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Abstract—In this paper, a fast detection method for voltage
disturbances is explored. The proposed method provides reliable
and fast detection for either single-phase or polyphase voltage
disturbances such as voltage sags, voltage swells, flicker, frequency
change in the utility voltage, and harmonic distortion. The algo-
rithm is based on the theory that allows a set of three-phase
voltages be represented as dc voltages in a d—¢g synchronous
rotating frame. In this case, the utility input voltages are sensed
and then converted to dc quantities in the d—q reference frame.
Thus, any disturbance at the utility input voltages will be promptly
reflected as disturbances in the d—g values. Further processing of
the signals minimizes the point-on-wave effect and yields a trip
signal indicating if the disturbance is a voltage sag or a voltage
swell. Analysis, simulation, and experimental results are presented
for a three-phase system. The proposed algorithm is implemented
on a digital signal processor (DSP)-based system to provide ride-
through for critical loads.

Index Terms— Disturbances detection, disturbances mitigation
and voltage disturbances, power quality.

I. INTRODUCTION

COMMON characteristic of most electronic loads is that
they are sensitive to voltage variations. Computers and
other sensitive loads can lower their performance or even
shutdown the process they are in control due to those variations.
Voltage variations can be classified as disturbances that produce
voltages below the nominal value, which are called voltage
sags, and disturbances that produce voltages above the nominal
value, which are called voltage swells. The Information Tech-
nology Industry Council (ITIC) has published a curve showing
a voltage envelope that can be tolerated by most information
technology equipment [1]. This curve is a reference widely
used to define when the supply of equipment needs to be
compensated due to whether a voltage sag or a voltage swell.
On every existing approach to compensate for voltage distur-
bances, the very first step is to detect the disturbance itself, then
other actions will come such as compensation or disconnection.
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Fig. 1. Block diagram of the proposed approach.

The importance of the detection stage is critical for applications
like static transfer switches (STS) and uninterruptible power
supplies (UPS), or approaches where the utility supply must be
disconnected as part of the compensation [2], [3].

Several ideas have been reported on detection and com-
pensation of voltage disturbances. Some of those works are
based on the conversion of the ac voltages of the utility supply
to a dc voltage obtained from a rectifier—filter arrange. Any
disturbance in the ac supply will be reflected as a change in
the dc level; moreover, if the disturbance is unbalanced, some
ripple will accompany the change in the level. Additional stages
are required to convert this change in the dc level to a useful
signal that can generate a signal indicating the existence of a
voltage disturbance. One important advantage of this method is
its simplicity, but its main drawback is the delay imposed by the
filtering stage.

Another popular idea [4]-[9] is based on the abc—dg trans-
formation, which in turn gives ac quantities that reflect voltage
disturbances on the utility supply. Further processing of those
ac signals provides dc signals that are easier to process. One
huge advantage of this method is that there are no delays in
the process described above. In addition, variations on this
method are possible in order to address specific issues such as
disturbance magnitude or any phase angle change that the dis-
turbance may introduce [8], [9]. This paper presents a detection
method based on the abc—dq transformation with an additional
processing that minimizes the effect of point-on-wave resulting
in a fast detection method. In addition, the method is able to
recognize voltage sags and voltage swells as well.

II. PROPOSED APPROACH

Fig. 1 shows the block diagram of the proposed approach.
The control circuit is based on a TMS320F240 digital sig-
nal processor (DSP), which continuously monitors the source
voltages to detect for disturbances. The purpose of the control
algorithm is to detect out of tolerance conditions and issue a
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trip signal to enable subsequent actions such as compensation
or disconnection.

The algorithm is based on the theory that allows a set of
three-phase voltages to be represented as dc voltages in a
d—q synchronous rotating frame. In this case, the utility input
voltages are sensed and then converted to dc quantities in the
d—q reference frame. Thus, any disturbance at the utility input
voltages will be reflected as disturbances in the d—q values.
Using the disturbed d—q values, it is possible to generate the
signal called Vs, which represents the deviation of the utility
input voltages from a given reference. Vg is used to detect the
time when the disturbance begins and when it ends, providing
a proper signal to indicate whether the disturbance is a voltage
sag or a voltage swell.

III. DISTURBANCE DETECTION ALGORITHM

The disturbance detection algorithm must achieve two im-
portant functions to ensure proper operation.

1) Regardless of the nature of the voltage disturbance (sag
or swell, either balanced or unbalanced), the algorithm
should be able to detect the disturbance immediately.
The faster the disturbance is detected, the faster is the
application of subsequent actions.

2) It should be able to recognize when the amount of voltage
disturbance is beyond certain limits and then deliver a
trip signal, otherwise consider the system operating under
normal conditions. As an example, sags and swells of
2% or 3% should not be considered conditions out of
tolerance.

The first step in the detection algorithm is to convert the
set of input voltages from abc to a dq stationary frame, then
to a dg synchronous rotating frame where all line frequency
components are removed yielding only dc values for the dg
variables. This double conversion is achieved by using the
expressions

1 -1 _1 .
‘/in,ds 2 2 2 Va
V}n,qs = g 0 —\/75 @ ‘/b (l)
Vin,0 11 1 Ve
2 2 2 -
and
Vindgr | _ | coswt —sinwt | | Vinds | @)
Vingr | |coswt sinwt Vinygs |

Next, to obtain Vs, a set of three-phase balanced voltages
was used as reference, which in turn represents an always-
constant dc value in d—q synchronous rotating frame. The
dc values obtained from (2) are compared against the given
reference values as

‘/in,dr (3)
‘/in,qr . (4)

‘/err,dr = ‘/ref,dr -
‘/err,qr = Vref,gr —

Results from this comparison yield values in d—q components
of the difference between the reference values and the sensed
values from the utility supply. Analysis of the waveforms,
obtained from (3) and (4), indicates that the signal containing
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the information about the deviation of the instantaneous voltage
is (4); furthermore, voltage sags and voltage swells are identi-
fied from the polarity of this signal. From this analysis, (5) is
obtained as

Vdist = ‘/err,qr (5)

where Vs is the magnitude of the vector that represents the
instantaneous deviation of utility input voltages with respect
to the given reference. What is not accounted for, until this
point, is any phase shift associated with the voltage disturbance.
If necessary, however, further processing of the information
available from (2) can provide such information. Fig. 2 shows
different values of Vyisy for different conditions on the input
utility voltages. In all cases, the upper trace represents 120-V
phase voltages from the three-phase utility supply and the lower
trace is the waveform associated with Vs as a percentage of
the disturbance.

At normal conditions, the d—q values obtained from (2)
should be equal to the given reference values, when this con-
dition is met, the value of Vy;g; is zero, otherwise Vy;s is a dc
signal varying according to the nature of the disturbance as is
shown in Fig. 2.

Since Vyist 1s a signal that indicates when a voltage distur-
bance is present, it is digitally filtered and then processed by a
dual hysteresis comparator to produce an ON—OFF signal that
indicates the duration and type of disturbance as is shown in
Fig. 3. Filtering and comparison are performed by the DSP
system already mentioned.

Vaist 1s smoothed by the low pass filter to avoid excessive rip-
ple. This is especially important for single-phase disturbances.
The lower and upper limits (LL and UL, respectively) of the
hysteresis comparator determine the operating points of the
detector. The LL for the sag’s comparator is associated with
the less severe level of disturbance allowed, which is usually
set to 90% of the nominal voltage. UL is set 5% apart from
LL to avoid oscillations. It is important to notice that a voltage
sag higher than 90% is not considered a sag but a condition
within tolerance around rated values. On the other hand, a
voltage reduction below 10% is considered as an interruption
[10]. Likewise, the swell’s compartor LL is set for 110% of
nominal voltage. Experimental results for a single-phase sag
and a three-phase swell are shown in Fig. 4, where the upper
trace is one line voltage from the utility supply, the second trace
is the waveform corresponding to Vjig, the third trace is the
output of the low pass filter, and the lower trace is the trip signal
corresponding to a sag and a swell, respectively.

At this point, it is clear that the point-on wave effect is
minimized by the combination of the filter and the settings of
LL and UL values. This means that the algorithm does not have
to wait until the maximum level of disturbance is reached [6].

IV. ALGORITHM EVALUATION: VOLTAGE SAGS CASE

Detection of voltage disturbances can be difficult due to the
wide variety of possible cases, for instance, a voltage sag can
be a disturbance happening in one, two, or three phases at
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the same time. In order to be considered as significant, such
disturbance would have a magnitude ranging from 10% to 90%
as explained previously. Moreover, it can occur at any time
(point-on-wave) during the 16.6-ms cycle duration [10]. All
the factors mentioned before introduce uncertainty and make
it difficult to generalize an algorithm for voltage disturbance
detection.
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Relationship between the utility input voltages and Vigisi. (a) 50% single-phase sag. (b) 50% three-phase sag. (c) 30% single-phase swell.

A. Influence of Disturbance Magnitude

In this particular case, the signal used to detect the onset
of disturbance is Vgist. According to Fig. 2, Ve will be a
pure dc voltage when a three-phase disturbance occurs. It will
be a dc voltage with some ripple for a two-phase disturbance
(not shown in Fig. 2), and for single-phase disturbances it will
be a dc signal oscillating between zero and a maximum value
determined by the disturbance magnitude. The voltage magni-
tude of the disturbance will determine the magnitude of Vs
but will not affect its shape. Experimental results for different
values of voltage sags are shown in Fig. 5, including the worst
scenario about the time required to detect the disturbance as
the magnitude of the disturbance is varying. This time is called
delay time.

Even though the shape remains unchanged for Vg, its
magnitude will influence the delay time. It can be noticed how
the response is faster for deeper sags and how single-phase
voltage sags are difficult to detect promptly. Slower detection
for single-phase sags is due to the highest ripple on the Vst
signal compared to other disturbances. During the time the
signal is in the valley, the disturbance could be considered as
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magnitude. Point-on-wave is set constant for the worst case.

negligible and only during the crest of the ripple the disturbance
is seen as significant. Therefore, more time is needed to let the
detector acknowledge the abnormal condition. The worst case
for detecting two-phase and three-phase voltage sags is less
than 1/4 cycle.

B. Influence of Point-on-Wave

The point-on-wave is the instant where the disturbance be-
gins. Hence, for a sinusoidal waveform, the point-on-wave
is minimum near the zero-crossing area and would be max-
imum near the peak value of the waveform. The effect of
point-on-wave on detection time is further investigated in this
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section. It should be noted that point-on-wave might have a
different impact on the detection time for different detection
algorithms.

The point-on-wave time will not affect the initial value of
Vaist for three-phase disturbances, it will affect Vs mildly
for two-phase disturbances, and it will strongly affect the
Vst initial value for single-phase disturbances. Based on this
reasoning, additional analysis for single-phase voltage sags is
presented next.

Fig. 6 shows a single-phase 10% voltage sag for two different
point-on-wave times. Fig. 6(a) shows the worst scenario with a
time delay of 2.2 ms and Fig. 6(b) shows the best scenario with
a time delay of 200 us.

The upper trace in Fig. 6 corresponds to one phase of the
utility supply, the second trace corresponds to Vs, the third
trace is the response of the low pass filter, and the bottom trace
is the trip signal indicating that a sag has started.

Experimental delay times showing the effect of different
point-on-wave values for single-phase voltage sags on the pro-
posed algorithm are summarized in the next figure.

The area described for the polygon in Fig. 7 encompasses
all the possible responses of the algorithm under different sag
magnitudes at any point-on-wave. The upper line of the polygon
is the same as the one described as the worst case for single-
phase sags in Fig. 5. It can be noticed that all the voltage sags
are detected no matter their magnitude. In addition, the deeper
the sag, the faster the response. Despite the wide variation in
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Fig. 8. Experimental results showing the detection of a change in the funda-
mental frequency from the utility supply.

time of the algorithm response, most of the expected delay
times are below 1/4 cycle. For two-phase voltage sags, the area
defined by the worst case and the best case is much smaller than
the area shown in Fig. 7 and the area for three-phase voltage
sags is practically inexistent.

V. DISTURBANCES AND TESTING

Additional testing has been performed with the system for
disturbances such as frequency change, voltage flicker, and
voltage harmonics as is shown in the next figures.

Fig. 8 shows the response of the system under a frequency
change. The nominal frequency is 60 Hz and then a change in
frequency occurs leading to a trip.

Detection of a voltage flicker is very similar to detection of
a voltage sag as is shown in Fig. 9. The voltage is reduced up
to 80% of its nominal value in 0.1 s, then the voltage recovers
back to its original value in 0.2 s.

For a disturbance such as harmonic distortion, the system
will not operate whenever the voltage distortion is low, but
if the distortion is high enough it can trigger the hysteresis
comparator as is shown in Fig. 10.

In this case, the utility line voltage is distorted by the fifth
and seventh harmonics. The result is a trip in the signal called
trip sag while the signal called trip swell remains at low state.

Voltage sags, voltage swells, and voltage flicker are distur-
bances with relative short duration that may have an impact on
the load due to significant variations of the nominal voltage.
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Fig. 10. Experimental results for harmonic distortion detection.

Therefore, settings for LL. and UL should be set according to
the description presented in Section III. That is, LL. and UL
are associated with the disturbance voltage level. On the other
hand, voltage disturbances such as harmonic distortion may
have a different impact on the load. Therefore, LL and UL
should be set as the amount of allowed harmonic distortion
rather than the distortion voltage level. In this regard, it is
recommended to have separate detection systems for voltage
disturbances and harmonic distortion with different values of
LL and UL, respectively.

For the case of distortion caused by notches, the settings LL
and UL in the hysteresis comparators play a very important
role. If the settings are defined for high sensitivity, then it is
possible that some notches can cause a trip; on the other hand,
if the settings are for low sensitivity, then the notches will not
be detected as a disturbance but the response of the system to
other disturbances, such as voltage sags, could be slow.

VI. RIDE-THROUGH APPROACH FOR CRITICAL LOADS

The proposed algorithm has been implemented in the ride-
through approach shown in Fig. 11 [3]. Here, the prompt
detection of a voltage disturbance will transfer the load supply
from the utility supply to the inverter supply via the proper
operation of the solid state switches labeled SSA and SSM.

Fig. 12 shows the experimental results of the detection algo-
rithm when a voltage swell occurs right after a voltage sag. In
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Fig. 12. Experimental results showing the detection of (a) 85% single-phase
sag followed by a 115% single-phase swell and (b) 50% three-phase sag
followed by a 120% three-phase swell.

both cases, the upper trace corresponds to the utility input line
voltages, the trace in the middle represents a trip when a sag
occurs, and the lower trace indicates when a swell is present.
Notice that a sag trip signal does not occur at the same time of
a trip swell signal.

VII. CONCLUSION

Detection of voltage disturbances is the first step in the
process to improve voltage quality. Voltage disturbances are
difficult to detect due to the extended variety of combinations
resulting from the factors involved in voltage disturbances
such as magnitude, point-on-wave, balance, and frequency.
This diversity makes impossible the generalization of an algo-
rithm, leading to a tradeoff between speed and sensitivity. The
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proposed algorithm is capable of detecting voltage sags and
voltage swells no matter their magnitude as well some other
disturbances. In addition, the algorithm guarantees the detec-
tion of either balanced or unbalanced voltage disturbances. The
detection time of the worst case corresponds to single-phase
voltage sags; even in this case, most of the delay time expected
is less than 1/4 cycle.
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