&
Swansea University ‘C rO n fa

Prifysgol Abertawe Setting Research Free

Cronfa - Swansea University Open Access Repository

This is an author produced version of a paper published in:
IEEE Transactions on Power Delivery

Cronfa URL for this paper:
http://cronfa.swan.ac.uk/Record/cronfa44927

Paper:

Furlani Bastos, A., Lao, K., Todeschini, G. & Santoso, S. (2018). Accurate Identification of Point-on-Wave Inception
and Recovery Instants of Voltage Sags and Swells. IEEE Transactions on Power Delivery, 1-1.
http://dx.doi.org/10.1109/TPWRD.2018.2876682

This item is brought to you by Swansea University. Any person downloading material is agreeing to abide by the terms
of the repository licence. Copies of full text items may be used or reproduced in any format or medium, without prior
permission for personal research or study, educational or non-commercial purposes only. The copyright for any work
remains with the original author unless otherwise specified. The full-text must not be sold in any format or medium
without the formal permission of the copyright holder.

Permission for multiple reproductions should be obtained from the original author.

Authors are personally responsible for adhering to copyright and publisher restrictions when uploading content to the
repository.

http://www.swansea.ac.uk/library/researchsupport/ris-support/


http://cronfa.swan.ac.uk/Record/cronfa44927
http://dx.doi.org/10.1109/TPWRD.2018.2876682
http://www.swansea.ac.uk/library/researchsupport/ris-support/ 
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Accurate Identification of Point-on-Wave Inception
and Recovery Instants of Voltage Sags and Swells

Alvaro Furlani Bastos, Student Member, IEEE, Keng-Weng Lao, Member, IEEE,
Grazia Todeschini, Senior Member, IEEE, and Surya Santoso, Fellow, IEEE

Abstract—Voltage sags and swells are power quality events
commonly observed in power systems; however, none of the
existing methods allows determining their point-on-wave incep-
tion and recovery instants (and consequently, their duration)
accurately in all cases. The primary goal of this paper is to
determine these instants with little or no delay, by calculating
the absolute rms voltage difference between two adjacent sliding
windows. The proposed method is based on the assumption that
this difference is maximum when the sample under analysis
corresponds to either the inception or the recovery instant. This
method is valid for both sag and swell events, with or without
transients. Evaluation of the proposed method performance for
different types of events shows that it is robust and highly
accurate in determining the inception and recovery instants. The
estimation error for the majority of the events analyzed is either 0
or 1 sample (each sample corresponds to a phase-angle difference
of 2.81°), while the worst performance is 3 samples.

Index Terms—inception instant, point-on-wave, recovery in-
stant, voltage sag, voltage swell

I. INTRODUCTION

NDUSTRY standards recommend to characterize a voltage

variation event on the basis of its duration and minimum
(or maximum) rms voltage during the sag (or swell) [1], [2].
Other event characteristics, such as point-on-wave inception
and recovery instants, and phase shift, are commonly not
included in the event characterization. Due to the unavailability
of these parameters, industry standards recommend not consid-
ering them for the evaluation of equipment sensitivity against
voltage sags and swells [3], [4].

Some studies have shown that sensitivity of equipment is
influenced by sag/swell characteristics other than duration and
magnitude. For example, [5] reports that the sensitivity of
relays, motor-starters, and contactors for voltage sags shorter
than 4-5 cycles is highest for 90° point-on-wave inception.
On the other hand, higher sensitivity is observed for 0° point-
on-wave inception for sags longer than 5 cycles. Additionally,
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calculation of reliability indices requires an accurate estimate
of the duration of voltage variation events [1].

Many methods have been developed to identify and char-
acterize voltage sags/swells, such as threshold rms voltage
[1], [2], [6], [7], waveform envelope [5], [8], discrete wavelet
transform [9]-[13], missing voltage [14]-[16], dg transfor-
mation [17], [18], numerical matrix [18], and peak detector
[19]-[21]. The existing approaches use either instantaneous or
rms measurements of single or three-phase voltage waveforms.
Some of them provide information about the residual voltage
magnitude during the event. However, none of these methods
provide accurate estimates for the point-on-wave inception and
recovery instants for all types of sags/swells. For example, the
threshold rms voltage method introduces an error up to 1 cycle
in the estimation of the inception and recovery instants, while
the discrete wavelet transform method performs well only if
the voltage variation event is accompanied by transients [22].

This paper proposes a method to accurately determine the
point-on-wave inception and recovery instants of voltage sags
and swells. Initially, the traditional threshold rms voltage
method recommended by industry standards and its limitations
are discussed in Section II. The novel method presented in this
paper aims at overcoming those limitations, and it is based on
the absolute difference between rms voltage values of sliding
windows, as described in Section III. The performance of this
method is assessed in Section IV, where it is shown that the
method is robust and performs well for a wide class of sag
and swell events.

II. MOTIVATION - THE TRADITIONAL METHOD

The procedure given in industrial standards to characterize
a voltage sag or swell is based on the rms voltage profile [1],
[2]. The rms voltage value at instant k, V..,,s[k], is calculated
from the sampled instantaneous voltage values, v[k], over an
one-cycle long sliding window, as shown in (1):

1 k
Vrms k] = ~
[ ] N p=k—-N+1

v[p]? (1)

where N is the number of samples per cycle. The rms
voltage values are updated every half-cycle, and therefore the
subsequent values are computed at indices (k + h%), where
h is an integer number. The time resolution of the resulting
discrete time sequence is half-cycle.

A voltage sag (or swell) is detected if the computed rms
voltage drops below (or rises above) a pre-specified threshold
value, an ¢ (OF (igyp), Where the rms voltage values are given
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Fig. 1. Illustration of the time latency introduced by the traditional method in
determining the inception and recovery instants of a voltage sag. (a) Voltage
waveform. (b) rms voltage profile (time resolution of half-cycle).

in pu. This method will be referred to as traditional method
in the remaining of this paper. In spite of being widely used,
this method is not accurate in determining the inception and
recovery instants of the voltage variation event. The rms
operator produces an averaging effect, and as a result, the rms
voltage profile may take up to one cycle to reach a new steady-
state value after the event inception or recovery [6]. This
behavior can be improved by decreasing the interval between
consecutive rms computations; the best scenario occurs when
rms voltage values are updated for every new sample of the
instantaneous voltage waveform.

Consider that a sag/swell starts at instant kp; thus, all
sliding windows used to compute the rms voltage values from
k1 to (k1 + N — 1) contain both pre-event and during-event
voltage samples. This portion of the rms voltage profile is
denominated transition segment and contains data between two
quasi-stationary segments [7].

The maximum duration of a transition segment depends on
the length of the rms sliding window and the time resolution
of the rms voltage profile. Using (1) with a time resolution of
one sample, the rms voltage profile gradually changes from
Vims[k1 — 1] to Vems[k1 + NJ, even for voltage variation
events with a rectangular shape. The slope of this change is
proportional to the difference of the voltage levels immediately
before and after the disturbance inception. Therefore, the
transition segment lasts one cycle and the estimated inception
point is located within the interval [ky —1: ky + N]. The time
delay between the exact inception instant and the estimated
one is referred to as time latency. The worst case occurs when
the sag magnitude is minimum, i.e. (1 — ayy,y); in such case,
the rms voltage profile reaches ;s only at (k1 + N) and the
time latency is equal to one cycle. A similar effect is observed
in estimating the recovery instant.

As an illustration, Fig. 1a represents the voltage waveform
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Fig. 2. TIllustration of the inaccuracy in determining the sag duration and

retained voltage according to the traditional method. Each black dot represents
the instants at which rms values are updated. (a)-(b) Case 1. (c)-(d) Case 2.

during a sag event, while Fig. 1b shows the corresponding rms
voltage profile, computed according to (1). The exact inception
and recovery instants are determined by visual inspection of
the measured and reference voltage waveforms. On the other
hand, the inception and recovery instants estimated by the
traditional threshold rms method (adopting i,y = 0.9 pu)
are not accurate. The time latencies are 0.359 and 0.875
cycle, respectively; such large inaccuracies prevent the use of
the estimated point-on-wave inception and recovery values in
equipment sensitivity analysis. The lowest time latency for the
traditional method is obtained through short sliding windows
(half-cycle) and high update rate (rms values computed for
each new voltage sample). However, even this approach has
been shown to introduce a relatively high time latency [22].

Additionally, the estimated event duration depends on the
instants at which the rms values are computed. Industry
standards state that “the duration [of a voltage sag] is the time
that the rms voltage stays below the threshold” [1]. Fig. 2
shows two rms voltage profiles for the same sag event, where
the rms values are calculated at different instants. It can be
observed that the event duration is not uniquely established
under this definition, and the estimated inception and recovery
instants are different in each case. The estimated event duration
values are 2.502 cycles for case 1 and 1.998 cycles for case
2. This result is of concern because the difference between
the two event durations (0.504 cycle) is sufficiently large to
change the classification of a disturbance from ‘instantaneous
short-duration variation’ to ‘non-event’ or vice versa [23].

Furthermore, the value of the retained voltage is affected by
the rms update instants [7]. The two values obtained for the
sag represented in Fig. 2 are 8.68 kV and 8.76 kV, respectively.
More in general, for sag durations shorter than 1.5 cycles, the
value of the retained voltage calculated with the traditional
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Fig. 3. Computation of the values of V225, V744 and V35S at instant
k for a given sampled voltage waveform.

method is likely to be inaccurate. This is explained as follows:
for short sags, the sliding window does not contain exclusively
voltage samples measured during the event, and therefore the
rms calculation is affected by pre-event or post-event values.
Similar considerations apply to voltage swells.

III. RMS VOLTAGE DIFFERENCE ESTIMATION METHOD
A. The rms Voltage Difference Profile

The method proposed in this paper aims at accurately
determining the inception and recovery instants of a voltage
variation event, as well as the amplitude variation. To reach
these aims, two new quantities based on the traditional rms
definition are proposed in (2):

Vpast [k] —

2
Vfuture Uf] —

rms

where w is the sliding window length, and & is the time index
under analysis. These quantities are calculated through two
sliding windows: the past window, ranging from (k — w) to
(k-1), and the future window, ranging from k to (k+w-1).
These definitions are introduced such that the rms voltage
values at the inception and recovery instants are affected by
exclusively pre-, during-, or post-event instantaneous voltage
samples. As a result, the rms voltage profile will exhibit a
sharp transition at the event inception and recovery instants —
rather than a gradual one, as in the traditional method. There-
fore, these instants could be determined accurately. A related
idea using two adjacent, non-overlapping sliding windows is
discussed in [24], [25] for a signal segmentation scheme.
The estimation of the inception and recovery instants of
the voltage variation event is based on the absolute difference
between past and future rms voltage values, defined in (3). Fig.
3 illustrates the computation of the V,%f/ profile according to
this definition.
leff[k] _ |Vpast|:k] _Vfuture[k:H (3)

rms ™ms ™ ms

The underlying reasoning of this method is that there are
only three possible cases for the voltage samples within each
sliding window: (1) exclusively pre- or post-event data, (2)
exclusively during-event data, or (3) a combination of both.
If both past and future windows contain exclusively pre-event

data, then the quantity V,%// is close to zero; the same is true
for exclusively post- or during-event data. On the other hand,
V.4l T increases as the past and future windows move through
the voltage signal and one of them covers both event and
non-event data. At the inception (recovery) instant, the past
window contains exclusively pre-event (during-event) samples,
while the future window contains exclusively during-event
(post-event) samples. In this case, V,%// reaches its maximum
value; for a voltage variation event with rectangular shape, this
maximum value corresponds to the sag/swell magnitude.

The claim that V,%// reaches its maximum value at the
inception and recovery instants of a voltage variation event
is demonstrated through the simple case of a sinusoidal
voltage waveform. For simplicity, only the inception instant
is examined, as the discussion for the recovery instant is
analogous. Consider that the instantaneous sampled voltage,
v[k], is modeled as in (4), where k* corresponds to the

inception instant of a sag event.

volk] := Vasin(2r fk + @), if k> k* @

vi[k] = Visin(2r fk + @), if k<k*

v[k] =
where Vi and V5 are the magnitudes before and during the
voltage sag, respectively; f and ¢ are the frequency and phase
angle, respectively. The V,ffﬁf;f profile as function of time for

a voltage sag longer than w samples is shown in (5).

0, if k< (k* - w) (5a)
%—be[k], if (" -—w)<k<k* (5b)
VI (k] = Vv;/?, if k=k" (5¢)
v, [k]—\‘%, it B <k < (K +w)  (5d)
0, if k> (k* +w) (Se)
where
1 k*-1 k+w-1
Viglkl = = D vilp2+ > walp]?
\ w p=k p=k* (6)

V. [k] _ l ( k*—1

\w

Note that V3 [k] = VPast[k] -V uture[k] in (5) because
Vo < Vi (sag), ie., the VSuure value decreases after the
inception instant. The relation is reversed for a voltage swell,
ie, VAII[k] = viuture[k] — VP[], Considering the
quantities defined in (6), where V5 < Vj, results in:

Vslkls | LS e - 22 )
bf \ w = v2\p]” = \/§
1 k-1 V1

Vis[k - 2 L 8

f[ ] < \ w D (%1 [p] \/5 ( )
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Substitution ‘of (7) and (8) into (5b) and (5d), respectively,
shows that V,4// is maximum at the inception instant k*, as

represented in (9).

(v = Y -vigta) < (2 - viaen)
diffril %) Vi—Va  aipsps
(‘/7‘7718 [k] - Va [k] \/5) < ( \/5 ‘/7'7715 [k ])

Therefore, V,2//[k*] is a local maximum, as initially
assumed. The same result is obtained for a voltage swell.
This concept is exemplified in Fig. 4a, which corresponds to
a simulated voltage waveform with magnitudes 1, 0.01, 0.025,
and 0.008 pu for the fundamental, 31 5t and 7™ harmonics,
respectively. A Gaussian noise between -0.005 and 0.005 pu
is superimposed to the signal, and a 0.3 pu voltage sag is
applied between 0.1 s and 0.15 s. As an example, four points
in proximity of the sag inception instant are analyzed, adopting

w = 1 cycle. The resulting V% profile is shown in Fig. 4f:

rms

€))

(k1) full pre-sag inception instant (Fig. 4b): both past and
future windows contain exclusively pre-sag voltage sam-
ples. In this case, V,%/f is quite small and the non-
zero values are due to the normal voltage fluctuations
experienced by the grid;
partial pre-sag inception instant (Fig. 4c): the past win-
dow contains exclusively pre-sag voltage samples, while
the future window contains both pre- and during-sag
voltage samples. Therefore, V,J 4447 value decreases and
V.4l S increases compared to (k1 );
sag inception instant (Fig. 4d): the past and future
windows contain exclusively pre- and during-sag voltage
samples, respectively. Thus, Vr%éf 1S maximum;
partial post-sag inception instant (Fig. 4e): the future
window contains exclusively during-sag voltage sam-
ples, while the past window contains both pre- and
during-sag voltage samples. Therefore, both V245! and

. rms
V4SS values decrease compared to (k3).

(k2)

(k3)

(ka)

The analysis regarding the sag recovery instant is analogous,
corresponding to the second local maximum in Fig. 4f.

B. Determination of Inception and Recovery Instants

The procedure to determine the inception and recovery
instants of a voltage sag is explained below. The starting point
is the computation of the traditional rms voltage profile, as
defined in (1). A voltage sag is detected if any computed
rms value is lower than the threshold setting, o, r; the initial
approximation for the inception point, k;,., is the first instant
where (10) is satisfied.

‘/;‘ms[kinc] < ainf (10)

As discussed in Section II, the traditional threshold rms
voltage method has a time latency of up to 1 cycle (the
length of the transition segment) in determining inception
and recovery instants. Therefore, in the proposed method,
the V2t and V. f“%re profiles are computed for all indices
ranging from (k;,.—N) to k;y.. The revised and more accurate
inception point, k., is set to the index where V,4/S is
maximum in this range.
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Fig. 4. Tllustration of the rms voltage difference estimation method for a

simulated sag. (a) Voltage waveform. (b) Pre-sag (past window: green dots,
future window: red dots). (c) Transition before inception. (d) Sag inception.
(e) Transition after inception. (f) Vrd,iLfo profile.

The initial estimate for the recovery point, k.., is the first
instant that satisfies (11), i.e., the first instant after the sag
inception where the voltage waveform has recovered above
the minimum threshold for at least half-cycle. The revised
estimate for the recovery point, k., ., is computed similarly to
k?. ., considering the index range from (kyec — V) t0 Kyec.

inc’
krec > kinc

11
min (Vips[kree : krec + N /2= 1]) > ctiny (i

The evolving instants of a multiple-stage sag are also
identified. Once the inception and recovery instants have been
determined, a V;ﬁflfsf value larger than cyeppe for the time
indices between (k,. + w) and (k.. —w) is assumed to
represent a new stage of the sag. The inception instant of
the new stage, k7, .., is determined similarly to k7, . Note
that the choice for ai,ove 1S arbitrary; setting it equal to
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(1 = cing)/2 (half of the minimum magnitude of a voltage
sag/swell) seems reasonable.

Once the inception, recovery, and possibly evolving instants
have been determined, an adjusted rms voltage profile, Vr‘i;ljs, is
computed to characterize the voltage variation event, such that
the slow rms transitions around inception and recovery instants
are eliminated. Using the traditional rms profile definition in
(1), the rms profile transitions occur for the indices from
k.. to (kI,.+w) and from k., to (k.. + w); therefore,
Vadi — yfuture in those ranges, since the future rms values
are computed using exclusively during- or post-sag voltage
samples, respectively. For all other time indices, V2%, = V/past,
The piecewise definition of the V%4, profile is presented in
(12); for simplicity, it is assumed that the event does not con-
tain multiple stages. If this is not the case, the corresponding

additional stages are introduced between (k7. +w + 1) and

(ke —1) in a similar manner.
ViR e lk], it ke < b < (ke + w)
Vi [k] = or ko Sk < (ki +w)  (12)

VPastk], otherwise

The rms voltage difference method is also suitable for deter-
mining the inception and recovery instants of a voltage swell.
The following adjustments are needed: the input o, f must
be replaced by «,,, the threshold setting for swell detection;
and the conditions in (10) and (11) become V;.s[Kine] > tsup
and max(Vims[krec : krec + N /2 = 1]) < gy, respectively.

IV. PERFORMANCE ASSESSMENT

The performance of the rms voltage difference method is
assessed for different sets of measured voltage sags and swells.
These rms voltage variation events were obtained from field
data recorded at the substation transformer of a 25-kV, 60
Hz distribution system with multiple parallel feeders. The
instantaneous phase-to-neutral voltage waveforms are sampled
at the frequency of 7.68 kHz. The values «a;,r = 0.9 pu and
0sup = 1.1 pu are adopted as thresholds for sag and swell
detection, respectively, and w = 128 samples (1 cycle) is
chosen for the sliding window length, unless stated otherwise.

For each rms voltage variation event, its estimated duration
and time latency for the inception and recovery instants
are reported. Whenever possible, the exact values for these
parameters are determined by visual inspection of the voltage
waveforms. The error in the estimated event duration, in %,
is computed according to (13).

derror -

des imated — dea:ac
timated L % 100%

(13)
dexact

where depact and destimateq are the exact and estimated

duration of the event, respectively.

A. Voltage Sag Accompanied by Transients

Voltage variation events are commonly accompanied by
transients during inception and recovery, as for the case of the
voltage sag represented in Fig. 5a. The exact event duration is
estimated to be 1.984 cycles by visual inspection of the voltage
waveform. Fig. 5b illustrates the application of the proposed

20

)

=

o 0 ‘

=) |

£ |

2 20 = )

Measured — — — Reference — — — Estimated inception/recovery
5.61 5.62 5.63 5.64 5.65 5.66 5.67 5.68

Time (s)
(@

304t .

(0]

o

c

QO

3021 } 1

ES Estimated |

2 o L ‘ | + inception recovery — ‘ L

5.61 5.62 5.63 5.64 5.65 5.66 5.67 5.68

Time (s)

(b)

S

=

[0)

(=2}

i)

©

>

2 8

§ — — —Trad. (half-cycle) ——— Trad. (1 sample) dj. e Thres.

5.61 5.62 5.63 5.64 5.65 5.66 5.67 5.68
Time (s)

©

Fig. 5. Voltage sag accompanied by transients. (a) Voltage waveform. (b)
VTdTZj;f profile and the corresponding inception and recovery instants. (c)
Traditional (half-cycle and 1 sample update) and adjusted rms voltage profiles.

TABLE I
TIME LATENCY OF THE TRADITIONAL AND PROPOSED METHODS FOR A
VOLTAGE SAG ACCOMPANIED BY TRANSIENTS

Latency (samples) Duration®*  derror

Method Inception  Recovery (cycle) (%)
Traditional 1 (@) 46 112 2.500 +26.01
Traditional 2 () 21 82 2.461 +24.04
rms voltage difference 0 1 1.992 +0.40

(@) rms update rate: half-cycle ®) rms update rate: 1 sample

* Exact duration: 1.984 cycles

method; the peaks of V2 correspond to the estimated
inception and recovery instants, which have a time latency of
0 and 1 sample in relation to the exact instants, respectively.
On the contrary, Fig. 5c illustrates that when the traditional
method is used, there is a significant delay in the estimate
of the inception and recovery instants, in spite of the rms
update rate. This can be verified by inspection: both the black
dashed and the red dashed-dotted lines cross the threshold with
a visible delay compared to the proposed method.

As shown in Table I, the time latency in the traditional
method is as high as 112 samples (0.875 cycle) and the event
duration is overestimated by up to 26.01%. The proposed
method, on the contrary, introduces negligible time latency.

B. Voltage Sag Not Accompanied by Transients

Sags not accompanied by transients compose the next class
of voltage variation events analyzed. In these events, the tran-
sient in the voltage waveform during the transition from pre-
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Fig. 6. Voltage sag not accompanied by transients. (a) Voltage waveform.
(b) VT%J;f profile and the corresponding inception and recovery instants. (c)
Traditional (half-cycle and 1 sample update) and adjusted rms voltage profiles.

TABLE I
TIME LATENCY OF THE TRADITIONAL AND PROPOSED METHODS FOR A
VOLTAGE SAG NOT ACCOMPANIED BY TRANSIENTS

Latency (samples) Duration*  derror
Method Inception  Recovery (cycle) (%)
Traditional 1 (@) 116 68 3.000 -11.11
Traditional 2 () 109 48 2.898 -14.13
rms voltage difference 1 1 3.375 0.00

(@) rms update rate: half-cycle (®) rms update rate: 1 sample
* Exact duration: 3.375 cycles

to during-sag and from during- to post-sag are non-existent or
very subtle. Fig. 6a depicts an example of a sag pertaining to
this class of events. Although it is still possible to estimate
the inception and recovery instants by visually inspecting
the voltage waveform, automating this process through the
techniques found in the literature is challenging [22].

The rms voltage difference method is able to accurately
determine the inception and recovery instants for this voltage
sag, regardless of the presence of transient components. For
the example shown in Fig. 6, the time latency is 1 sample for
both inception and recovery points estimated by the proposed
method, while it is higher than 0.9 cycle for the traditional
method (see Table II).

Unlike the example of a voltage sag with transients pre-
sented in Fig. 5, the traditional method underestimates the
event duration in this case. There is no general rule to predict
whether the event duration calculated by the traditional method
will be an underestimation or overestimation in relation to the
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Fig. 7. Voltage sag with multiple stages. (a) Voltage waveform. (b) Vrd,fzéf
profile and the corresponding inception and recovery instants. (c) Traditional
(half-cycle and 1 sample update) and adjusted rms voltage profiles.

exact value. This estimate depends on the points on waveform
at which rms values are updated, as discussed in Section II.

C. Voltage Sag with Multiple Stages

A voltage sag may contain multiple stages, such that the
voltage level changes in steps during the event. For exam-
ple, Fig. 7a depicts a voltage sag with three stages. The
inception and recovery instants are accurately determined
by applying the rms voltage difference method, as in the
previous examples. Estimating the evolving instants, however,
is subject to the choice of yoive, the threshold value for
detection of evolving sags. Industry standards [1], [2] offer
no recommendation for this value, and an improper choice
may result in either overdetection (teyorve 1S too small)
or underdetection (cueyoive 1S too large). For this example,
Qevolve = (1 = @inyg)/2 = 0.05 pu is appropriate.

Fig. 7b shows that inception, recovery, and evolving instants
are accurately estimated by the rms voltage difference method.
On the other hand, Fig. 7c shows that the traditional method
is not able to identify the evolving instants.

As already discussed, the proposed method inhibits the
detection of the evolving instants if they are located less
than w samples from each other. This constraint is used to
guarantee the accuracy of the estimated instants. For example,
suppose that the fault evolves to a new stage at (k7 .+ w/2).

wmnc

At this instant, VP2t is still affected by the pre-sag voltage

™ms

values, and it cannot be guaranteed that V,%// has reached

its maximum value. Using shorter sliding windows alleviates
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Fig. 8. Voltage sag followed by slow recovery. (a) Voltage waveform. (b)
Vrd,;fsf profile and the corresponding inception and recovery instants. (c)
Traditional (half-cycle and 1 sample update) and adjusted rms voltage profiles.

TABLE III
TIME LATENCY OF THE TRADITIONAL AND PROPOSED METHODS FOR A
VOLTAGE SAG FOLLOWED BY SLOW RECOVERY

Method Latepcy (samples) Duration
Inception Recovery (cycle)
Traditional 1 (*) 98 n/a 35.500
Traditional 2 () 29 na 35512
rms voltage difference 3 n/a 35.184

(@) rms update rate: half-cycle ®) rms update rate: 1 sample

this limitation; an analysis of the effect of the sliding window
length is presented in Section I'V-F.

D. Voltage Sag Followed by Slow Recovery

Not all voltage variation events present well-defined time
boundaries. The voltage sag caused by the starting of a large
motor is a case in which the voltage drops substantially at the
event inception, then gradually recovers to its pre-sag value.
The voltage sag represented in Fig. 8a is an example of such
behavior (this voltage waveform is sampled at 15.36 kHz, i.e.,
256 samples/cycle). Note that the sag recovery instant cannot
be determined by visually inspecting the voltage waveform;
therefore, it is not possible to calculate the time latency
introduced by each method in estimating the recovery instant.

The rms voltage variation events caused by faults present a
well-defined point-on-wave recovery instant that corresponds
to the operation instant of the protective device (fuses, re-
closers). On the other hand, the voltage waveforms of events
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Fig. 9. Comparison of the rms voltage difference and DWT methods. (a)-(b)
Sag with transients. (c)-(d) Sag without transients.

with a slow recovery do not contain a real point-on-wave
recovery instant [8], since the underlying power system event
(such as motor starting or similar large load energizing) is not
cleared by protective devices.

As shown in Table III, the resulting inception instants
are similar to the previous examples: the proposed method
introduces a time latency of only three samples, while the tra-
ditional threshold rms voltage method introduces significantly
large time latency. On the other hand, the rms voltage differ-
ence method performs no better than the traditional method in
estimating the recovery instant. According to the conditions
presented in (11), the proposed method initially computes the
recovery instant based on the traditional method, obtaining
krec. Then, this first approximation is improved through the
analysis of the Vails profile around k,.... However, due to

rms

the gradual voltage recovery, the portion of the Vr‘ffl{,f profile
under analysis contains no noticeable local maximum (refer to

Fig. 8b), and the recovery instant estimate is not improved.

E. Comparison to the Discrete Wavelet Transform Method

A previous survey indicated that the discrete wavelet trans-
form (DWT) presents the best performance among the methods
for determining the inception and recovery points of a voltage
sag [22]. Fig. 9 compares the rms voltage difference and
DWT estimation methods under two scenarios: voltage sag
with and without transients. The DWT method uses db6 as
mother wavelet [9].

Both the DWT and the rms voltage difference methods are
equally accurate in determining the inception and recovery
instants of a voltage sag accompanied by transients, and the
estimated instants are exactly the same in this example, as
shown in Fig. 9a and 9b. On the other hand, when the
voltage sag is not accompanied by transients, the inception and
recovery instants are undetected by the DWT method, while
they are accurately determined by the rms voltage difference
method (see Fig. 9c and 9d). The wavelet coefficients rise
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slightly around the inception and recovery instants; however,
such increase is not sufficient to detect them as outliers.

The accuracy and false-negative rate of the DWT method
is highly dependent on the mother wavelet choice, while the
rms voltage difference method does not have this shortcoming.
Furthermore, the DWT method provides no information about
the retained voltage during the event, and it is prone to
overdetection, as any transient event has the potential to affect
the wavelet coefficients [26].

FE Effect of the Sliding Window Length

The previous examples use w = 128 samples, i.e., the sliding
window length is 1 cycle, as in the traditional method. The
effect of decreasing this value to half-cycle is analyzed in
Fig. 10, where the V%/ profiles in (a) and (b) are obtained
from the voltage sags discussed in Sections IV-A and IV-B,
respectively, for two different values of the window length.

Reducing the window length did not affect the time latency
introduced by the rms voltage difference method in these
examples. The estimated inception and recovery instants are
the same for both 1-cycle and half-cycle long sliding windows,
regardless of the presence of transients. However, as the
peaks in V,%/f get sharper for half-cycle windows, it has the
potential to decrease the time latency.

The half-cycle rms computation provides a faster transition
between event and non-event values, as can be observed by the
narrower interval where V,%// is considerably large. Assume

that a voltage sag starts at k; _; then the V4// values for

mc’ rms

indices from (k},. — N) to (k},.+ N) are affected by the
voltage sag values for the 1-cycle window case, while this
range is reduced to (k},.— N/2) to (k},.+ N/2) for the half-
cycle window case. The minimum duration of a voltage sag
detected in each case is 1 cycle and half-cycle, respectively.
On the other hand, half-cycle rms computation is sensitive to
even-harmonic distortion [7]. In such cases, consecutive half-

cycles of the voltage waveform do not present odd symme-
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(e) Zoom-in at recovery.

try, and the rms voltage profile varies significantly between
consecutive computations. Examples of events with even-
harmonic distortion include voltage sags due to transformer
energizing and sags associated with post-fault transformer
saturation [7].

Therefore, it is recommended to use shorter sliding win-
dows (w = half-cycle), unless high levels of even-harmonic
distortion are anticipated. The choice of the window length
can be performed automatically, by setting the default value
to half-cycle, which is increased to w = one-cycle when the
even-harmonic distortion is above a certain threshold value.

G. Voltage Swell Accompanied by Transients

The previous examples illustrated the performance of the
proposed method in determining the inception and recovery
instants of voltage sags. This method is also applicable to
voltage swells if (10) and (11) are modified accordingly, as
discussed in Section III. Fig. 11a represents a voltage swell,
and the respective estimated inception and recovery instants.
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This voltage waveform corresponds to a healthy phase during
a single line-to-ground fault; the faulted phase is represented
in red in Fig. 11d and 1le.

It is worth noting that there is a voltage transient preceding
the estimated inception instant. However, the time interval
between the transient start and the estimated inception should
not be considered as time latency for the proposed method.
Upon closer inspection, the transient in the healthy phase is
due to the fault in one of the other phases. The comparison
between the measured and reference waveforms shows that
the swell does not start until the instant labeled as estimated
inception, as shown in Fig. 11d. Therefore, the inception
instant is accurately determined by the proposed method. The
same reasoning applies to the estimated recovery instant.

V. CONCLUSION

This paper presents a robust method based on rms voltage
differences to accurately determine the inception and recovery
instants of voltage variation events. The largest time latency
observed was three samples, which corresponds to a deviation
of only 4.22° in estimating the point-on-wave. The traditional
method, on the contrary, had a time latency up to 116 samples.
It is recommended to use short sliding windows (half-cycle),
which allows identification of events as short as half-cycle,
while longer sliding windows can be used when even harmonic
distortion is above a pre-determined level. In the unlikely
event of high voltage distortion, a low-pass filter may be
necessary prior to the identification of the inception and re-
covery instants. The main application of the proposed method
is to obtain accurate statistics on point-on-wave instants for
equipment sensitivity analysis.
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