ble the numbers are for that particular node of the network.

Analysing a complete process

As discussed in previous sections, tripping of a single contactor or control de-
vice may interrupt a complete industrial process. However, it is supposed that other
items of equipment may have their contribution as well. The larger and more
complicated a process is, the more components are likely to cause problems when
voltage sags occur.

Thus, it is inevitable to study the response of a complete process after determin-
ing the response of each sag sensitive component or component type. This is a
complex task, impossible in some cases. For rough estimation, simple methods are
suitable but to give more exact numbers, a sophisticated means of analysis is re-
quired. We need another probabilistic array.

Let the device sag sensitivity array be D, where n is the number of a single de-
vice ranging from 1 to the total number of devices in the process of concern. The
complete process sensitivity array is named P. To retrieve P from the D arrays we
need to know their role in the process. Some components are able to interrupt the
process without any contribution from other devices.

Sometimes, although presumably rather seldom, the case may be that devices
are linked with others, and tripping of all (or most) of them is required in order to
interrupt the process. For example, there might be three pumps to maintain the
vacuum in a silicon wafer oven. For redundancy, one is allowed to be out of ser-
vice. However, losing two of them due to the tripping of contactors interrupts the
process because the vacuum is lost.

The probability of process tripping has to be determined according to the mu-
tual connection of sensitive devices. The following example describes the proce-
dure. See Fig. 5.11. For the related mathematical fundamentals, see Ref. [30] or
similar.

p(D,,)

p(D,,)

p(D,)

Py =L1-p(D, )*p(D, I1-p(D, )*p(D, YI[1-p(D,)] =>

Pus =1-{[1-p(D, )*p(D, )I[1-p(D, ) *p(D, ) I[1-p(D,)1}

Fig. 5.11. Example of the connection of sag sensitive devices in a process. Probability
of each device tripping is labelled p.
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Devices D,, and D,, are parallel, i.e. tripping of both of them interrupts the
process. D, and D,, make a similar pair whereas D, is an independent branch.
Thus tripping of either of the pairs or D, brings the process down.

Calculating the probability of process tripping from the device sensitivity arrays
D,,, D, D,, D,,, and D, gives us the process sensitivity array P. To any cell value
of P thus applies:

PG, =1-[(L-D, ,(i,p)-D,,(,1D)-(L-D, ,(i,))-D, ,(i,)-(1-D, i, )] (5.3)

Generally written:

]

P(i,j):1—{H{1—ﬁDk/l(i,j)ﬂ V i=l..m, j=1..n (5.4)
=1

k=1

where q is the number of serial connected components or component groups and
1, is the number of parallel components in each group k in terms of Fig. 5.11.

NOTE: The relationship between sensitive devices and their probabilistic con-
nections has to be determined individually for each study case. Otherwise the cal-
culation results in an invalid process sensitivity array.

It is essential to note that increasing the number of a sensitive component type
may decrease the withstand level of the complete process significantly. This is es-
pecially important in systems where tripping of one component or a small sub-
process is capable of bringing the whole plant down. The more these kind of com-
ponents there are, the more possibilities there are to lose the process.

Instead of using some average or typical tolerance level for that particular
equipment, we have to use the probabilistic method described above to obtain
more accurate figures. Let us take Fig. 5.9 presenting contactor sag sensitivity as an
example. What happens if we have 10 or 100 of these in a process and tripping of
any of them will cause a process shutdown? Assuming the contactors are, in terms
of Fig. 5.11, connected in series gives us a reduced form of Eq. 5.4:

P(,i) =1-[(1-D,(i,))-(1=D,(i,)))-...-(1=D, (i, )] (5.5)

In the case of n similar contactors (D, = D, = ... = D,) we can further simplify

n

the expression:
PG, =1-[1-D,0,D)] (5.6)

Let D, be the array shown in Fig. 5.9. Process sensitivity arrays for a system of
10, 100 and 1000 similar contactors are shown in Figs. 5.12-14, respectively.



P

<100 % 0,00 0,00 0,00 0,00 0,00
<90 % 0,01 0,01 0,01 0,01 0,01
.| <80% 0,11 0,11 0,11 0,11 0,11
g <70% 0,67 0,67 0,67 0,67 0,67
2 <60 % 0,99 0,99 0,99 0,99 0,99
2] <50 % 1,00 1,00 1,00 1,00 1,00
£ <0 % 1,00 1,00 1,00 1,00 1,00
1 <30% 1,00 1,00 1,00 1,00 1,00
<20 % 1,00 1,00 1,00 1,00 1,00
<10 % 1,00 1,00 1,00 1,00 1,00
0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s

Sag duration

Fig. 5.12. Process sag sensitivity for a system of 10 similar contactors. Each of the
contactors is capable of interrupting the process.

P

<100 % 0,00 0,00 0,00 0,00 0,00
<90 % 0,05 0,05 0,05 0,05 0,05
.| <80% 0,70 0,70 0,70 0,70 0,70
gl <70% 1,00 1,00 1,00 1,00 1,00
S <60% 1,00 1,00 1,00 1,00 1,00
= <s50% 1,00 1,00 1,00 1,00 1,00
E[ <a0% 1,00 1,00 1,00 1,00 1,00
1 <30% 1,00 1,00 1,00 1,00 1,00
<20 % 1,00 1,00 1,00 1,00 1,00
<10 % 1,00 1,00 1,00 1,00 1,00
0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s

Sag duration

Fig. 5.13. Process sag sensitivity for a system of 100 similar contactors.

Fig. 5.15 shows the corresponding tripping probability curves for a single con-
tactor and for processes with 10, 100 and 1000 similar (or average) contactors. For
simplicity only sag magnitude is considered here, duration is irrelevant in this case.

Let us consider the following question: How deep a sag causes the process to
trip at a probability level of 90 %? In Fig. 5.15 we obtain the answers. For a single
contactor system the critical sag depth is 40 %. For 10, 100 and 1000 contactor sys-
tems we get 55 %, 65 % and 75 %, respectively.

This example shows clearly that the number of (similar) sensitive devices as
well as their mutual connection has to be taken into account. Probabilistic process-
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ing of the sensitivity data is obviously needed, especially in the case of large and
complicated processes.

<100 % 0,01 0,01 0,01 0,01 0,01
<90 % 0,43 0,43 0,43 0,43 0,43
o1 <80% 1,00 1,00 1,00 1,00 1,00
g <70% 1,00 1,00 1,00 1,00 1,00
2 <60 % 1,00 1,00 1,00 1,00 1,00
Sl <s50% 1,00 1,00 1,00 1,00 1,00
E[ <a0% 1,00 1,00 1,00 1,00 1,00
“ <30% 1,00 1,00 1,00 1,00 1,00
<20 % 1,00 1,00 1,00 1,00 1,00
<10 % 1,00 1,00 1,00 1,00 1,00
0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s
P Sag duration

Fig. 5.14. Process sag sensitivity for a system of 1000 similar contactors.
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% = = 10 contactors
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o - = = +100 contactors
= = =1000 contactors

0,0 ‘ ‘
0 % 20 % 40 % 60 % 80 % 100 %

Remaining voltage

Fig. 5.15. Probability of interruption for processes with 1, 10, 100 and 1000 contac-
tors. Each of the contactors is capable of interrupting the process.

Having now defined the process sag sensitivity array P, it is time to refine Eq.
5.1, and array I, to cover the complete process instead of a single device. Thus:
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1G,)=PG,))-SG,)) V i=1..m,j=1..n (5.7)

Equation 5.2 is still valid for calculating the total number of sag related inter-
ruptions, N. Combining Eqgs. 5.2, 5.4 & 5.7 give:

N:zqu—{ﬁ{l—n%(i,j)}ﬂ-S(i,j)} (58)
i=1l j=1 k=1 =1

For the arrays in Figs. 5.12-14, N equals 6,96, 11,21 and 15,81 annual events,
respectively, when applying the sag frequency array in Fig. 5.7. Compare these fig-
ures with those corresponding to a single contactor, 3,33 (binary sensitivity array,
Ch. 5.3) and 4,01 (probabilistic sensitivity array, Ch. 5.4). Increasing the contactor
number from 1 to 1000 thus increases the process sag related shutdown rate re-
markably. The data is collected in Table 5.1.

Table 5.1. Annual number of sag related interruptions in systems of 1, 10, 100 and
1000 contactors.

Annual number
of sag related
interruptions

1 contactor, non-probabilistic sensitivity data 3,33
1 contactor, probabilistic sensitivity data 4,01
10 contactors, probabilistic sensitivity data 6,96
100 contactors, probabilistic sensitivity data 11,21
1000 contactors, probabilistic sensitivity data 15,81

Cost assessment

Linking sag cost assessment to technical sag management is challenging but
not impossible. This task was also one of the primary aims in developing the array
based Prob-A-Sag method.

In most cases assigning a fixed sum of money to represent the cost of plant in-
terruption is well accepted and gives accurate enough results. Let E be the event
cost of a single sag related interruption and C the total annual sag related cost. For
C we can write:

C=N-E (5.9)
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This approach considers all sags to be of equal inconvenience and to cause
equal economic losses. If we nevertheless want to emphasize the harmfulness of
sags with certain quantities, it is possible by expressing E as an array instead of us-
ing a scalar number.

As discussed in Section 3.2, the partial shutdown or halt of a sub-process is of-
ten more difficult and more expensive to restore than a total blackout. According to
Ref. [30], a voltage sag (50 %, 200 ms) causes roughly 1,5 times higher economic
losses than a total interruption lasting one second. Based on this information we
can construct a weighted event cost array E. See Fig. 5.16.

<100 % 10 10 10 10 10
<90 % 10 10 10 10 10
o1 <s0% 10 10 10 10 10
g <70% 13 13 13 13 13
2l <60 % 15 15 15 15 15
Sl <s0% 13 13 13 13 13
El <a0% 12 12 12 12 12
1 <30 % 10 10 10 10 10
<20 % 10 10 10 10 10
<10 % 10 10 10 10 10
0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s
E Sag duration

Fig. 5.16. An example of a weighted event cost array E (k€/event).

In the example, an outage is assessed to be worth 10 000 €. However, a sag hav-
ing 50 % remaining voltage would cause more trouble at the plant and, further, a
higher interruption cost, 15 000 € in this case.

NOTE: This procedure needs one feedforward loop from the technical analysis
of the process. By taking a look back at the previously prepared process sensitivity
array P, we can consider whether there are some sag categories that need to be
emphasized in the event cost array E. Desired categories may be purposely de-rated
as well, by using values less than the regular or standard cost.

In a case where the fixed amount per event is preferred for all sag quantities,
equal value is added to each of the array cells, as in Fig. 5.17.



<100 % 10 10 10 10 10
<90 % 10 10 10 10 10
.| <80% 10 10 10 10 10
g <70% 10 10 10 10 10
2 <60 % 10 10 10 10 10
2] <50 % 10 10 10 10 10
£ <0 % 10 10 10 10 10
“[ <30% 10 10 10 10 10
<20 % 10 10 10 10 10
<10 % 10 10 10 10 10
0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s
E Sag duration

Fig. 5.17. An example of a non-weighted event cost array E (k€/event).

As we now have the means to combine economic quantities with the technical
sensitivity analysis, it is time to assess the total sag related cost per year, C. Express-
ing E as an array leads to the fact that we can no longer use Eq. 5.9, but must use
Eq. 5.10 instead:

C:izn:[l(i,pf(i,j)] (5.10)

=1 =1

Further, combining Eq. 5.4, 5.7 & 5.10 gives:

C= 22[{1—{11[{1—1?%0,])}]]-S(i,j)-E(i,j)} (5.11)

[ =1 k=1

This equation gives the annual sag related cost for a process, sub-process, plant
or whatsoever unit is considered. Using the example arrays in Figs. 5.7 & 5.12-14
and the E arrays shown in Figs. 5.16-17 gives the total annual cost for the example
systems. See Table 5.2. Fig. 5.18 shows the obtained numbers as a chart.
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Table 5.2. Annual sag related cost in systems of 1, 10, 100 and 1000 contactors (€).

Annual sag related cost, Annual sag related cost, non-
weighted cost array weighted cost array
1 co_nt_a_ctor, non-probabilistic 35 600 33300
sensitivity data
1 co_n’Fa_ctor, probabilistic 45 100 40 000
sensitivity data
10 c_opt_actors, probabilistic 82 900 69 600
sensitivity data
100_c_0r_1tact0rs, probabilistic 128 500 112 100
sensitivity data
100(_)_c<_)ntactors, probabilistic 174 400 158 100
sensitivity data
200
180 1
160 - W Weighted
O Non-weighted
140 - 9
()
>~ 120 A
»
S 100 A
E
= 80 +
<
<
60
40 A
20 1
0 - —

1 non-prob 1 prob 10 prob 100 prob 1000 prob

Fig. 5.18. Annual sag related cost for the example contactor systems (kE).



5.7 Mitigation devices

In the case where a mitigation device is present in a sag sensitive power system,
its effect on the sag distribution needs to be considered. In terms of the Prob-A-Sag
method, the mitigation device filters the sag frequency array S into the restored sag
frequency array, R. See Fig. 5.19.

Mitigation

device

Fig. 5.19. Effect of a mitigation device on annual sag frequency array S.

Depending on the equipment type, the transformation from S to R array is dif-
ferent. Let us first consider the most complicated one: an inverter based series
power conditioner with energy storage.

Within its operating region, a series connected power conditioner transfers sags
in any non-zero cell of an S array to the nominal voltage (or plant ride-through)
level, thus causing the corresponding cells to be empty in array R. In a region
where the device is not capable of operating, the cell values do not change.

As discussed in Chapter 4.1.2, the equipment is effective not only where the
rating parameters apply (U > U_,, t <t ) but also for longer sags, as long as the en-
ergy storage capacity is sufficient. This is relevant providing

(U, -Un-t <U (5.12)

inj, max ) tcri‘L V Uwi 2 Ucrit

where U] refers to the lower limit of voltage category i and t" to the upper limit of
time category j. Further

u >u,-U ot Ut >U (5.13)

i n inj,max t+ i = Mecrit

Fig. 5.20 gives an example.
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u .
mcrit

<100 % [P 33 M0 2,33 D[P 1033 DA 033
<90% [[[\ T\ 2 "3\ 367 ‘1,33 0,67
o <80% [\ " \ L7 E 0,33
& o \ \
8| <70 % 3
S 0% | Vo
2 U
= o crit
Sl <s50% 0,33
©
E| <40% 0,67
“1 <30% 0,33
<20 %
<10 % 2,00
S 0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s
Sag duration

Fig. 5.20. The effect of a series connected power conditioner with energy storage on
sag frequency array S.

Mathematically, R array cell values satisfy

AU U, U, e

inj,max t+
i

0 Vij > U2U,
- (5.14)
ROD=18G,0) Fij > Uy SUT<Uy = Uy =2
j

SG,i) Vi > U <U

crit

The first condition represents the shaded area in Fig. 4.11 and 5.20, the second

refers to the non-shaded area above U_,, whereas the third row is for sags deeper

than the critical voltage.

For simplification, the shortening of sags due to the conditioner is ignored
here. It has only a negligible effect on the annual number of plant interruptions, if
any. This simplified way of modelling and presenting this device category is as-
sumed to be accurate enough for most practical cases and applications of the Prob-
A-Sag method. However, a more detailed and substantially more complicated
model is presented in Appendix A.

Substituting S in Fig. 5.20 to Eq. 5.14 gives the R array shown in Fig. 5.21.




<100 % 0,00 0,00 0,00 0,00
<90 % 0,00 0,00 0,00 0,67
o| <80% 0,00 0,00 0,33
g <70% 0,00
2 <60 % 0,00
=
S| <50 % 0,33
g <40 % 0,67
“l <30% 0,33
<20 %
<10 % 2,00
0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s
R Sag duration

Fig. 5.21. Restored sag frequency array R in the case of a series connected power con-
ditioner with energy storage. The shaded area shows where the conditioner is active.

Another inverter based custom power device is the series conditioner without
energy storage. With such equipment there is no time limit for successful mitiga-
tion. Thus only U_, needs to be considered. Let us have an example:

crit

oo [ N33 N B o By e 7
<90% [[[\ "1\ 2 /(\367 T w33 7] 7 7
o <so% [\ \ 167 l\ [\ 333 \ Y
gl <70% [\ B K \ ) \
* <60% |\ V' \ \ \
c
= <50 % 0,33
g <40 % 0,67 ] /
“1 <30% 0,33 o
<20 %
<10 % 2,00
0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s
S Sag duration

Fig. 5.22. Effect of a series connected power conditioner without energy storage on
sag frequency array S.

The mathematics for the restored sag frequency array:

RO j) = 0 VvV iU 2Uy, (5.15)
SG,p) v iU <U

crit
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And further, the example array itself, drawn in Fig. 5.23.

<100 % 0,00 0,00 0,00 0,00
<90 % 0,00 0,00 0,00 0,00
| <80% 0,00 0,00 0,00
>
S| <70% 0,00
=l <e0% 0,00
c
| <50% 0,33
E[ <a0% 0,67
“1 <30% 0,33
<20 %
<10 % 2,00
0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s
R Sag duration

Fig. 5.23. Restored sag frequency array R in the case of a series connected power con-
ditioner without energy storage. The shaded area shows where the conditioner is ac-
tive.

The third application, mentioned in Chapter 4.1.1, is the static transfer switch.
The viability of this application depends strongly on the independence of the al-
ternate supply. Typically this supply and the primary one have a point of common
coupling (PCC) somewhere upstream in the system.

For MV faults occurring downstream from the power station that acts as the
primary supply, the voltage at the backup supply can be calculated by using the
impedance ratios over the fault current path. However, sags penetrating from up-
stream (HV system faults) may momentarily reduce the voltage at each of the sup-
plies. This drop may be equal in both, or may vary according to the fault location
at higher voltage levels.

Our sag distribution array does not contain information about the origin of sags
or the location of the faults causing them. It is thus not reasonable to give equa-
tions for creating the R array. Instead, studying the network conditions on-site,
separately for each case, gives us enough knowledge to establish a proper restored
sag distribution array for that particular plant and custom power solution.

We can nevertheless take a simplified example of the effect of this device type.
Let us assume the most optimistic conditions: the alternate supply is fully inde-
pendent of the primary one. Thus all sags are restored to nominal without any time
limitations. This gives us an excellent looking R array. See Fig. 5.24.

This seems to save the plant or sensitive equipment against any voltage sag as
long as the alternate supply remains nominal. However, this is an ideal case, sel-
dom obtained in real power systems. In small scale systems, an uninterruptible
power supply (UPS) may provide such protection against sags. Their energy storage



is typically rated for full voltage injection for several minutes, or even hours. This
protects the load in an extremely efficient way. Thus the example R array pre-
sented below for an ideal transfer switch application applies fully to a UPS as well.

<100 % 0,00 0,00 0,00 0,00
<90 % 0,00 0,00 0,00 0,00
o] <80% 0,00 0,00 0,00
g <70% 0,00
2 <60 % 0,00
c
S| <50 % 0,00
§ <40 % 0,00
<30 % 0,00
<20 %
<10 % 0,00
0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s
R Sag duration

Fig. 5.24. Restored sag frequency array R in the case of a static transfer switch in an
ideal case. Shading of the complete array shows that the equipment is effective in all
categories.

These examples are not meant to be comprehensive nor exhaustive but to illus-
trate the main principles for generating R arrays. Simple examples are easier to
understand, and in most cases are accurate enough for the analysis. The more ac-
curacy we want, the more complicated and difficult to understand the mathemati-
cal expressions tend to become, instead of being self-explanatory and compact.
Thus the more conditions there are for modelling the performance of a studied de-
vice, the more reasonable it is to generate the R array manually by editing the pre-
vailing sag frequency S.

The effect of a mitigation application is certainly worth assessing. Investment
cost, on-site network environment and the features of the sensitive load to be pro-
tected dictate the optimal solution. Mathematically the assessment proceeds as in
Eq. 5.11. Now R is used instead of S:

C :2?[{1{11[{1—1%1[Dk,(i,j)ﬂ:|~R(i,j)-E(i,j)J (5.16)

i =1 k=1

Substituting the two mitigation examples presented in Fig. 5.21 & 5.23 and
adding to the probabilistic figures in Table 5.2 gives the following numbers:
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Table 5.3. Annual sag related cost in systems of 1, 10, 100 and 1000 contactors for
two different mitigation applications (€).

Annual sag related cost, non-
weighted cost array,
no mitigation
Annual sag related cost,
non-weighted cost array,
series power conditioner
with energy storage
Annual sag related cost,
non-weighted cost array,
series power conditioner
without energy storage

1 contactor, probabilistic

sensitivity data 40 000 32 300 32 300

10 contactors, probabilistic

sensitivity data 69 600 33700 33 300

100 contactors, probabilistic

sensitivity data 112 100 35900 33 300

1000 contactors, probabilistic

sensitivity data 158 100 39500 33 300

Table 5.3 does not provide a general comparison of the various mitigation
means. The figures merely represent two examples from the wide product range
and rating possibilities. The annual sag distribution, process sensitivity and single
event cost numbers are also examples, not generalized data.

Nevertheless, we can assume from Table 5.3 that one solution is better than
another. Here the series conditioner is the most cost-effective. In weak systems the
equipment with stored energy, rated at higher maximum injection, might prove to
be significantly better. In absolute terms, the transfer switch application in Fig.
5.24 would give the best results because an optimal network environment was as-
sumed. Total cost would be zero on all rows. Such conditions are seldom attain-
able, however.

Another interesting observation is that increasing the number of sensitive de-
vices makes the mitigation device much more profitable. This is mostly due to the
example sag distribution and process sensitivity used here. However, the example
utilises real data, acquired from real measurements. Using a distribution that has
more deep sags might change the case.

Comparing the results of the Prob-A-Sag method as in Table 5.3 directly gives
an estimate of the most optimal solution and rating for each particular case.



5.8. Summary

The chapters above outline the basics of the array based, probabilistic voltage

sag management method, Prob-A-Sag. Gathering all proposed arrays and quantities

in one figure helps us to understand the procedure. See Fig. 5.25.
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Fig. 5.25. Prob-A-Sag method.
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Table 5.4 sums up the mathematically exact definitions of the quantities intro-

duced in the Prob-A-Sag method.

Table 5.4. Summary of mathematical definition of quantities in order of appearance.

Symbol

Type
(A)rray
(S)calar

Arguments

(B)inary
(R)eal

Allowed
values

Description

DG, j)

B or R

(Relative) probability of a device
disconnection or malfunction due to
voltage sags, 0 equals 0 % and 1

represents 100 % probability

SG,j)

(Absolute) frequency of voltage sags,
number of sags per year per U/t cate-
gory

IG,))

(Absolute) frequency of voltage sag
oriented plant interruptions, number
of interruptions per year per U/t
category

(Absolute) number of voltage sag
oriented plant interruptions per year

PG,j)

BorR

(Relative) probability of process in-
terruption or malfunction due to
voltage sags, 0 equals 0 % and 1

represents 100 % probability

EG,)

(Absolute) cost of one sag oriented
interruption, currency units per sag
per year per U/t category

(Absolute) voltage sag oriented cost,
currency units per year

RG,j)

(Absolute) frequency of voltage sags
device,
number of sags per year per U/t cate-
gory

downstream a mitigation




6.1

APPLICATION EXAMPLES

This chapter introduces two examples to show the use of the Prob-A-Sag
method. The objective is to illustrate the procedure as well as to prove the applica-
bility and advantages of the method. Calculations are based on existing facts. How-
ever, due to the lack of some pieces of information, data from several processes,
customers and network conditions are combined in order to provide presentable
and illustrative examples.

Example 1

The first study case is a manufacturer of integrated circuits (IC). An ion im-
planter was analyzed. lon irradiation, or ion implantation in other words, is a stan-
dard processing technology in modern semiconductor device fabrication. An ion
beam implanter is used to alter the near-surface properties of semiconductor mate-
rials. Typical machines used in the manufacture of electronic devices use beam
energies from 2 keV up to 2 MeV.

Such a process is a complicated combination of electricity, including high
voltage, chemicals in both gas and liquid form as well as high temperature plasma,
heavy rotating parts with high momentum, and vacuum chambers. To get proper
results, i.e. high quality layers on silicon wafers, all the above mentioned elements
need to be continuously controlled, monitored and maintained.

Unintended tripping of any part of the control or power supply equipment re-
sults in process shutdown. In the worst case this would lead to severe mechanical
damage inside the machine, due to the uncontrolled motion of the rotating arms
that hold the wafers. Thus the process needs to be properly run down, checked,
eventually cleaned and started again. An auto-recovery procedure is not allowed.

The studied implanter has several components that are considered problematic
from the voltage sag point of view. Total power consumption is 70 kVA, the supply
voltage being 110 volts. This results in currents of tens of amps in the main cir-
cuits. Contactors are widely used both for connecting and disconnecting these cur-
rents and for controlling the complicated process. Most of them are capable of
bringing the system down by just being disengaged for a short while during a volt-
age sag. Another potential source of problems is the computer integrated into the
equipment and used for controlling the process. A halt or an unintended boot of
the computer inevitably leads to process shutdown, loss of process status data and,
in the worst case, equipment damage as described above. The details described
above connect our calculation example to reality.

Let us evaluate an ion implanter that has 5 contactors, each of which is capable
of interrupting the process. In addition to these there is also a computer, sensitive
to sags and critical in terms of process ride-through as well. For the contactors we
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use probabilistic sensitivity, described in Fig. 5.9. The computer is assumed to be
F-02, in terms of Fig. 3.11.
Let the contactor and PC sensitivity arrays be D, and D,, respectively. D, is
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shown in Fig. 5.9 and D, is generated in Fig. 6.1.

<100 % 0 0 0 0 0
<90 % 0 0 0 0 0
L] <80 0 0 0 0 0
gl <70% 0 1 1 1 1
; <60 % 0 1 1 1 1
=] <50 % 0 1 1 1 1
E[ <a0% 0 1 1 1 1
| <30% 0 1 1 1 1
<20 % 0 1 1 1 1
<10 % 0 1 1 1 1
0-50 ms 50-150 ms | 150-300 ms | 300-500 ms | 500 ms-1s
D2 Sag duration
Fig. 6.1. Device sensitivity array for personal computer.
Applying Eq. 5.5 gives us the process sensitivity P:
P(,i =1-{[1-D,i,D]*[1-D,(i, )] | (6.1)
The corresponding P array is calculated in Fig. 6.2.
<100 % 0,00 0,00 0,00 0,00 0,00
<90 % 0,00 0,00 0,00 0,00 0,00
.| <80% 0,05 0,05 0,05 0,05 0,05
g <70% 0,44 1,00 1,00 1,00 1,00
2 <60 % 0,92 1,00 1,00 1,00 1,00
=] <50 % 1,00 1,00 1,00 1,00 1,00
E[ <a0% 1,00 1,00 1,00 1,00 1,00
“1 <30% 1,00 1,00 1,00 1,00 1,00
<20 % 1,00 1,00 1,00 1,00 1,00
<10 % 1,00 1,00 1,00 1,00 1,00
0-50 ms 50-150 ms 150-300 ms | 300-500 ms 500 ms-1s
P Sag duration

Fig. 6.2. Process sensitivity array.




6.2

For the annual sag frequency we use the array in Fig. 5.7. Multiplying P and S
cell by cell results in the interruption frequency array shown in Fig. 6.3.

<100 % 0,00 0,00 0,00 0,00 0,00
<90 % 0,00 0,00 0,00 0,00 0,00
o| <80% 0,00 0,08 0,15 0,02 0,00
E <70 % 0,00 3,00 0,00 0,00 0,00
3 <60 % 0,00 1,00 0,00 0,00 0,00
E <50 % 0,00 0,33 0,00 0,00 0,00
% <40 % 0,00 0,67 0,00 0,00 0,00
. <30 % 0,00 0,33 0,00 0,00 0,00
<20 % 0,00 0,00 0,00 0,00 0,00
<10 % 0,00 0,00 0,00 0,00 2,00
0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s
I Sag duration

Fig. 6.3. Annual frequency of sag related interruptions.

Summation of the cell values in Fig. 6.3 gives N = 7,6. Supplying the process
computer through a UPS would in this case reduce the number of interruptions to
5,8. If we would like to further improve the process ride-through capabilities, we
could equip the contactors with intelligent control modules. They both distinguish
sags from outages that require immediate tripping, and provide a sustained control
voltage if a sag is detected. Only the control (coil) voltage is backed up and thus
the control module energy storage can be rated rather small.

Further, the investment is also negligible compared to the case where we had
to protect the total power demand of the primary circuits (70 kVA). Rating the con-
trol modules for 500 ms backup gives us N = 2. Increasing the value to 1 second
would completely eliminate the sag related interruptions. However, allowing such
a delay in equipment disconnection has to be carefully evaluated from the protec-
tion point of view to avoid damages.

Example II

This study case was founded on an Austrian master’s thesis analyzing the volt-
age sag issues of an industrial customer [36]. There was absolutely no intention to
re-calculate that particular process and its details but merely to utilize some of the
rarely available data provided in the study. Key parameters, such as process sensitiv-
ity, annual sag frequency and event cost figures were drawn from the tables in the
thesis. This provides excellent data for a study case since it was based on real
measurements recorded on-site. The total power requirement of the facility was
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mentioned to be 20 MVA. However, no further details concerning the considered

company or process were given, nor needed.
The distribution of a total of 61 measured voltage sags is shown in Fig. 6.4. The
magnitude and duration categories are selected according to the examples in Ch.

5. Numbers are considered to be annual totals although the measurement period

was, in fact, somewhat longer.

S

<100 % 4 1

<90 % 9 1 2 2
o1 <s0% 9 6 11 1
g <70% 1 2 1
o
Z| <60% 1 2
<
| <50 % 1 1 2
©
E| <40% 1
[a'4

<30 %

<20 % 1

<10 % 2

0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s

Sag duration

Fig. 6.4. Measured sag frequency.

When exposed to these 61 events, the process was interrupted 18 times. The

distribution of these critical events is shown in Fig. 6.5.

Remaining voltage

<100 %

<90 %

<80 %

<70 %

<60 %

<50 %

<40 %

<30 %

<20 %

<10 %

2

I

0-50 ms

50-150 ms

150-300 ms

300-500 ms

500 ms-1s

Sag duration

Fig. 6.5. Recorded plant shutdowns due to voltage sags.

The probabilistic process sag sensitivity is now generated. Dividing the number

of shutdowns in each category by the total number of sags in that particular cate-
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gory gives the probability of interruption and, further, the probabilistic process sen-

sitivity.
LG .
PG =—2" v sG,p=0 (6.1)
7

The results of the calculation are presented in Fig. 6.6.

<100 % 0,0 0,0

<90 % 0,0 0,0 0,0 0,0
.| <80% 0,1 0,5 0,0 1,0
o>
g <70% 0,0 1,0 1,0
* | <60% 1,0 0,5
| <50% 1,0 1,0 1,0
©
E| <40% 1,0
(a4

<30 %

<20 % 1,0

<10 % 1,0

P 0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s

Sag duration

Fig. 6.6. Probability of sag related interruptions as calculated according to Eq. 6.1.

Due to the relatively small sample there are some areas of discontinuity. Based
on experience regarding the typical shapes of sensitivity curves, and the explana-
tions given in the original text source, the array was somewhat modified to provide

continuous and more realistic figures. The resulting P array is shown in Fig. 6.7.

<100 % 0,0 0,0 0,0 0,0 0,0
<90 % 0,0 0,0 0,0 0,0 0,0

.| <80% 0,0 0,1 0,5 0,5 1,0

g <70% 0,0 0,1 1,0 1,0 1,0

2 <60 % 0,0 1,0 1,0 1,0 1,0

=

2| <50 % 0,0 1,0 1,0 1,0 1,0

£ <20 % 0,0 1,0 1,0 1,0 1,0

1 <30% 0,0 1,0 1,0 1,0 1,0
<20 % 0,0 1,0 1,0 1,0 1,0
<10 % 0,0 1,0 1,0 1,0 1,0

0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s

P Sag duration

Fig. 6.7. Probabilistic process sag sensitivity array.
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Multiplying the arrays in Fig. 6.4 and 6.7 cell by cell gives the annual fre-
quency of sag related interruptions to be expected. The resulting I array is shown

in Fig. 6.8.

<100 % 0,0 0,0 0,0 0,0 0,0
<90 % 0,0 0,0 0,0 0,0 0,0
o1 <s0% 0,0 0,9 3,0 5,5 1,0
g <70% 0,0 0,1 2,0 0,0 1,0
2 <60 % 0,0 1,0 0,0 2,0 0,0
Sl <s0% 0,0 1,0 0,0 1,0 2,0
El <a0% 0,0 0,0 0,0 1,0 0,0
1 <30 % 0,0 0,0 0,0 0,0 0,0
<20 % 0,0 1,0 0,0 0,0 0,0
<10 % 0,0 0,0 2,0 0,0 0,0
0-50 ms 50-150 ms 150-300 ms 300-500 ms 500 ms-1s
I Sag duration

Fig. 6.8. Frequency of sag related interruptions.

Summing up all cell values of the array in Fig. 6.8 gives the total expected
number of shutdowns N = 24,5. Compared to the measured total of 18 interrup-
tions, this estimate is high but still realistic. Using the calculated sensitivity value of
0,0 for the P array cell [< 80 %, 300-500 ms] would have given N = 19. However,
there has to be some inaccuracy or error in the original data because such a sensi-
tivity curve shape is not considered likely.

In the thesis, a hypothetical but presumably relevant event cost value has been
used, i.e. 250 000 €. The cost was assumed to be equal, regardless of the sag magni-
tude and duration. This means a non-weighted cost array can be used. In practice,
multiplying the single event cost by the total number of interruptions, N, gives the
annual cost. Thus the total cost in a case where no mitigation is used would be
6 125 000 € per year.

Using a series connected power conditioner would provide some help. The
benefit gained depends on the device rating, with the maximum injection and
amount of stored energy being the main parameters. According to the reference,
the total power required by the customer should be protected against sags as well,
i.e. the conditioner should be rated at 20 MVA. Typically, only a small fraction of
the total load is sensitive to sags and so a lower rating is allowed for the conditioner.
Assuming that the whole plant actually needs to be protected, we can estimate the
effect of the power conditioner rating. Annual sag cost figures are shown in Table

6.1.



Table 6.1. Annual sag cost obtained by using different mitigation device ratings (k€).
Without mitigation the cost would be 6 125 k€.

Injection 150 ms 300 ms 500 ms Infinite
30 % 5900 5150 3775 3525
50 % 5625 4 375 2 500 2 000
80 % 5375 4125 1750 750
100 % 5125 3375 1000 0

As can be clearly seen in Table 6.1, in this case increasing the injection time is
much more effective than increasing the magnitude. Naturally, this depends on
the original sag distribution and is not assumed to apply generally.

Let us take the example a step further. A mitigation device rated at 50 % injec-
tion for 500 ms would be both a realistic and feasible solution. Such equipment
would reduce the annual cost from 6 125 to 2 500 k€, i.e. would save 3 625 k€. As-
suming the budgetary price to be 200 €/kVA, a 20 MVA unit would thus cost 4
ME. In other words, the payback time would be less than 2 years in an ideal case.
In practice, some expenses have to be calculated for eventual substation and
switchgear re-arrangement, maintenance, losses, etc. Nevertheless, a power condi-
tioner appears to be a well justified option. If we knew more about the process and
the power system supplying it, we could also estimate the feasibility of a transfer
switch by using the Prob-A-Sag method.
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DISCUSSION

Having outlined and applied the Prob-A-Sag method to two test cases, it is time
for evaluation, criticism and discussion with respect to future development needs.

The primary aim of the task was to develop a method that could combine and
assess the effects, cost aspects and mitigation of voltage sags in a successful and
flexible way. These objectives were listed in Chapter 5.2:

- all quantities should be presented in a uniform format

- applicable to all environments from a single customer to a complete power
distribution system

- flexible accuracy from a rough estimate to exact numbers

- must allow for probabilistic processing of data

- possibility to be implemented in power system software platforms

- includes tools for investigating custom power applications and other means
of mitigation

The format was chosen to be an array. All quantities were presented in this
format. Sags were considered from the point of view of a single-phase device. This
approach is also applicable to 3-phase equipment as long as the sags are substan-
tially symmetrical. For the combination of highly unsymmetrical faults and 3-
phase loads, a more sophisticated approach has to be developed for cases where ac-
curate results are required.

One solution would be to utilize the 3-phase sag characterization method men-
tioned in Chapter 2.4. instead of using single phase sag magnitude and duration as
the sag parameters. In such arrays there should be separate dimensions for sag type
(including subtype), characteristic voltage phasor (amplitude and angle) as well as
the positive-negative factor, which is also a phasor. This leads to a complicated yet
presumably accurate and widely applicable calculation. However, it could by no
means be considered illustrative or a simple-to-use method for the utility person-
nel. This is why the 3-phase approach was not used here, but is certainly worth
considering in the future development of the method.

This is relevant especially in the case of adjustable speed drives. However, their
sag sensitivity can roughly be expressed by using single-phase quantities or the av-
erage value of the rms phase-to-ground voltages during a sag. In addition, a supply-
ing LV feeder is typically protected by a contactor that has to be analysed as a sin-
gle-phase component. Beyond this exception, the method using single-phase sag
distribution data is applicable to any size and type of power system.

Selecting the array resolution gives flexibility, although very small or large reso-
lutions do not seem to be reasonable according to our experience. Too small arrays
are not accurate enough. At the other extreme, the currently available initial data
(sag distribution, device sensitivity, etc.) does not support very large scale arrays.



The fact that voltage sags are seldom rectangular in shape has also to be noted
when assessing the method accuracy.

Two features related to the method flexibility and accuracy were purposely left
for future research and development. In sag sensitivity tests, the equipment samples
were quite small. Generating comprehensive libraries for all sensitive devices and
device types involves too much work for a single research group or university. Fu-
ture co-operation is needed for providing this information. Another task is to add
more quantities to describe voltage sag properties (distortion, unbalance, phase an-
gle jump, etc.) This would be made possible by increasing the array dimension
from 2 to a higher number. Each new quantity would require adding a new di-
mension as well.

Using non-integer cell values in arrays enables a probabilistic approach to be
applied. If some of the quantities are not sufficiently known, integer value arrays
may be used together with the probabilistic ones. In complex processes the prob-
abilistic connection between all sensitive devices is quite a task to carry out. This
method does not consider the option of a partial process shutdown; only a binary
trip/non-trip approach is applied. Dividing the complete process into sub-processes
which only have two stages (on/off) is one solution that enables more accurate
analysis. Introducing a weighted event cost array gives another viable approach to
this issue. In the future this feature could be further developed within the Prob-A-
Sag method as well.

In practice, the analysis can be done with pen and paper, with spreadsheet
software or with any more sophisticated analysis application. In this thesis the
spreadsheet has been used. Nevertheless, no quantities or operations that are not
available or can not be implemented in modern power system analysis software
were needed nor used. Some features, such as the annual sag distribution, could be
directly computed by using the network component database. Due to the selected
scope of the study this application was not tested. However, similar calculations
have been successfully implemented and tested for other purposes. One could
therefore assume they are also applicable to the Prob-A-Sag method.

Some examples of custom power equipment were given in Chapter 5 and of
these, some were also included in the case studies. The effect of practically any
power conditioner can be easily taken into account in the Prob-A-Sag method. The
more accurate the results required, the more complicated the arrays and, espe-
cially, their mathematical expressions will become. It was not reasonable to in-
clude extremely detailed models of all available solutions and their variations and
ratings. Nevertheless, the basic principles required for generating R arrays for dif-
ferent device types were provided. These are assumed to be accurate enough for as-
sessing the type, rating and cost/benefit figures of such a vast investment.
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CONCLUSION

This doctoral thesis considers voltage sags, their technical and economic im-
pact as well as their mitigation. All these topics have been earlier introduced to
academic society, along with various methods to analyse, assess and optimise the
phenomena related to them.

However, the means to combine all of them in a mathematically exact yet prac-
tically applicable way has not been proposed. The research efforts on which this
publication has been based eventually culminate in the outline of the array based
Prob-A-Sag method. It is a tool that not only expresses all quantities mentioned
above in terms of a “common language”, the arrays, but also enables probabilistic
processing of the data. Freely scalable arrays enable freely adjustable resolution as
well. Due to the exact and yet simple mathematical expression of the quantities,
the Prob-A-Sag method can be easily implemented in practically any platform,
from spreadsheet applications to the most up-to-date network management soft-
ware. This method is considered to be the main contribution of the thesis.

In addition to the Prob-A-Sag method there are two more aspects worth men-
tioning in terms of their contribution to power systems engineering and voltage sag
research. The work included tests for several device categories, aiming to study
their sensitivity to voltage sags. This kind of information, i.e. device sensitivity li-
braries, is extremely important for future case studies. In cases where it is not possi-
ble to measure the sag response of a particular device or process, these general li-
braries may be used for estimating the sensitivity. The more data we have, the
more comprehensive and relevant analysis results we can achieve.

As a third piece of novel scientific information, this publication provides dis-
cussion and calculations on the feasibility and network requirements of modern
sag mitigation equipment, i.e. custom power technology.
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APPENDIX A - Detailed model of a series power conditioner

82

As pointed out in Ch. 5.7, a general mathematical model of a series connected
power conditioner taking into account all of its features is extremely complicated,
if at all possible. Simplified or manual approach is considered to be more reason-
able in most cases and hence is preferred by the author.

The general approach - or, to be precise, one sketch of it - is introduced in this
appendix. Depending on the design and control parameters, which are features
particular to each device and brand, the operating characteristics may vary signifi-
cantly. Thus instead of providing universally applicable equations, the intention of
this section is to provide the seeds for brainwork and refinement of the model as
required in each particular case.

First we have to add some features not discussed in Ch. 5.7. To avoid wasting
energy, a device is typically set to disengage when the remaining voltage is above
the plant ride-through level. Nominal voltage is not required for proper operation.
Depending on the process type and sensitivity, this ride-through limit may be any-
thing between 100 % and the withstand level of the most sensitive piece of load
equipment that is capable of tripping the process. Typical values range from 80 to
90 % of nominal. In Fig. A.1 the ride-through level, which is also the upper operat-
ing level of the conditioner, is named U", . The maximum injection is AU, .

Another extension to the model is the area below U, for sags shorter than t,.
Down to U the device is capable of generating the full voltage injection AU, .
This does not provide a load voltage above the ride-through level and has thus
been ignored in Ch. 5.7. However, if, for accuracy or any other reason, we want to
calculate the absolutely correct restored sag frequency array R, this feature has to
be considered as well. Below U’ the conditioner is disengaged as a protective
measure.

Figure A.l illustrates the notation used below. It also identifies the seven U/t
categories for different mitigation results. In the blank categories the device is not
active. The shaded area indicates successful mitigation whereas in category 3 the
plant is most probably lost despite the full voltage injection. In terms of Fig. A.1,
the main properties of these categories are:

conditioner not active
full injection, sags restored to ride-through level
full injection, sags restored AU, = higher in magnitude

partial injection, sags restored to ride-through level
sags shortened by t , due to injection in categories 2 and 5

1

2

3

4. conditioner not active

5

6

7. sags shortened by t,, due to injection in category 3
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Fig. A.1. Notation and identification of different mitigation categories.

If we consider Fig. A.1 as the original sag frequency S, what would the restored
sag frequency R look like? Fig. A.2 shows the transition of each of the seven cate-
gories.
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Fig. A.2. Origin of R array cell values in terms of the S array categories in Fig. A.1.
Numbers indicate which S array category the data is from.

According to Fig. A.2, we have eleven different categories in R for which the
transition equations have to be determined. Fig. A.3 defines the categories.
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Fig. A.3. Different categories of R array.

The R array cell values can now be mathematically expressed as a function of
the S array cell values and the mitigation device properties. In terms of Fig. A.3,
the following equations apply to each particular category, respectively:

. U >U
v oi,j >
U<y,

RG, ) =SG,))

Uy <u,
Yoij o> UL
th<t

crit

+ +

| U <u’.
RG,D=>SM,) > {ﬁ "
n=k

I = Merit




U, + AU,

U =max t .
U;j _AUim' . - crit

]+t
Y oi,j 3

U <U;,

tjr S tcrit
meZ

RG,D=S(m+i,)) > { .
U <U;, +AU,, <U,

U 2 Uy~ AU,
' Dt )
Voij o3 U <U, +AU,
trgtcrit
R@,j)=0
. U =U,
v i, >
Ui+<Ucr'\t
neZ
RG,D=SGn+) > | .
tj Stnﬂ' _tcm Stj

v oii o> U <Uy,

R(,j) =S8, )
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j Z J U 2 Uz, - AU, et
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VIII
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tTStcm
nmeZ

R(G,D=Sm+i,)+SG,n+]) > U <U_,+AU,, <Uf
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Ur 2Ucrit
Uy, +AU,,
vV oi,j 3> qU <min t
J U:” _AUmj . - crit
(] +t)
tr Stcrit
o ) . neZ
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\v4 i,j 3 U:r < iT’\'_ i crit
: D +t)
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Here U, and U’ refer to the upper and lower limit of voltage category i, and t',

and t. to the upper and lower limit of time category j, respectively. Integer k indi-

cates the uppermost (shallowest) sag category in the considered region and | the

lowermost (deepest), respectively.

As can be seen, the model becomes extremely complicated and, even so, it is

difficult to tell how comprehensive it actually is and whether all possible features

and parameters are included. Hence, this mathematical gloating is more of aca-

demic interest than practical relevance and should, in the author’s opinion, remain

so!
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