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Summary: General testing procedur esfor testing different typesof electrical equipment against
varioustypesof voltagesagsand short interruptionsareproposed and described in thispaper.
Therecommendationsfor testing ar ediscussed with respect toanumber of sagand interruption
parameter s, non-ideal voltagesupply char acterigtics, typeof equipment, oper ating/loading con-
ditionsof theequipment and multiplicity of themalfunction criteria of theequipment. Presented
analysisisillustrated using the examplesof equipment sensitivity identified in tests.

1. INTRODUCTION

Testing is probably the simplest and the most efficient
way for the assessment of equipment sensitivity to various
power quality disturbances. Monitoring and computer simu-
lations are two alternative approaches, but they have some
significant drawbacks. Although most closely related to the
actual conditions of the equipment utilisation and operation,
monitoring is extremely time-consuming, as it relies on the
recording of the disturbances, which are random and infre-
quent events. Furthermore, the results of monitoring are often
site- and/or process-specific. As a consequence, additional
efforts are necessary in order to generalise and use the re-
sults of monitoring for the full and reliable assessment of
equipment sensitivity. Computer simulations, as the second
alternative to testing, may indeed provide fast and conve-
nient means to characterise and study various power quality
disturbances and their influence on equipment operation.
However, simulations are only as precise and reliable as are
the used models of the equipment and system components.
Even the most complex and the most realistic models cannot
include all factors of influence. Specifically, from the equip-
ment sensitivity point of view, the results obtained in both,
monitoring and simulations should always be validated aga-
inst the results obtained in testing.

During the tests against the sags and interruptions, the
equipment is usually connected to a specially constructed
device, which at the equipment terminals should produce
“synthetic” voltage waveforms, closely resembling actual
disturbances with the desired characteristics. This device
is commonly known as the voltage sag generator (VSG). In
tests with the VSG, electrical equipment is exposed only to
a limited set of disturbances, and only a finite number of
characteristics and parameters of these disturbances (and
other influential factors) is taken into account. The main
reason for such a limitation is that tests cannot include all
variations from the ranges of possible values of disturban-
ce characteristics that may be present at the place of equip-
ment utilisation. Therefore, set of applied testing condi-
tions and list of disturbances used in tests should be care-
fully selected and arranged. On the one hand, the results of
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testing should provide sufficient information about the im-
pact that any disturbance may have on equipment opera-
tion, allowing assessment of equipment sensitivity in the
general case. On the other hand, applied testing procedu-
res should allow standardised, time-efficient and reprodu-
cible testing of the equipment. (E.g., testing of three-phase
equipment against polyphase sags and interruptions with
all possible combinations of three phase voltage magnitu-
des will be extremely time-consuming. Therefore, a set of
discrete values of three-phase voltage magnitudes, which,
with appropriate step, covers a whole range from 0% to 100%
of the nominal voltage should be adopted and applied in
tests.)

Testing of equipment to voltage sags and short inter-
ruptions can be conducted in two ways: a) in controlled
laboratory environment (e.g., [1]), and b) “in-field”, at the
place of equipment operation, within its operating environ-
ment (e.g., [2]). In both cases, testing is related to reproduc-
tion (i.e., simulation) of the real voltage disturbances, using
the VSG. In-field testing is usually related to the asses-
sment of the sensitivity of a particular process, in which
several pieces of electrical equipment are involved. The re-
sults of the in-field tests are often additionally influenced
by the specific characteristics of the process, electrical,
mechanical and other interconnections and mutual interac-
tions of equipment within the process, as well as by the
other process-related aspects and factors of influence. Al-
though the in-field testing can be arranged and “precisely
tailored” with respect to each particular application, this
type of testing usually does not produce as specific infor-
mation about the equipment sensitivity as the laboratory
testing. The results obtained in in-filed tests often cannot
be directly applied to the individual pieces of equipment
utilised in other processes. As the more general and in es-
sence independent on the end-user applications, testing of
electrical equipment in the controlled laboratory conditions
will be considered in the further text.

Although during the laboratory testing the equipment
under the test is taken to the laboratory, the equipment
should be tested with its minimum functional configura-
tion and, if possible, together with its dedicated protec-
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tion and communication circuits and peripheral/auxiliary
devices directly controlled by the equipment. In order to
allow comprehensive and reliable assessment of the equ-
ipment sensitivity, laboratory testing of equipment sho-
uld be planned and adapted in accordance with both, the
general requests (related to e.g., the use of the consistent,
time-efficient and repeatable test procedures), and speci-
fic features and characteristics of the tested equipment.
One of the effects of power quality disturbances in actual
power systems is permanent damage of equipment, which
is even more likely to happen if equipment is exposed to
detailed and repetitive tests in the laboratory. Therefore,
several pieces of the tested equipment should be readily
available at the testing site.

The authors’ previous experimental [1], [3], [4] and theore-
tical results [S]-{7] are in this paper used for the proposal of
the general testing procedures, which can be applied for te-
sting of different types of equipment (single-phase and poly-
phase) to various types of voltage sags and short interrup-
tions (single-phase and polyphase, rectangular and non-rec-
tangular, symmetrical and asymmetrical). Described testing
procedures also include tests with non-ideal power supply
conditions, different operating/loading conditions of equip-
ment and consider application of multiple malfunction criteria
of equipment.

2. POWER QUALITY STANDARDS AND TESTING
OF EQUIPMENT TO VOLTAGE SAGS
AND SHORT INTERRUPTIONS

Standards related to testing of electrical equipment to
voltage sags and short interruptions, as a majority of other
power quality standards, are almost exclusively concerned
with only two parameters of these disturbances: root mean
square (rms) value of voltage magnitude, and duration. Stan-
dard [8], for example, describes voltage sag as a “...two-
dimensional electromagnetic disturbance, the level of which
is determined by both voltage (i.e., rms voltage magnitude)
and time (i.e., duration)”. Existing standards consider such a
“two-dimensional” characterisation as the sufficient, and
seldom mention any other sag/interruption characteristic.
Some of the standards even explicitly instruct that all other
information about the sags and interruptions (e.g., sag sha-
pe, phase shift, point on wave, etc.) as the possible additio-
nal sag “dimensions” should be neglected. Standard [9], for
example, states that the information about the phase shift
and point on wave values: “... are not typically available in
the sag environment data. Therefore, for compatibility evalu-
ation (i.e., for the assessment of the equipment sensitivity) it
is recommended that phase shift and point of initiation sho-
uld not be considered.”

None of the current power quality standards considers
the possible influence of a phase shift on equipment sensiti-
vity during the tests. Similarly, none of the existing stan-
dards specifies assessment of the influence of point on wave
of disturbance ending on equipment sensitivity.

In existing standards, testing of electrical equipment is
always related to a reproduction of a simple rectangular (“one-
stage”, or “one-step”) voltage sags and short interruptions.

Other sag/interruption “shapes”, e.g., two-stage voltage
sags, or voltage sags caused by starting of large motors, or
combinations of sags and interruptions are, at the best, just
mentioned. Practical instructions about quantification and
characterisation of non-rectangular sags are not given, nor
how to assess their effects on equipment operation. In actual
power systems, however, voltage sags and short interrup-
tions are seldom rectangular one-stage events.

One important aspect of existing standard for testing of
electrical equipment is that they completely neglect the pre-
sence and possible influence of non-ideal voltage supply
characteristics. Current standards recommend that voltage
waveforms used in test should be ideal sine waves at nomi-
nal frequency. Allowed steady state deviations from the ide-
al voltage supply conditions in e.g., pre-sag and post-sag
voltage magnitude, frequency, and harmonic contents (e.g.,
[10]) are not considered. These deviations, however, can not
be simply ignored, as they are very often present in e.g.,
industrial plants, where equipment operates in a particularly
harsh electrical environment. Furthermore, none of the exi-
sting power quality standards considers the influence of the
simultaneous occurrence of several disturbances (e.g., cu-
mulative effects of both voltage magnitude and harmonic
contents variations).

Current power quality standards related to testing of elec-
trical equipment mainly discuss testing of single-phase equ-
ipment to (single-phase) voltage sags and short interrup-
tions. For testing of a three-phase equipment, current stan-
dards describe only two test procedures. The first one is
“phase-by-phase” testing, in which only one phase of the
three-phase equipment is exposed to sags and interruptions
[11],[12]. Rated/nominal conditions are in all aspects mainta-
ined in two other, unsagged phases. After the testing of one
phase, the same tests should be repeated (with the same
conditions) two more times, for two other phases. In this
case, related standards do not give precise instructions how
to represent equipment sensitivity if different responses were
identified for different phases (adopt response of the most
sensitive phase, or average of tested phases, or show the
results for all three phases). In the second procedure [12],
three-phase equipment should be tested with the same sag/
interruption duration and magnitude applied to all three pha-
ses simultaneously. In both standards, these two procedu-
res are indicated as sufficient for the assessment of the sen-
sitivity of the three-phase equipment. However, even if both
procedures are applied in testing, sensitivity of three-phase
equipment will be assessed against only two types of distur-
bances: single-phase sags and interruptions, and symmetri-
cal three-phase sags and interruptions. Additionally, existing
recommendations for testing of three-phase equipment do
not include phase shift and points on wave of initiation and
ending as the possible parameters of influence.

The simple truth, however, is that the sensitivity of the
equipment cannot be fully and precisely assessed if any of
the influential factors is excluded from the analysis, or not
included in tests. Therefore, it can be generally concluded
that current standards and recommendations for testing of
electrical equipment to voltage sags and short interruptions
are inadequate, and should be improved, extended and refor-
mulated in order to include additional characteristics, para-

18

Power Quality and Utilization, Journal ¢ Vol. XI, No 1, 2005



meter and conditions of influence. There are two main reasons
why the information about the other sag/interruption charac-
teristics should not be simply disregarded. First, sensitivity of
the certain types of equipment is influenced by other sag/
interruptions characteristics (e.g., by phase shift and/or point
onwave, [1]). Second, the recent advances in monitoring equ-
ipment allow recording of both, rms and instantaneous volta-
ge waveforms during the sags and interruptions, from which
information about all relevant (i.e., influential) characteristics
can be extracted and used for the analysis/characterisation of
sags and interruptions, and for further investigation of their
influence on equipment operation in tests.

3. CLASSIFICATION OF FACTORS THAT MAY
HAVE INFLUENCE ON EQUIPMENT SENSITIVITY

Full and reliable assessment of equipment sensitivity to
various voltage supply disturbances is a complex, time con-
suming and cumbersome process. This is a consequence of
the large number of factors that may have an influence on the
equipment response to various voltage disturbances. All
these factors (i.e., characteristics, conditions and parame-
ters) can be, with regards to their nature and origin, divided
into three following general categories [7]:

i Voltage supply related electrical characteristics
ii. Equipment specific electrical characteristics
iii.  Other, non-electrical characteristics

All types of equipment are neither influenced by the fac-
tors from all three categories, nor by all factors from the same
category. Depending on the type of the equipment, the ef-
fects of some factors for full ranges of their possible values
might be so small that they can be neglected during the as-
sessment of equipment sensitivity. The most reliable appro-
ach in deciding what factors can be neglected and what can-
not is the direct testing of equipment. Therefore, the comple-
te list of important sag/interruptions characteristics and pa-
rameters (largely exceeding those considered in current po-
wer quality standards and recommendations) that should be
controlled and varied in tests is described in the further text.

3.1. Voltage supply related electrical characteristics

Although the voltage supply characteristics during the
disturbance have a dominant effect on the equipment beha-
vior, the sensitivity of the equipment may be influenced by
both, voltage supply characteristics present before the oc-
currence of the disturbance, and voltage supply characte-
ristics after the end of the disturbance. Therefore, voltage
supply related characteristics, which are considered here as
purely electrical, could be further divided into three follo-
wing sub-categories: a) pre-disturbance voltage supply cha-
racteristics, b) during-disturbance voltage supply characte-
ristics, and c) post-disturbance voltage supply characteri-
stics. In the following sections, they will be all discussed
from the equipment testing point of view.

Pre-disturbance voltage supply characteristics

The characteristics of a voltage supply are generally spe-
cified by the explicit mandatory regulations (e.g., [10]). They
however, may still vary both, inside and outside allowed li-

mits and tolerances. If there are “steady-state” variations in
the voltage supply prior to disturbance, this may influence
the equipment response during the disturbance. Depending
on the nature of these variations and equipment characteri-
stics, their influence on the equipment sensitivity ranges from
anegligible to a significant, and can be two-fold: some varia-
tions in the pre-disturbance voltage supply may increase the
equipment sensitivity, and again other may decrease the equ-
ipment sensitivity. The most common non-ideal pre-distur-
bance voltage supply characteristics are related to the volta-
ge magnitude and frequency variations, as well as to the
presence of the harmonics and unbalance (i.e., voltage wa-
veform deviations). When several variations in pre-distur-
bance voltage occur simultaneously, their influence will be
complex and composite.

Figure 1 illustrates one example of the significant influ-
ence of the non-ideal pre-disturbance voltage supply cha-
racteristics on the sensitivity of personal computer to vol-
tage sags and short interruptions. Figure 1a and 1b show
the individual effects of the voltage magnitude variations
(+10% of nominal voltage) and harmonic contents varia-
tions (3'd harmonic with 0° and 180° phase angle), respecti-
vely. Cumulative effects of the simultaneous variations in
both the voltage magnitude and harmonic contents are
shown in Fig. lc.

During-disturbance voltage supply characteristics

Voltage supply characteristics during the disturbance are,
actually, disturbance characteristics. As far as the voltage
sags and short interruptions are concerned, the most im-
portant during-disturbance characteristics are: type of sag/
interruption, shape of sag/interruption, magnitude of sag/
interruption, duration of sag/interruption, points on wave
of sag/interruption initiation and ending, and during-sag
phase shift.

Sag/interruption magnitude

In existing power quality standards, voltage magnitude of
sags and interruptions is almost exclusively defined and cha-
racterised using the rms values of the phase (phase-to-neu-
tral), or line (phase-to-phase) voltages. (Note: The informa-
tion about the phase voltages is generally preferred to infor-
mation about the line voltages, as the concept of the line
voltages does not make any sense for phase-to-neutral con-
nected single-phase equipment; additionally, line voltages
can be accurately calculated (or “reconstructed”) if phase
voltages are known; calculation of the phase voltages from
the line voltages is not possible in the general case, as line
voltages do not contain zero-sequence voltage component.)
The rms values, however, are calculated or measured from
the corresponding instantaneous voltages recurrently, using
the preceding 1-cycle, or ¥2-cycle values of the instantane-
ous voltages [13]. If the ideal sine waves with the nominal
frequency (and different amplitudes/magnitudes) are used in
tests with electrical equipment, the rms sag/interruption ma-
gnitude can be exactly correlated with the corresponding
instantaneous voltage in all cases, except when applied in-
stantaneous voltage is shorter than Y% cycle (the shortest
possible duration for which rms value of a periodic quantity
can be calculated is %2 cycle).
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Fig. 1. Individual and cumulative effects of the variations in the pre-
disturbance voltage supply characteristics on the sensitivity of the
personal computer to voltage sags and short interruptions [3]:
a) individual effects of £10% voltage magnitude variations; b) indivi-
dual effects of the 314 harmonic with 20% THD; c) cumulative effects
of variations from a) and b)

The sensitivity of some types of equipment, however, is
so high that they may malfunction even for sags or interrup-
tions shorter than Y2cycle (see Fig. 2). Therefore, the magni-
tude of sags and interruptions applied in tests should be
adjusted using the amplitude value of the instantaneous
voltage sine wave produced by the VSG, i.e., not using the
rms voltage values. (Note: In tests with single-phase equip-

ment, one voltage magnitude/amplitude should be control-
led; testing of three-phase equipment is more complicated,
as there are three voltage magnitudes that should be simulta-
neously controlled.) Because of the classification problems
(in existing power quality standards, sags and interruptions
are always defined as the voltage reduction event longer
than % cycle), sags and interruptions shorter than %2 cycle
are termed as the “undervoltage transients” [1].

Figure 2 also illustrates the standard way for representa-
tion of equipment sensitivity, the so called “voltage-toleran-
ce curve” of equipment. During the testing of the contactor
from Figure 2, discrete values of during-disturbance voltage
magnitude were adjusted by the VSG and applied at the con-
tactor’s terminals. After adjusting the desired value for magni-
tude (applied during-disturbance voltage magnitude values
covered the whole range from 90% (100%) of the nominal vol-
tage down to 0%), the duration of the corresponding sag/
interruption was prolonged until the malfunction of the con-
tactor occurred, or up to a few seconds, if there was no mal-
function. With this information at disposal, obtained results
for contactor sensitivity are then arranged and illustrated gra-
phically in Figure 2, forming voltage-tolerance curve of con-
tactor. This curve displays duration of disturbance along the
horizontal axis, and during-disturbance voltage magnitude
along the vertical axis, illustrating the equipment response to
disturbances with a particular magnitude and duration. Volta-
ge-tolerance curve of tested contactor divides duration-ma-
gnitude plane in two areas, clearly showing which sags and
interruptions result in malfunction of contactor, and which do
not. In general case, the equipment behaviour cannot be de-
scribed and characterised by a single voltage-tolerance curve.
This is particularly true for three-phase equipment, whose sen-
sitivity cannot be expressed with regards to only one sag ma-
gnitude—all three phase voltage magnitudes influence respon-
se and behaviour of three-phase equipment. Moreover, if the-
re is any additional parameter that has influence on equipment
sensitivity, new voltage-tolerance curve will be obtained for
each value of that parameter.

It should be noted that the sets of voltage magnitude
values recommended for testing of electrical equipment in
existing power quality standards differ significantly. For exam-
ple, standard [12] considers only very few discrete values of
voltage magnitude and duration which should be used in
testing: 0%, 40% and 70% of the nominal voltage for the
magnitude, and %5, 1, 5, 10, 25 and 50 cycles for duration. If
testing is performed only with these recommended values
(marked by “X” in Fig. 2), the sensitivity of the contactor
could be assessed roughly as less than 10ms for short inter-
ruptions, somewhere between 20ms and 100ms for sags with
magnitude 40% of the nominal voltage, and not sensitive to
sags of 70% of the nominal voltage. Only the most recent
standard [11] recommends testing of (single-phase) electri-
cal equipment with incremental changes in voltage magnitu-
de, not larger than 5% and using the whole range from 0% to
100% of the nominal voltage.

Duration of the sag/interruption

Existing power quality standards explicitly instruct that
the duration of voltage sags and short interruptions should
be calculated/determined using the rms value of the during-
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Figure 2. The sensitivity of the ac coil contactor to voltage sags, short
interruptions and undervoltage transients (sags and interruptions shorter
than % cycle), [1]

disturbance voltage. After establishing so-called ,,magnitu-
de thresholds” of sags and interruptions (the most common
values are 90% of the nominal/declared voltage for sag thre-
shold, and 10% for interruption threshold), standards define
duration of the sags and interruptions in a three-phase po-
wer supply system as the time difference between the mo-
ment at which at least one of the three rms voltages falls
below the corresponding sag/interruption threshold, and the
moment at which all sagged/interrupted rms voltages rise
above it. In tests, however, the duration of the applied volta-
ge sags and short interruptions will be most likely determi-
ned as the time difference between the instant at which di-
sturbance starts and the instant at which disturbance ends.
In other words, these two instants (initiation and ending of
disturbance) are related to the instantaneous voltage wave-
form, not to the rms voltage. As a consequence, durations of
the sags and interruptions measured or recorded in actual
power systems will differ from the durations of sags and
interruptions applied in tests. This is illustrated in Fig. 3.

Instants of sag initiation and sag ending determine dura-
tion of sag as approximately 2%2cycles, or 41ms, as one 60 Hz
cycle in Fig. 3 lasts 16.67ms. For sag magnitude threshold of
90% of the nominal voltage, and depending on the window
size used for calculation of the rms voltage (1-cycle or %2
cycle), corresponding “rms durations” of the sag from Fig. 3
are 47ms and 54ms, respectively. This approach (i.e., the use
of the rms voltage values and sag magnitude threshold) re-
sults in an error of 15% and 32%, respectively, compared to
the actual sag duration. Therefore, results obtained in tests
and results obtained in measurements should always be ca-
refully correlated and interpreted. The use of the instantane-
ous voltage waveforms for determination of the during-di-
sturbance magnitudes and durations has another advanta-
ge: the instants of initiation and ending are then exactly cor-
related with the corresponding points on wave of disturban-
ce initiation and ending.

Phase shift during the sag/interruption

Standard analytical representation of the instantaneous
(time-dependant) voltages in both single-phase and poly-
phase alternating current (ac) power supply systems is thro-
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Fig. 3. Recorded rectangular single-phase voltage sag (numerical valu-
es adopted from [14]): a) sag duration determined by instantaneous
voltage; b) sag duration determined by rms voltage

ugh the complex numbers, or complex time-varying functions,
also known as phasor quantities. In this approach, instanta-
neous sinusoidal voltage waveforms are expressed through
amore convenient phasor representation, which in polar form
has two parameters: magnitude and phase angle. Any chan-
ge of the actual instantaneous voltage can be calculated and
expressed analytically through the corresponding changes
in voltage magnitude and voltage phase angle. If the infor-
mation about the changes in either of them is not available,
the actual voltages cannot be calculated accurately, and the-
ir effects on equipment operation cannot be assessed. Chan-
ges in voltage phase angles during the disturbance are com-
monly known as the phase shift, and are associated with the
majority of sags and interruptions caused by short circuit
faults. In the further text, phase shift of the phase (line-to-
neutral) voltages will be assumed.

The influence and effects of during-sag phase shift on
equipment sensitivity will depend on type of equipment (sin-
gle-phase or three-phase) and connection of equipment
(“wye” or “delta”). Electrical equipment normally connected
between the phase and neutral conductors (“wye”), will “see”
only phase voltages, and the impact of the phase shift will be
determined (and limited) by the sole influence of changes in
voltage waveform phase angles. The impact on phase-to-
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phase (“delta” or line-to-line) connected single-phase and
three-phase equipment is more complex and more influential.
In this case, phase shift (of phase voltages) has influence on
both, the magnitudes and phase angles of the line voltages
through which voltage sag affect this equipment.

During-disturbance phase shift is the only voltage sag
characteristic which does not exist (cannot be defined) in the
case of the short interruption, when voltage magnitude is
reduced to zero, or very close to that value. Therefore, phase
shift should be adjusted and controlled by the VSG only in
tests against voltage sags.

Continuous or discrete changes in voltage phase angles
(i.e., phase shifts) are associated with the majority of volta-
ge sags. Regardless of the nature of these changes, phase
shift can be expressed as the difference between the phase
angles of the pre-sag and during-sag instantaneous volta-
ge waveforms This is shown in Figure 3a, where the conti-
nuation of the instantaneous pre-sag voltage is plotted by
a dashed line, in order to allow easier identification of the
during-sag phase shift value. During the tests, however, it
is usually sufficient to control and adjust only phase shift
at the sag initiation and phase shift at the sag ending (inde-
pendently in each phase, in the case of the three-phase
equipment testing). Phase shift at the sag initiation and
phase shift at the sag ending (in one phase) should be
equal, but with the opposite sign (if one is positive, the
other is negative). With this approach, during-sag phase
shift is constant and equal to the adjusted value of the
phase shift at the sag initiation. The simplest way to carry
out such a testing with the VSG, is to generate two sine
waves: one sine wave is related to both, pre-sag and post-
sag voltage waveforms (it has nominal magnitude/amplitu-
de), and the other is related to during-sag voltage wave-
form (its magnitude/amplitude is sag magnitude). The diffe-
rence in phase angles of these two sine waves at the mo-
ment of transition from the pre-sag to during-sag instanta-
neous voltage waveform will determine phase shift at the
sag initiation; the difference in phase angles at the moment
of transition from the during-sag to post-sag instantane-
ous voltage waveform will determine phase shift at the sag
ending.

Points on wave of sag/interruption initiation and ending

As their names suggest, points on wave of initiation and
ending of sags and interruptions are phase angles of the
instantaneous voltage waveform applied in tests at which
voltage starts and ends to experience (sharp) reduction in
voltage magnitude. More precisely, point on wave of initia-
tion corresponds to the phase angle of the instantaneous
pre-disturbance voltage at which (main) transition from the
pre-disturbance test voltage to the during-disturbance test
voltage is initiated. Similarly, point on wave of ending corre-
sponds to the phase angle of the instantaneous post-distur-
bance voltage at which (main) transition from the during-
disturbance test voltage to the post-disturbance test volta-
ge is finished.

In existing power quality standards, point on wave of en-
ding is completely neglected. Point on wave of initiation is,
to some extent, acknowledged, but only in procedures rela-
ted to testing of the single-phase electrical equipment.

Furthermore, available recommendations for testing sin-
gle-phase electrical equipment to sags and interruptions with
the point on wave of initiation as a parameter are limited in
scope. Standard [12], for example, concludes that testing of
equipment “...can start and stop at any phase angle” (prefe-
rably at 0°), and suggests testing for additional angles only
if they are “...considered critical by product committees or
individual product specifications”. If so, a range from 0 to
3600 (in steps of 459) is recommended for such additional
testing. Other standards mostly suggest that tests should
preferably be performed at 0° point on wave of initiation of
the voltage waveform [11], [15]. Similarly, compatibility gu-
idelines in [9] include “point on wave tolerance” in a list of
optional criteria that may be posed to the equipment supplier
during the review of equipment specification. The reference
states that for the equipment testing: “...the sag should be
switched in and out during the voltage zero crossing”.

Generally, when the same process or device seems to re-
spond differently to voltage sags having the same magnitu-
de and duration, the reason for such an inconsistent beha-
viour is most likely to be the influence of some of additional
sag characteristics (beside the sag magnitude and sag dura-
tion). Figure 4 illustrates significant influence of point on
wave of sags and interruptions initiations on the sensitivity
of an ac coil contactor. Depending on the point on wave of
initiation values of two otherwise completely identical sags
or interruptions, the sensitivity of the contactor changes in a
range from a few milliseconds (for 90° point on wave of initia-
tion, voltage-tolerance curve V(90°)) to more than 80ms (for
0° point on wave of initiation, voltage-tolerance curve V(0°)).
In fact, for the contactor illustrated in Figure 4, it can be conc-
luded that the point on wave of initiation has dominant influ-
ence on contactor sensitivity.

Probably the most common and most notable influence
of the point on wave of sag/interruption ending on equip-
ment operation is related to the occurrence of a high in-rush
current during the reinstatement of the nominal power sup-
ply conditions after the sag/interruption ending. Figure 5
shows an example, where two voltage sags with different
points on wave of sag ending (i.e., with different durations)
were used for testing of personal computers in [3].

Different points on wave of ending of two otherwise com-
pletely identical sags in Fig. 5 influence completely different
responses of the tested computer. Voltage sag with 0° point
on wave of ending (Fig. 5a) does not have any notable influ-
ence on computer operation. Very high peak-inrush current
(10 times greater than the rated current), however, occurs for
sag with 90° point on wave of sag ending (Fig. 5b). This high
in-rush current influenced activation of both 4A and 6A C
class automatic fuses (minimum 10A fuse is necessary for
normal operation), clearly demonstrating that particular po-
int on wave of ending values influence malfunction of com-
puter.

Sag/interruption shape

Majority of power quality standards divide voltage sags
and short interruptions with respect to their shape in only
two general categories: rectangular sags/interruptions, and
non-rectangular sags/interruptions. Of these two, rectangu-
lar shape is much simpler for description, characterisation

22

Power Quality and Utilization, Journal ¢ Vol. XI, No 1, 2005



100 T T T T T T T T T

% Point on wave of sag/interruption initiation:
—_— " e 3¢ --- 600 = = 9F

80+ .
-= 15 48 - T8

70+ V(¥) - voltage-tolerance curve for * point on wave of initiation

Voltage, [%o]

0 20 40 60 80 100 120 140 160 180 200
Time, [ms]

Fig. 4. The influence of different points on wave of sag/interruption
initiation on sensitivity of ac coil contactor (no phase shift), [1]

and reproduction in testing, as it assumes that the voltage
magnitude during the voltage reduction event is constant.
This allows exact description of the during-event voltage
magnitude with the only one, constant value. All other sag/
interruption “shapes”, e.g., two-stage or multistage sags, or
voltage sags caused by the starting of large motors, are cate-
gorised as “non-rectangular”. In the case of the non-rectan-
gular sags and interruptions (or their combinations, e.g., event
starts as a sag and develop further in a short interruption),
during-event voltage magnitude is a function of time, and
cannot be described with a single and constant value. Exact
description of the non-rectangular voltage sags and short
interruptions (and their reproduction in tests) is therefore
more complicated, as the information about the time-depen-
dent changes in during-event voltage magnitude should be
provided in this case. In order to overcome this situation,
standards [8], [9] and [16] propose (over)simplified analysis,
in which non-rectangular sags and interruptions are repla-
ced with their rectangular “equivalents”. These standards
recommend the use of the lowest experienced voltage magni-
tude during the non-rectangular event as the during-event
magnitude of the corresponding equivalent event. Although
in essence conservative, this approach may result in (signifi-
cant) overestimation of the influence of non-rectangular sags
and interruptions.

The shape of the sags and interruptions is basically deter-
mined by their causes. Both abnormal and specific aspects
of normal operation of the power system and to it connected
load might cause voltage sags and/or short interruptions.
These sags and interruptions will have rectangular shape
only if all characteristics of the corresponding cause (e.g.,
short-circuit fault) are constant in time and if dynamic nature
of the system and load responses to the cause/disturbance
can be neglected. These three-way interactions (between the
system components, loads and the cause of the event) start
at the moment of event initiation, and may last even after the
primary cause of the event is removed. For example, if short-
circuit fault is initiated in a (weak) system with a large, direc-
tly connected motors, resulting sag at the location of interest
will be two-stage non-rectangular sag, with two distinctive
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Fig. 5. Illustration of the influence of the point on wave of sag ending
on the equipment performance (dotted line—input voltage, solid line—
input current, adopted from [3]): a) 0° point on wave of sag ending; b)
90° point on wave of sag ending

parts. Sag characteristics of the first part are determined by
the characteristics of the short-circuit fault (e.g., fault type
and fault impedance) and system/load “response” to fault.
When the primary cause of the sag (i.e., short-circuit fault) is
cleared, reacceleration of the motors is responsible for the
second part of the sag. Due to the inherent dynamic nature
and characteristics of the system/load (transient) response
to both small and large disturbances, non-rectangular sags
and interruptions are far more frequent and more likely to
occur than rectangular sags and interruptions. Furthermore,
equipment response to non-rectangular sags and interrup-
tions can not be, in general case, identified or determined
from the information about the equipment responses to rec-
tangular sags and interruptions. Therefore, sags and inter-
ruptions with non-rectangular shape should be also inclu-
ded in the analysis and applied in tests with electrical equip-
ment.

Sag/interruption type

Most generally, distinction between the different types of
sags and interruptions can be made regarding the number of
sagged/interrupted phases and presence of asymmetries.
With this approach, voltage sags and short interruptions
can be divided into single-phase sags and interruptions (one
phase has rms voltage magnitude below the sag/interruption
threshold, other two phases have magnitudes above it), two-
phase sags and interruptions (two phases have rms voltage
magnitudes below the sag/interruption threshold, the third
phase has magnitude above it), and three-phase sags and
interruptions (all three phases have rms voltage magnitudes
below the sag/interruption threshold). Polyphase sags and
interruptions then can be divided into symmetrical (all sag-
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ged/interrupted phases have equal rms voltages), and asym-
metrical sags and interruptions (at least two sagged/inter-
rupted phases have different rms voltages).

When exposed to voltage sag or short interruption, equ-
ipment response can be assessed only if the type of the
event is known. Single-phase equipment will respond accor-
ding to the actual voltage of the phase to which it is connec-
ted. Three-phase equipment, on the other hand, will respond
with regards to all three phase voltages. In testing of electri-
cal equipment, however, the type of the event (single-phase,
two-phase or three-phase, symmetrical or asymmetrical) does
not have any meaning for single-phase equipment, as only
single-phase sags and interruptions will be applied in tests
with the single-phase equipment. In tests with the three-pha-
se equipment, however, all three phases are available (and
should be used) for application of single-phase and poly-
phase symmetrical and asymmetrical sags and interruptions.
Clear and simple classification of voltage sags and short in-
terruptions (i.e., their “per-phase description”) is therefore
crucial for both, efficient and reproducible testing of three-
phase electrical equipment.

Classification of sags and interruptions in only three ge-
neral types assumes that not all combinations of three phase
voltages during the sags and interruptions are likely to occur
[6]. In this classification, it is assumed that sags and inter-
ruptions caused by different fault types propagate in power
systems in such a way that during the fault at least two pha-
se voltages will have equal voltage magnitudes. With this
approach, asymmetrical two-phase sags and interruptions
will have two sagged/interrupted phase voltage magnitudes
equal. Similarly, asymmetrical three-phase sags and interrup-
tions could have only two following characteristics: a) volta-
ge magnitude in one sagged/interrupted phase is lower than
the voltage magnitude of two other equally sagged phases,
or b) voltage magnitude of two sagged/interrupted phases is
equal and lower than the voltage magnitude of the third sag-
ged phase. These two types of asymmetrical three-phase
sags and interruptions are similar to “ordinary” single-phase
sags and interruptions (for which two phases have nominal
voltage) and “ordinary” two-phase sags and interruptions
(for which one phase has nominal voltage).

Generalised single-phase sag/interruption, as an ordinary
single-phase sag/interruption, has the minimum phase volta-
ge in one phase, and two other phase voltages higher than the
minimum one. However, generalisation means that, contrary to
ordinary single-phase sag/interruption, generalised single-
phase sag/interruption may have two other phase voltages
also sagged. Similarly, generalised two-phase sag/interruption,
as an ordinary two-phase sag/interruption, has the voltage in
two phases equal and lower than the voltage in the third pha-
se. Generalisation here means that, contrary to ordinary two-
phase sag/interruption, generalised two-phase sag/interrup-
tion may have third phase voltage magnitude also sagged.
With this approach, ordinary single-phase and ordinary two-
phase sags and interruptions are special cases of the genera-
lised single-phase and two-phase sags and interruptions.

According to the above description, following three ty-
pes of generalised voltage sags and short interruptions can
be established and used in testing of three-phase electrical
equipment:

1. Three-phase symmetrical voltage sags, which have all
three during-event phase voltage magnitudes equal, be-
low the sag threshold and above the interruption thre-
shold.

2. Generalised single-phase voltage sags, for which du-
ring-event voltage magnitude in one phase is between
the sag and interruption thresholds, and lower than the
during-event voltage magnitude in two other phases;
two other phases have equal voltage magnitude, which
should be used in tests as a parameter and adjusted
either at the nominal value, or also below the sag thre-
shold.

3. Generalised two-phase sags, for which two during-event
phase voltage magnitudes are equal, between the sag
and interruption thresholds and lower than the during-
event voltage magnitude in the third phase; the voltage
in the third phase should be used in tests as a parameter
and adjusted either at the nominal value, or also below
the sag threshold.

(Note: Similar classification applies to short interruptions.
During the tests with generalised sags and interruptions,
voltage magnitude in phase(s) used as a parameter should
be changed in steps of e.g., 10% of the nominal voltage.)

One example of testing the three-phase equipment with
sags and interruptions from the above described classifica-
tion in three general types is illustrated in Figure 6.

Response of the equipment to any other sag or interruption
(with arbitrary combination of three phase voltage magnitu-
des) can be estimated using the results of testing obtained
with the above described three general types of sags and in-
terruptions. For example, if 10% resolution is applied for volta-
ge magnitude used as a parameter in testing with generalised
single-phase and two-phase sags, equipment response to
asymmetrical three-phase sags with phase voltage magnitu-
des of 28%, 53% and 68% of the nominal voltage can be esti-
mated using the test results related to two sets of generalised
single-phase sags obtained in tests with applied phase volta-
ge magnitudes of 28%, 50%, 50% and 28%, 70%, 70%.

Post-disturbance voltage supply characteristics

This category of voltage supply related factors includes
both, the individual sag/interruption characteristics and se-
parate events/phenomena that may occur after the initial
disturbance (the primary cause of the sag/interruption) was
cleared. The example of the former is the post-sag phase
shift, which may occur after the elimination of the sags cau-
sed by the short-circuit faults. After clearing the fault and re-
establishing the steady-state power supply conditions, two
“scenarios” can be discerned in the most general case. If the
fault is self-extinguishing/transient, or if automatic reclosing
operation was successful, system will completely return to
its pre-disturbance conditions, and all changes in voltage
phase angles will be cancelled. In the second “scenario”,
however, faulted part of the system and some system ele-
ments will be disconnected due to the action of the circuit
breakers, and the post-fault (i.e., post-disturbance) voltage
phase angles will differ from their pre-fault/pre-disturbance
values. This difference between the pre-fault and post-fault
phase angles (i.e., between the pre-sag and post-sag phase
angles) is, actually, post-disturbance phase shift. The exam-
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Fig. 6. Sensitivity of an ASD identified in tests with three general
types of sags and interruptions, [4]: a) symmetrical three-phase sags
and interruptions; b) generalised two-phase sags and interruptions;
c¢) generalised single-phase sags and interruptions

ples of the post-disturbance events, on the other hand, inc-
lude previously mentioned voltage sags and short interrup-
tions caused by short-circuit faults in weak power supply
systems with large and directly connected motors. Another
example of post-disturbance events are occurrence of sequ-
ence of sags, due to the automatic reclosing operations of
circuit breaker(s).

All post-disturbance characteristics and events, howe-
ver, can be treated either as a set of separate disturbances
(which starts with the initial event), or as an aggregate,

multistage and most likely non-rectangular disturbance,
which could be expressed as a single disturbance. The ag-
gregation is performed in the case of the disturbances that
after the initial event have one or more subsequent and
continuous events. They can be completely described by
one unique set of during-disturbance characteristics. If,
however, the events following the initial disturbance are
separated in time, they should be considered as a set of
separate disturbances, and each of them, again, could be
described with its own during-disturbance characteristics.
With this approach, all post-disturbance voltage supply
characteristics can be analysed and reproduced in tests as
during-disturbance characteristics, related to either one
unique (but composite disturbance), or to a set of several
separate disturbances.

3.2. Equipment Specific Characteristics

When exposed to a disturbance in a voltage supply, equ-
ipment response can be also strongly influenced by some
equipment specific factors. These factors can be divided in
two general categories.

The first category is related to electrical characteristics that
describe the mode of operation of the equipment during the
disturbance. The factors from this category are usually related
to loading and operating conditions of equipment, and can be
expressed directly in terms of electrical or electromagnetic qu-
antities and units (current, voltage, power, flux, etc.).

The second category of equipment specific factors is rela-
ted to concrete manifestations of effects that voltage distur-
bance have on equipment operation, i.e., to conditions selec-
ted for measurement and quantification of the impact on equ-
ipment. They can be generally denoted as the equipment
“malfunction criteria”, and can be also (directly or indirectly)
related to electrical quantities and units. For example, if di-
sconnection/tripping of equipment and automatic restart of
equipment are selected as two equipment malfunction criteria,
manifestation of the first criterion is permanent disconnection
of equipment from voltage supply. Temporary disconnection
from the voltage supply and subsequent restarting are manife-
stations of the second criterion. Generally, any condition that
represents degradation/loss of some of equipment functions
may be selected as equipment malfunction criterion. Accor-
dingly, if equipment during the disturbance can maintain par-
ticular function (expressed as corresponding malfunction cri-
terion) within the allowed tolerances, normal operation of equ-
ipment should be assumed in that case.

Equipment operating/loading conditions

Equipment behavior after the initiation of disturbance in
voltage supply is primarily determined by the inherent cha-
racteristics of equipment, its nature and the way in which
it converts supplied electrical energy into some other useful
forms of energy (e.g., mechanical, thermal, or illuminating).
Exactly these characteristics are the main reason for principal
differences in responses between the different types of equ-
ipment. These differences are usually manifested as the dif-
ference in shapes of their voltage-tolerance curves and/or
difference in number of factors that have influence on their
sensitivity. Generally, when operating conditions of a parti-
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Fig. 7. The influence of the operating conditions of equipment on the
sensitivity of an ASD to symmetrical three-phase sags and interrup-
tions [4]: a) influence of different speeds on drive sensitivity; b) influ-
ence of different torque values on drive sensitivity

cular piece of equipment change, basic characteristics of
equipment behavior and principal shape of its voltage-tole-
rance curves usually remain the same, but there are often
quantitative variations. Therefore, in order to determine the
ultimate response of equipment to a particular disturbance,
different equipment operating conditions should be also in-
cluded and varied in tests.

Factors from this category may be as trivial as the posi-
tion in which equipment operates. This, for example, has si-
gnificant influence on the response of the ac coil contactor
[1]. The effect of gravity on the contactor is different for
contactor laid on its back (with horizontal position of the
front panel) and on its bottom (with vertical position of the
front panel). Other important (and most common) factors of
influence from this category are: equipment connection, set-
tings of equipment internal protection systems, operating
mode of equipment, and equipment loading conditions: load
type, load current, load voltage, load torque, inertia constant
of the load, etc. Besides the equipment itself, factors from
this category also include actual working conditions of all
external or peripheral load controlled or supplied by the equ-
ipment. Testing of electrical equipment, therefore, should be
performed with at least basic configuration of equipment.
This is of particular importance in so called “critical process
applications”, when degradation of some of the parameters/

quantities controlled by the equipment during the disturban-
ce cannot be tolerated, even though the equipment itself is
not disconnected by the disturbance.

The influence of different operating conditions of equip-
ment on its sensitivity to voltage sags and short interrup-
tions is illustrated on example of an ASD in Figure 7. This
example is of particular interest, as it is related to the testing
of equipment configuration in which three different compo-
nents are involved: the drive controls the speed of the motor,
and motor controls/drives the mechanical load at its shaft.

Figure 7 illustrates significant influence of both, loading
torque applied at the shaft of the motor, and operating speed
of the motor on the overall sensitivity of the ASD to rectan-
gular symmetrical three-phase voltage sags and short inter-
ruptions. The variations in drive’s sensitivity illustrated in
Fig. 7 are identified only after the corresponding equipment
specific factors were included in tests.

Equipment malfunction criteria

The sensitivity of the equipment to various power quality
disturbances can be measured and quantified only if a clear
distinction between the normal operation of equipment and
malfunction of equipment can be easily made. Thus, explicit
definition and reliable identification of all equipment malfunc-
tion criteria of interest are both crucial for the assessment of
equipment sensitivity in tests.

In [17] (part 161-01-21), susceptibility of equipment to a
disturbance in voltage supply is defined as the inability of
equipment to perform its intended functions without the de-
gradation in the presence of an electromagnetic disturbance.
Slight variation of that term is used here for the following
definition of the malfunction criteria of equipment:

Equipment malfunction criterion represents situation or
condition in which equipment is no more able to perform
at least one of its relevant functions, or terminates its
ability to control the functions of dedicated/controlled
equipment, or starts to execute unintended/adverse func-
tions.

When equipment performs several, more or less indepen-
dent and separate functions or tasks, the interruption/cor-
ruption of each of these functions/tasks may be used as an
additional malfunction criterion. This assumes that the di-
sconnection (or restarting) of the equipment is its basic
malfunction criterion, which terminates equipment ability to
perform all its tasks and functions. In the most general case,
the equipment may have different voltage-tolerance curves
(“sensitivity levels™), which correspond to different malfunc-
tion criteria. It might happen that a particular disturbance
influences only some of the functions or tasks performed by
the equipment, but there are other functions or tasks that
equipment is still able to perform in the presence of that di-
sturbance.

This is illustrated in Figure 8, which shows results obta-
ined in tests of computer sensitivity to voltage sags and
short interruptions. Typically, the sensitivity of the personal
computers to voltage sags and short interruptions is expres-
sed by a single voltage-tolerance curve, which corresponds
to restarting/rebooting malfunction criterion. During the as-
sessment of computer sensitivity in [3], restarting/rebooting
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of computer (basic malfunction criterion) was denoted as the
“hardware” malfunction criterion. Tests with additional mal-
function criteria, however, showed that a voltage sag or short
interruption might cause interruption of some of the opera-
tions performed by the computer without the restarting/re-
booting of the computer. Two additional malfunction crite-
ria used in these tests were: a) lockup of a read/write opera-
tion, and b) blockage of the operating system. They are
denoted as the “software” malfunction criteria, and, for some
of the tested computers, these two additional malfunction
criteria resulted in different voltage-tolerance curves that
indicate higher sensitivity. The results of the testing of the
computer whose sensitivity was already partially described
by Figure 2 (related to basic/hardware malfunction crite-
rion) are shown again in Figure 8, but this time together with
the results of testing obtained with additional, software mal-
function criteria.

If only the voltage-tolerance curve corresponding to a
restarting (basic) malfunction criterion is used for the as-
sessment of the overall computer sensitivity, the error in
the assessment would not be conservative, because cu-
rves for other malfunction criteria suggest higher sensitivi-
ty to voltage sags. As Figure 8 shows, some sags and inter-
ruptions did not cause the restarting of the computer, but
computer is nevertheless useless, because its operating
system is blocked. Again, as mentioned previously, the use
of only restarting/rebooting voltage-tolerance curve can
be especially misleading when some critical process, “so-
ftware-controlled” by the computer, is of a particular impor-
tance and interest.

3.3. Non-electrical Characteristics

The last category of the influential factors is related to
various non-electrical characteristics that also may have an
influence on equipment sensitivity to disturbances in volta-
ge supply. Those characteristics are usually related to envi-
ronmental or ambient conditions encompassing both, volta-
ge supply and the equipment itself. Although each of non-
electrical factors of influence ultimately affects the changes
in some of the equipment electrical parameters (e.g., voltage,
current, resistance, induced flux, etc.), these factors are usu-
ally measured and expressed in non-electrical units. Due to
their non-electrical nature, they are considered here as the
genuine non-electrical characteristics.

The most common factors from this category are related
to the non-electrical characteristics of the ambient in which
both equipment and power supply system should operate:
temperature, humidity, air pressure, altitude, the presence of
vibrations, etc. If manufacturer’s technical specification of
equipment explicitly declares that the operation of the equip-
ment is influenced by such external non-electrical factors in
steady-state operating conditions, it is likely that these fac-
tors will also influence equipment behaviour when equipment
is exposed to voltage supply disturbances. However, if there
is no other explicit information about them, or if they are not
expected to be out of the specified ranges at the equipment
exploitation location, the environmental conditions during the
testing of electrical equipment should be adjusted inside the
specified ranges and not changed in tests.
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Fig. 8. The results of the sensitivity of a personal computer to voltage
sags and short interruptions obtained in tests with multiple malfunc-
tion criteria [3]
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Fig. 9. Influence of ageing on sensitivity of high pressure sodium
lamps to voltage sags [18]

It should be noted, however, that this category of factors
also includes ageing of the equipment. Ageing usually de-
creases the overall equipment performance and increases its
sensitivity. Main reasons for that are: wearing of mechanical
and other functional parts inside the equipment, dielectric
and isolation stresses, amortisation, etc. Therefore, when
effects of ageing are of specific interest in end-user applica-
tions, results of testing should be obtained in tests with both,
new and old pieces of equipment, and then compared and
adequately interpreted.

The example of the influence of ageing on equipment sen-
sitivity is illustrated in Figure 9 [18]. Only the variation in the
magnitude threshold with the age of different types of high-
pressure sodium lamps is shown. It can be seen that at the
beginning of their exploitation magnitude thresholds vary in
the range from 45% to 75% of the nominal voltage (depen-
ding on the type of the ballast used). At the end of their
exploitation, however, the sensitivity of lamps is so high that
they all may malfunction (i.e., turn off) even if the reduction
in voltage magnitude is only few percent below the nominal
value. (Note that in such cases the voltage reduction would
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not be even characterised as a disturbance). In [18] is also
reported that the ambient temperature also has an influence
on the sensitivity of high-pressure sodium lamps to voltage
sags and short interruptions.

4. CONCLUSIONS

Closer look at the current power quality standards related
to testing of single-phase, and especially three-phase equip-
ment proves that they are very limited in scope. Particularly
from the practical applications point of view, existing recom-
mendations for testing of electrical equipment have to be
extended and/or improved.

In general case, equipment sensitivity cannot be simply
described with only two disturbance characteristics (rms
voltage magnitude and duration) and a single voltage-tole-
rance curve. Other disturbance characteristics may have si-
gnificant influence on the sensitivity of various types of equ-
ipment. If those other characteristics are excluded from the
analysis or tests, the assessment of the equipment sensitivi-
ty either cannot be done, or will provide only limited and
sometimes even misleading information. Each value of each
additional parameter or characteristic of influence will result
in a new voltage-tolerance curve of equipment, meaning that
instead of a single voltage-tolerance curve, a set of the volta-
ge-tolerance curves have to be used for description/presen-
tation of equipment sensitivity.

This paper tries to fill at least some of the gaps in current
standards and recommendations for testing of electrical equip-
ment to voltage sags and short interruptions. First, all factors
that may have an influence on equipment sensitivity are divided
in three general categories. Number of factors and characteri-
stics of influence that are analysed and included in the propo-
sed testing procedures largely exceeds those considered and
described in existing standards and previously published litera-
ture. After that, all-inclusive comprehensive testing procedures
are described. Testing procedures recommended in existing stan-
dards are carefully extended, in order to allow testing against
newly introduced factors and parameters in a consistent man-
ner and regarding the repeatability of tests. When there are
neither instructions, nor previous attempts in available literatu-
re, completely new testing procedures are proposed and descri-
bed. These testing procedures include testing of equipment
with non-ideal voltage supply conditions, testing of equipment
against non-rectangular voltage sags and short interruptions,
and testing of three-phase equipment based on a new and sim-
ple classification of sags and interruptions in only three general
types. Regarding the sag and interruption characteristics not
included in existing standards, testing procedures proposed in
this paper introduce, for the first time, tests with the during—sag
phase shift and point on wave of ending. Whenever was possi-
ble, the proposed testing procedures are generalised and di-
scussed with respect to various types of single-phase and three-
phase equipment. Finally, the presented analysis and discus-
sion is illustrated using the examples of different equipment
previously tested in [1], [3] and [4].

Short and concise description of three “test algorithms”
that can be used in testing with single-phase and three-pha-
se equipment, as well as in tests with non-rectangular volta-
ge sags and short interruptions are given in three separate
appendices at the end of the paper.

REFERENCES

1.Djokié S.Z., Milanovié¢ J.V., and Kirschen
D .S .: Sensitivity of ac coil contactors to voltage sags, short
interruptions and undervoltage transients. IEEE Trans. on Po-
wer Delivery, 19, 3, pp. 1299-1307, 2004.

2.Collins E., and Morgan R.: “A three-phase sag gene-
rator for testing industrial equipment”, IEEE Trans. on Power
Delivery, 11, 1, 1996.

3.Djoki¢ S.Z., Desmet J.J.M., Vanalme G., Mi-
lanovi¢ J.V., and Stockman K.: Sensitivity of Perso-
nal Computers to Voltage Sags and Short Interruptions. IEEE
Trans. on Power Delivery, 20, 1, pp. 375-383, 2005.

4. Djoki¢ S.Z., Stockman K., Milanovi¢ J.V.,
Desmet J.J.M., and Belmans R.: Sensitivity of AC
Adjustable Speed Drives to Voltage Sags and Short Interrup-
tions. IEEE Trans. on Power Delivery, 20, 1, pp. 494-505, 2005.

.Djoki¢ S.Z., Milanovié¢ J.V., Chapman D.J.,
and McGranaghan M.F.: Shortfalls of Existing Methods
for Classification and Presentation of Voltage Reduction Events.
IEEE Trans. on Power Delivery, 20, 2, pp. 1640-1649, 2005.

6. Djoki¢ S.Z., Milanovi¢ J.V., Chapman D.J.,
McGranaghan M.F., and Kirschen D.S.: 4 New
Method for Classification and Presentation of Voltage Reduction
Events. Accepted for publication in IEEE Trans. on Power Deli-
very. (paper TPWRD-00153-2004)

7.Milanovié¢ J.V. and Djoki¢ S.Z.: Equipment Sensi-
tivity to Disturbances in Voltage Supply. In: Proc. Int. Electrical
Equipment Conf. JIEEC 2003: The Electric Network of the Fu-
ture and Distributed generation, pp. 3.7/1-3.7/14, Bilbao, Spain,
28-29 Oct. 2003.

. Electromagnetic compatibility (EMC), Part 2: Environment, Sec-
tion 8: Voltage dips and short interruptions on public electric
power supply systems with statistical measurement, British/Euro-
pean Standard BS EN 61000-2-8, IEC, 2000.

9. IEEE recommended practice for evaluating electric power sys-
tem compatibility with electronic process equipment, IEEE Stan-
dard 1346, New York, 1998.

10. Voltage characteristics of the electricity supplied by public distri-
bution systems, European/British Standard EN (EuroNorms) BS/
EN 50160, CLC, BTTF 68-6, Nov. 1994.

11. Test method for semiconductor processing equipment voltage
sag immunity, Semiconductor Equipment and Materials Interna-
tional Standard SEMI F42-0600, San Jose, 2000.

12. Electromagnetic compatibility (EMC), Part 4: Testing and me-
asurement techniques, Section 11: Voltage dips, short interrup-
tions and voltage variations immunity tests, British/European
Standard BS EN 61000-4-11, IEC, 1994.

13. Kagan N., Ferrari E., Matsuo N., Duarte S.,
Sanommiya A., Cavaretti J., Castellano U.,
and Tenorio A.: Influence of rms variation measurement
protocols on electrical system performance indices for voltage
sags and swells. In: Proc. of 9th Int. IEEE Conf. on Harmonics
and Quality of Power ICHQP, Vol. 3, pp. 790-795, 1-4 Oct.
2000.

14. Recommended practice for monitoring electric power quality,
IEEE Standard 1159, IEEE, New York, 1995. (Numerical exam-
ple available online at: http://grouper.ieee.org/groups/1159/2/
wave7.xls

15. Specification for semiconductor processing equipment voltage
sag immunity, Semiconductor Equipment and Materials Interna-
tional Standard SEMI F47-0200, San Jose, 2000.

16. Electromagnetic compatibility (EMC), Part 4: Testing and me-
asurement techniques, Section 30: Power quality measurement
techniques, British/European Standard BS EN 61000-4-30, IEC,
2003.

17. International Electrotechnical Vocabulary (IEV), IEC Standard
60050, International Electrotechnical Commission, 1999.

18. Dorr D., Mansoor A., Morinec Worley A.J.:
Applying HID high-pressure sodium lamps in a variable-voltage
environment. Industry Applications Conference, 30th IAS Annu-
al Meeting, IAS 95, Vol. 3, 8-12 Oct. 1995.

wn

oo

Sasa Z. Djokié
received Dipl. Ing. and M. Sc. degrees in Electrical
Engineering from the University of Ni§, Ni§, Yugo-
slavia, and Ph. D. degree in the same area from the
University of Manchester Institute of Science and
Technology (UMIST), Manchester, United King-
dom. From 1993 to 2001 he was with the Faculty of
!0 Electronic Eng. of the University of Nis. In 2001

28

Power Quality and Utilization, Journal ¢ Vol. XI, No 1, 2005



he joined the Department of Electrical Engineering and Electronics at
UMIST (now School of Electrical and Electronic Engineering, the
University of Manchester). His main research interests are power
quality and illuminating engineering.

Address:

Dr Sasa Djoki¢

Ferranti Building A9

The School of Electrical and Electronic Eng.

The University of Manchester, PO Box 88,

Manchester, M60 1QD, UK.

e-mail: s.djokic@manchester.ac.uk

Phone: +44 (0)161 306 4814

Fax: +44 (0)161 306 4820

Jovica V. Milanovié

received Dipl.Ing. and M.Sc. degrees from the Uni-
versity of Belgrade, Belgrade, Yugoslavia, and Ph.D.
degree from the University of Newcastle, Australia,
all in electrical engineering. Since January 1998, he
is with the School of Electrical and Electronic Engi-
neering at The University of Manchester (formerly
UMIST), Manchester, UK, where he is currently a
Professor.

Address:

Dr Jovica Milanovi¢

Ferranti Building B11

The School of Electrical and Electronic Eng.
The University of Manchester, PO Box 88,
Manchester, M60 1QD, UK.

e-mail: milanovic@manchester.ac.uk
Phone: +44 (0)161 306 8724

Fax: +44 (0)161 306 4820

APPENDIX A:
Testing of single-phase equipment to rectangular
sags and interruptions

In order to ensure a high degree of repeatability, testing of
single-phase equipment should be always conducted accor-
ding to a well-defined procedure. One possible procedure for
testing of single-phase equipment with rectangular voltage
sags proceeds as follows:

1. Before the initiation of the disturbance, single-phase equ-
ipment should be connected to two terminals of the (sin-
gle-phase) voltage sag generator (VSG). Initially, nomi-
nal voltage supply condition should be adjusted at the
output of the VSG. After the normal operation of the
equipment is confirmed (including all auxiliary/periphe-
ral devices controlled by the equipment), selected lo-
ading and other operating conditions of equipment sho-
uld be adjusted (initially, nominal/rated operating/loading
conditions). Particular malfunction criterion of equipment
should be identified and closely monitored during the
tests.

2. Initial value of the point on wave of initiation should be

adjusted (e.g., 0° on the voltage waveform).

Initial value of the phase shift should be adjusted (e.g., 0°).

4. Keeping constant the adjusted values of the point on
wave of initiation and phase shift, voltage sags/inter-
ruptions should be applied in steps of 1% of the nomi-
nal voltage!l, starting from OV. For each applied voltage
magnitude, the duration of the event should be pro-
gressively increased, until the malfunction of equip-
ment occurs, or up to a few seconds. The duration re-
quired for malfunction of equipment should be ascerta-

W

ined/verified by several (3-5) repeated measurements
(for each adjusted magnitude, point on wave of initia-
tion and phase shift). After each malfunction of equip-
ment (identified using the corresponding malfunction
criterion), a recovery time of minimum 5-10 seconds
should be allocated before the next sag/interruption is
applied.2

5. If pre-disturbance and post-disturbance voltage wave-
forms used in tests are identical, post-disturbance pha-
se shift will be equal to zero. In that case, point on wave
of ending will be determined only by adjusted point on
wave of initiation and adjusted duration. In order to per-
form testing of equipment with respect to different point
on wave of ending values, testing of equipment should
continue after the equipment malfunction is identified
for certain point on wave of initiation and duration in
Step 4.3 Tests with the prolonged duration should be
applied, e.g., in steps of Ims (corresponds to changes of
point on wave of ending values in steps of 18° for S0Hz
voltage supply). Testing with prolonged durations, cor-
responding to different point on wave of ending values,
should continue until the malfunction of equipment oc-
curs for all applied durations within the one full cycle/
period.4

6. Initial value of the point on wave of initiation (Step 2)
should be replaced with another value in the range from
0 to 360°, using the 15° step, and the measurements
described in Step 4 should be repeated.>

7. Initial value of the phase shift (Step 3) should be repla-
ced with another value from two ranges: a) from 0° to -
900 (using the step of -15°), and b) from 0° to +90° (using
the step of 159), and the measurements described in Step
4 should be repeated.>

8. Initial loading condition of equipment selected in Step 1
should be changed with the next condition of interest,
and testing procedure should continue again as descri-
bed above.

9. The malfunction criterion of equipment selected in Step
1 should be changed with the next malfunction criterion
of interest, and testing procedure should continue again
as described above.

10. The nominal/ideal voltage supply characteristics adju-
sted in Step 1, should be replaced with selected indivi-
dual and composite non-ideal voltage supply characte-
ristics, and testing procedure should continue again as
described above.6

In all cases, the during-disturbance voltage waveform at
the output of the VSG should be the ideal sine wave with
nominal frequency (50Hz) and adjusted disturbance charac-
teristics. The only exception is testing with non-ideal supply
characteristics, when during-sag voltage wave form can have
the same characteristics (e.g. harmonic contents) as the
applied pre-sag and post-sag voltage. Influence of non-elec-
trical characteristics on sensitivity of tested equipment (as
described in Section 4.3) may be also investigated for the
range of selected values of interest (e.g., for different am-
bient temperatures).

In general case, the tests described above will produce
families of voltage-tolerance curves, corresponding to dif-
ferent voltage supply conditions, different points on wave
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of initiation, different phase shifts, different malfunction
criteria, different operating/loading conditions of equip-
ment, etc.

APPENDIX B:
Testing of three-phase equipment to rectangular
sags and interruptions

The main difference between the tests with single-phase
and three-phase equipment is, obviously, number of phases
in which sags and interruptions (and their characteristics)
should be initiated and controlled. Furthermore, testing of
the three-phase equipment is more complicated, because in
this case some “phase angle characteristics” of disturbance
(e.g., points on wave of initiation and ending) have to be
interpreted in a three-phase sense. One possible procedure
for testing of three-phase equipment in accordance with the
classification of sags and interruptions described in this pa-
per proceeds as follows:

1. Before the initiation of the disturbance, three-phase
(“wye” or “delta”) equipment should be connected to
three-phase VSG, with the nominal voltage supply con-
dition initially adjusted at its outputs. After the normal
operation of the equipment is confirmed (including all
auxiliary/peripheral devices controlled by the equipment),
selected loading and other operating conditions of equ-
ipment should be adjusted (initially, nominal/rated ope-
rating/loading conditions). Particular malfunction crite-
rion of equipment should be identified and closely moni-
tored during the tests.

2. One of three general sag/interruption types should be
selected for testing (e.g., tests might start with the sym-
metrical three-phase sags and interruptions).

3. Initial value of the point on wave of initiation should be
adjusted (e.g., 0° on the voltage waveform), using one
phase as the reference.

4. Initial values of the phase shift in each phase should be
adjusted in accordance with the sag/interruption type
selected in Step 2 (initially, phase shift can be set to 0° in
all three phases).

5. Keeping constant the adjusted values of the point on
wave of initiation and phase shift in each phase, voltage
sags/interruptions should be applied in steps of 1% of
the nominal voltage!, starting from OV. In the case of the
symmetrical three-phase sags/interruptions, this should
be done in all three phases simultaneously (one phase is
the reference phase). For generalised single-phase sags/
interruptions, resolution of 1% should be applied to one
(reference) phase, while voltage magnitude in two other
phases is equal and used as a parameter (initially set to
nominal voltage). For tests with generalised two-phase
sags/interruptions, resolution of 1% should be simulta-
neously and equally applied to two phases (one of them
is the reference phase), while voltage magnitude in the
third phase is used as a parameter (and initially set to
nominal voltage). For each set of adjusted during distur-
bance magnitudes, the duration of disturbance should
be prolonged until the malfunction of equipment occurs,
or, if there is no malfunction, up to a few seconds. The

critical duration (required for malfunction of equipment)
should be ascertained/verified by several (3-5) repeated
measurements. After each malfunction of equipment (iden-
tified using the corresponding malfunction criterion), a
recovery time of minimum 5-10 seconds should be alloca-
ted before the application of consecutive disturbances.?

6. If pre-disturbance and post-disturbance voltage wave-

forms used in tests are identical, post-disturbance pha-
se shift will be equal to zero. In that case, point on wave
of ending (in each phase) will be determined only by
adjusted point on wave of initiation and adjusted dura-
tion. In order to perform testing of equipment with re-
spect to different point on wave of ending values, te-
sting of equipment should continue after the equipment
malfunction is identified for certain point on wave of
initiation and duration in the reference phase in Step 5.3
Tests with the prolonged duration should be applied,
e.g., in steps of lms (corresponds to changes of point
on wave of ending values in steps of 18° for S0Hz volta-
ge supply). Testing with prolonged durations, correspon-
ding to different point on wave of ending values, should
continue until the malfunction of equipment occurs for
all applied durations within the one full cycle/period.4

7. In testing with generalised two-phase and single-phase

sags/interruptions, for which voltage in one and two
phases, respectively, is used as a parameter, this para-
meter should be changed in steps of 10% from 0-100% of
the nominal voltage, and measurements described in Step
5 should be repeated.”

8. Initial value of the point on wave of initiation (Step 3) in

reference phase should be replaced with another value
in the range from 0 to 360°, using the 15° step, and
the measurements described in Step 5 should be re-
peated.5> 8

9. Initial values of the phase shift in each phase (Step 4) should

be replaced with another values, depending on the applied
sag/interruptions types. In tests with symmetrical three-pha-
se sags/interruptions, the same conditions should be repro-
duced in all three sagged/interrupted phases, including the
equally adjusted phase shift (range from 0° to 90° in steps of
159, and from 0° to —90° in steps of —15°). In tests with
generalised single-phase sags/interruptions, phase shift ap-
plied in reference phase is again from the ranges 0° to 90° in
steps of 159, and 0° to —90° in steps of —15°. 8 In tests with
generalised two-phase sags/interruptions, phase shift ap-
plied in two equally sagged/interrupted phases should have
the same absolute value (range from 0° to 60°), but opposi-
te signs (one is positive, the other is negative, i.e., applied
steps should be +15° in one phase, and
—15° in the other).>- 9

10. The voltage sag type should be changed to the next of
the three general types and measurements as described
from Step 3 further should be repeated.

11. Initial loading condition of equipment selected in Step 1 sho-
uld be changed with the next condition of interest, and te-
sting procedure should continue again as described above.

12. The malfunction criterion of equipment selected in Step
1 should be changed with the next malfunction criterion
of interest, and testing procedure should continue again
as described above.
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13. The nominal/ideal voltage supply characteristics adju-
sted in Step 1, should be replaced with selected indivi-
dual and composite non-ideal voltage supply characte-
ristics, and testing procedure should continue again as
described above.6

Notes:

1 Applied step/resolution can be both, higher (e.g., 2% or
5% of the nominal voltage) and lower (e.g., 0.5% of the
nominal voltage).

2 If equipment needs more time to obtain adjusted operating/
loading conditions, that should be allowed.

3 It may happen, that a particular point on wave of ending
value produces high in-rush current (which may activa-
te overcurrent protection of equipment), but the next
point on wave of ending value does not.

4 If identified, appropriate discussion and analysis of the
influence of different point on wave of ending values
should be included in the test report.

5 Ifnecessary, lower step (=10°, or £5°) may be used as well.

6 Non-ideal voltage supply characteristics may include, for
example, up to £10% variation in voltage magnitude,
up to 2% variation in frequency, different harmonic
contents (both, individual harmonics and harmonic
spectrum) with different phase angles with respect to
fundamental component, and with different total har-
monic distortions (THDs); in the case of the waveform
deformations (different harmonic contents), definition
and adjusting of the voltage magnitude and phase shift
should be carefully described and interpreted, e.g.,
using the fundamental component of the applied pre-
disturbance/post-disturbance voltage waveform.

7 Applied step/resolution can be both, higher (e.g., 20% of
the nominal voltage) and lower (e.g., 5% of the nominal
voltage). If 10% resolution is applied for adjusting volta-
ge magnitude in one or two phases used as a parameter
in tests with generalised two-phase and generalised sin-
gle -phase sags/interruptions, set of eleven voltage-to-
lerance curves will be obtained for both types of genera-
lised sags/interruptions (see [4], [6]).

8 As the points on wave of initiation and ending in (each
phase) define/determine the duration of applied sags
and interruptions in individual phases, there are two
possible ways for testing of three-phase equipment
against polyphase sags and interruptions: a) with the
same durations of individually sagged/interrupted pha-
ses, and b) with different durations of individually sag-
ged/interrupted phases. If the same duration is applied,
sags and interruptions in individual phases will be ini-
tiated and finished simultaneously. The same range as
in the case of single-phase equipment testing (i.e., from
00 to 360° in steps of 15°) should be used for point on
wave of initiation values in the reference phase. Ap-
plied durations and points on wave of initiation will
determine points on wave of ending in the reference
phase. As the initiation and ending of sags and inter-
ruptions is simultaneous in all sagged/interrupted pha-
ses, points on wave of initiation and ending there will
be shifted by 1209, with respect to points on wave of
initiation and ending in the reference phase. If tests
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Fig. C.1. General shape of non-rectangular sags and interruptions ap-
plied in tests

with different durations are applied, that should be per-
formed with respect to instantaneous currents and vol-
tages of the tested equipment, which should be moni-
tored. Points on wave of initiation and ending in one
phase should be again used as the reference, but initia-
tion and ending of sags and interruptions in other sag-
ged/interrupted phase(s) should not be done simulta-
neously. Instead, sags and interruptions should be in-
itiated and finished affer the initiation/ending in the
reference phase. If the initiation of sags and interrup-
tions in phases other than the reference phase does
not correspond to two voltage waveform half-cycles
with positive gradients), point on wave of initiation
should be adjusted at the first zero crossing of the in-
stantaneous voltage that occur after the initiation in the
reference phase. The ending of sags and interruptions
in other phases should be adjusted at the first zero cros-
sing of their instantaneous currents that occur after the
ending in the reference phase. In that way, the basic
principles of the initiation and clearance of polyphase
faults will be closely reproduced in tests (with respect
to, e.g., operation of single-pole circuit breakers, which
will clear faults in individual phases at their current zero
crossings.

9 Additionally, phase shift maybe also introduced in one or
in two phases whose voltage magnitude is used as a
parameter in tests with generalised two-phase and sin-
gle-phase sags/interruptions, respectively. This, howe-
ver, may produce additional sets of voltage-tolerance
curves of tested three-phase equipment.

APPENDIX C:
Testing of single-phase and three-phase
equipment to non-rectangular sags and interruptions

One possible testing procedures related to reproduction
of non-rectangular voltage disturbances that closely resem-
ble sags and interruptions caused by the starting of large
motors, or sags and interruptions caused by short-circuit
faults in weak systems with large directly connected motors
is illustrated in Figure C.1. General shapes of these two types
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Table C.1 Tabular format for representation of equipment sensitivity to non-rectangular voltage sags and short interruptions.

Initial drop to 0% of the nominal voltage

10% of the nominal voltage

Voltage gradient Duration of theflat part

Duration of theflat part

Oms | 50ms | 100ms | 200ms

Ooms 50ms 100ms 200ms

5VIs

10V/s

15Vis

20VI/s

30V/s

40V/s

50V/s

of non-rectangular sags and interruptions will have the follo-
wing main characteristics/parts: a) initial drop in voltage ma-
gnitude, b) duration of the flat part, and c) gradient of volta-
ge recovery. (Note: For voltage sags caused solely by the
starting of the large motors, there may not be a flat part, i.e.,
the duration of this stage could be equal to zero.)

Various initial voltage drops, durations of the flat part and
voltage recovery gradients should be considered in tests.
During the testing of single-phase equipment, this general
type of non-rectangular sags and interruptions should be
reproduced in one phase. For tests with three-phase equip-
ment, the same conditions should be reproduced in all three
phases simultaneously, as influence of the motor (re)acce-
leration is the same in all three phases (i.e., the voltage
recovers gradually and equally in all three phases). Point
on wave of initiation may be varied (range from 0° to 3609,

step of 159), but, generally, phase shift may be assumed to
be equal to zero (in all phases) during these sags and inter-
ruptions.

Instead of the graphical representation using the voltage-
tolerance curves, tabular format should be used for repre-
sentation of equipment sensitivity to applied non-rectangu-
lar voltage sags and short interruptions. Table C.1 illustrates
one example for presentation of equipment sensitivity. Each
cell of the table should indicate one of two possible outco-
mes when equipment is exposed to a particular non-rectan-
gular sag/interruption with corresponding characteristics:
a) normal operation of tested equipment, or b) malfunction of
tested equipment, in which case time of equipment malfunc-
tion should be entered in corresponding table cell.
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