IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received January 11, 2022, accepted February 11, 2022, date of publication February 24, 2022, date of current version March 7, 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3154058

A Method for Real-Time Prediction of the
Probability of Voltage Sag Duration
Based on Harmonic Footprint

ALEKSANDAR M. STANISAVLIEVIC”, (Member, IEEE),
VLADIMIR A. KATIC", (Senior Member, IEEE), AND SRDAN LJ. MILICEVIC

Faculty of Technical Sciences, University of Novi Sad, 21000 Novi Sad, Serbia
Corresponding author: Vladimir A. Katic¢ (katav@uns.ac.rs)
This work was supported by the Republic of Serbia, Ministry of Education, Science, and Technological Development, through the

Integrated and Interdisciplinary Research project entitled “Innovative Scientific and Artistic Research from the Faculty of Technical
Sciences Activity Domain” under Grant No. 451-03-68/2022-14/200156.

ABSTRACT In this paper, a novel method for real-time prediction of voltage sag duration is proposed.
It is based on the recently introduced new characteristic of voltage sag, named harmonic footprint, and is
formulated using a logistic regression model. The concept is mathematically formulated and statistically
analyzed using an extensive set of real grid measurement data which are recorded in distribution grids.
Furthermore, the proposed method is applied as a part of an advanced grid-tie converter control. It is
included in previously developed methods for fast sag detection and magnitude of voltage sag prediction.
The algorithm is applied to the control of grid-tie converters used in distributed generators and tested with
real/grid measurement data in the IEEE 13-bus test grid by simulations and in the IEEE 33-bus test grid
using a hardware-in-the-loop (HIL) microgrid laboratory testbed. It is shown that this method can prevent
unnecessary tripping of distributed generators (DG) and improve low-voltage ride-through (LVRT) support.
In addition, the model has the potential to be applied to a wide range of devices or algorithms for the

protection, monitoring, and control systems of distribution grids.

INDEX TERMS Power quality, signal analysis, power system faults, inverters, digital control.

I. INTRODUCTION
Modern distribution networks are characterized by increased
penetration of distributed energy resources (DERs), that is,
distributed generators (DGs) based mainly on renewable
energy sources (RESs). The Distribution System Opera-
tor (DSO) or Distribution Network Operator (DNO) has a
major role in managing energy from the generation sources
to the consumers, in ensuring reliability and efficiency in the
operation of systems that have DERs, and in providing the
quality of supply (specified electric energy quality or power
quality (PQ) parameters and quality standards) for servicing
system users [1].

Voltage sags or dips are among the most important PQ
parameters in contemporary distribution grids. They are
a consequence of faults in the power grid, high-power
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induction motors starting, utility transformer energizing, etc.
Their effects can be observed over a wide area, affecting
a large number of loads and connected distributed energy
resources [2], [3]. Voltage sags are represented by a momen-
tary decrease (10% to 90%) in root-mean-square (RMS) value
of the AC voltage (at one, two, or all lines) at the power
frequency of duration of 0.5 cycles to 1 min [4], or defined
as a sudden reduction in the voltage at a point in the elec-
trical system, with a duration between half a cycle to a few
seconds [5]. Negative effects are well-known and may be
followed by significant financial losses [6], [7]. They range
from a disturbance in the supply of PCs or similar low-power
electronic devices to problems in the operation of computers
or data centers, industrial drive tripping, or discontinuation of
DER generation. Hence, they can both be seen on the demand
and generation sides.

On the demand side, to sustain operation and prevent
load tripping-off, voltage-tolerant or ride-through curves
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were set for computer (microprocessor-based) equipment by
ITIC/CBEMA [8], [9]. However, fulfilling these require-
ments is insufficient to prevent negative effects. To mit-
igate them, different types of low-power uninterruptible
power supplies (UPSs) [10], or utilization of PQ condi-
tioning devices, such as Ferroresonant transformers [11],
Dynamic Voltage Restorers (DVRs) [12], Unified Power
Quality Conditioners (UPQCs) [13], Universal Power Qual-
ity Conditioning Systems (UPQCSs) [14], distribution static
compensators (DSTATCOM) [15], or others have been pro-
posed. It is important to emphasize that for their proper
operation voltage sag detection, voltage reference gener-
ation (synchronization) and adequate control are essen-
tial [16]. Different methods have been proposed for the
aforementioned devices [16], [17]. However, there is room
for improvement, especially regarding the detection speed,
full characterization, and control robustness.

The DNO role is connected to energy management, that is,
proper operation of the generation side and energy transfer
to the users, so different strategies are used (centralized,
decentralized, decentralized multi-agent-based, etc.), espe-
cially in the case of faults [18], [19]. If there are instan-
taneous, momentary, or temporary PQ problems (such as
voltage sags), the DNO should react promptly, as it will affect
the generation ability of the DER. Besides protection of DERs
(voltage sags may provoke current overload, control circuit
miss operation due to loss of synchronization, an increase
in DC link voltage, DC power oscillation, decrease in the
lifetime of power switching devices and DC link capacitors,
etc. [20], [21]), the DNO may have some specific or even
opposite requirements for operation of DERs during a fault.
They are given in national grid code rules and respective
standards to enable low-voltage ride-through (LVRT). They
are stipulating that a DER should stay connected during a
voltage sag for a predefined short time and support the grid
by providing a certain amount of reactive power (Q) and
active power (P) depending on the voltage sag depth and
duration [22], [23]. This task requires momentary adaptation
of the DER control system and the setting of a new operation
point [24]-[27]. As swift voltage sag detection and charac-
terization are required, improvements to existing methods are
needed, again.

Voltage sags are commonly characterized by magnitude
and duration which can be easily extracted from standard
RMS measurements [28]. Other interesting features include
imbalance, phase-angle jump, etc [3]. For the interconnection
of modern DERs to the grid, detection of voltage sags is vital,
as is the determination of their magnitude (the lowest voltage
in all phases), unbalance, and duration (the longest duration
measured across all channels) [24], [25].

There are different methods for obtaining these char-
acteristics: conventional methods [4], [5], [28], event
estimation-based [29], [30], signal processing [31]-[34],
advanced transformation methods [35]-[39], and meth-
ods with additional processing, including advanced neural
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networks (machine learning and artificial intelligence)
[29], [32], [40]-[46].

In previous studies, the authors introduced a harmonic
footprint method for voltage sag characterization. It demon-
strated superior performance for voltage sag detection, mag-
nitude prediction, and imbalance [40], [47]. It was shown, that
the voltage sag detection time could be shortened to less than
1 ms [40]. Further research revealed that additional acceler-
ation can be achieved if the harmonic footprint is used for
the magnitude of the voltage sag (MoVS) prediction. It was
shown that MoVS can be predicted with 95% accuracy and an
average time gain for the early determination of 292 ms [47].
However, the voltage sag duration was not treated.

The voltage sag duration depends on the fault-clearing
time provided by electrical protection in the power system
(current-limiting fuses, expulsion fuses, distance relays, dif-
ferential relays, overcurrent relays, etc.) or on the acceleration
time of a large AC load or transformer energizing time. Usu-
ally, the fault clearing time is in the span of 10 ms to 2 s [48],
so sag duration ranges from half a cycle to 1 minute [4], [5].
However, in practical meshed networks with differently tuned
protective relays, in cases of application of fuse saving strat-
egy and in grids where there are several connected DERs, the
duration of the voltage sag at a DER interconnection bus may
not be straightforward. Therefore, introducing a method for
predicting voltage sag duration may be useful.

In this paper, the authors present a probabilistic method
for the real-time prediction of voltage sag duration based
on the harmonic footprint. The main idea is to improve the
DER operation by anticipating the sag duration during the
transient stage of a fault. The harmonic footprint (selected set
of harmonics) was used as the main sag feature to achieve this
solution. To the best of our knowledge, no real-time method
has yet been published. The establishing of the mathemati-
cal model and verification using a set of voltage sags data
obtained by real-grid measurements are presented. Such a
solution is implemented for DER control circuit improvement
and tested in a modified IEEE 13-bus test grid. Further val-
idation was performed using a hardware-in-the-loop (HIL)
microgrid system with the IEEE 33-bus test grid, where the
method was implemented in a wind turbine grid-tied inverter.
It is shown, that the method can prevent unnecessary tripping
of DERs and improve LVRT support. However, there are
other possible applications such as in the control units of
DVRs, UPQCs, UPQCSs, DSTATCOMs, etc., but they will
be addressed in future work.

The main contributions of this paper are as follows:

o A method for the real-time prediction of probabil-
ity (RTPP) of voltage sag duration based on harmonic
footprint has been proposed;

o The proposed method was verified by testing using real
grid measurement data;

« It was applied in a DER control unit;

o The usefulness of the proposed method was tested using
simulations and a laboratory Microgrid HIL testbed on
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IEEE 13-bus and IEEE 33-bus test grids, respectively,
and

o A comparison of a DER operation with and without

proposed method implementation was performed and
benefits are noted.

The paper is organized as follows: the background and
literature overview are presented in Section II. The proposed
method for RTPP of voltage sag duration, with mathematical
analysis, examination of model effectiveness, and discussion
are given in Section III. The RTTP algorithm with model
implementation, including early detection and magnitude of
voltage sag prediction, is described in Section IV. Appli-
cations of the proposed method for the grid-tied inverter
operation, and application in the IEEE 33-bus Microgrid HIL
setup, and for protection circuit are presented in Section V.
Testing of the proposed method using real-grid measurement
results by the MATLAB/Simulink model of the IEEE 13-bus
test grid and using an advanced Microgrid HIL-based real-
time laboratory testbed with an implemented IEEE 33-bus
test grid, as well as a discussion of the presented results, are
presented in Section VI. The rest of the paper is composed of
conclusions, acknowledgments, and references.

Il. BACKGROUND AND LITERATURE OVERVIEW

A. VOLTAGE SAGS DURATION CLASSIFICATION IN
STANDARDS

Classification of voltage sags according to the magnitude-
duration plane, as recommended by IEEE 1159 [4], divides
sags into three groups: instantaneous with a duration between
8.3 ms and 0.5 s (or 10 ms and 0.6 s in case of 50 Hz AC
networks), momentary with a duration between 0.5 s and 3 s
(or 0.6 s and 3 s in case of 50 Hz AC networks) and temporary
sags with a duration between 3 s and 60 s.

If LVRT requirements are considered, the sag is either
instantaneous/momentary or temporary. According to IEEE
Std. 1547-2018 [23], and following LVRT recommendations
(grid codes) [22], a protective device will trip only if the sag
is deep (less than 55% of rated voltage and with a duration of
above 160 ms). In other cases, it may ride through or trip, or it
has permissive or mandatory operation capability. Therefore,
there may be two possible states: stay connected (in cases
of instantaneous/momentary sags of duration less than 3 s),
or disconnection is allowed (in cases of temporary sags of
duration above 3 s). Similar actions should be taken if the
German grid code or some other grid code is applied, i.e., if a
sag falls above or below the LVRT line. After 3 s, the DG is
not obligated to stay connected to the grid, regardless of the
MoVS, both in the IEEE recommendations and in the grid
code requirements. In addition, because of the high stress on
the inverter components, disconnection is likely justified after
3 s, even if LVRT may continue.

B. HARMONIC FOOTPRINT

The novel real-time method proposed in this study is based
on the harmonic footprint (HF), a recently introduced voltage
sag indicator [40]. The HF is a voltage sag pattern obtained
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by tracking the voltage harmonic distortion represented by
the sum of the 2", the 3" the 5™, and the 7™ harmonics
(HDU2357) during the transition phase of the voltage sag.
It usually appears twice during a fault: at the beginning (start-
ing) phase and at the end of the recovery phase of the sag.

The HF has four main characteristics: 1) initialization
or starting phase (exponential rise) suitable for detection,
2) maximum value (MHDU), 3) width, and 4) duration. They
carry information about the voltage sag’s beginning (starting)
and magnitude, whereas its duration can be predicted as the
probability of developing into a momentary or temporary one,
which will be presented further in this paper.

C. LITERATURE OVERVIEW OF VOLTAGE SAGS
PREDICTION METHODS

Usually, the determination of the duration of voltage sags is
a part of the methods developed for voltage sag prediction.
These methods predict the frequency of a voltage sag occur-
rence during a given time interval and its typical character-
istics (magnitude and duration). Computer simulations and
long-term measurement data analyses were performed.

Stochastic assessment is the most frequently applied in
simulations and includes the critical distance, fault positions,
and Monte Carlo (MC) methods. It combines deterministic
results with stochastic data to produce a probabilistic assess-
ment of the voltage sags at a given bus in a system [49]-[53].
In [49], a short overview of prediction methods, from essen-
tial ones (voltage divider and critical distance) to advanced
stochastic methods, is presented. Detailed stochastic mod-
els are required to achieve good results and to consider
the second-order events. In [50], it was concluded that the
method of the critical distances yields acceptable results and
is far more accurate than the method of fault positions, but
it requires high computational effort. In [51], a state-of-the-
art offline method based on the stochastic prediction of the
duration and magnitude of the voltage sag was presented.
The results show a higher accuracy of the presented method
in comparison to the traditional techniques. However, this
method is considerably more complex. In [52], the applica-
tion of stochastic-based methods for network planning was
addressed. It successfully predicts proper fault parameters,
whereas the entire method for grid planning shows “ade-
quate” results. MC simulations were used to predict the
voltage sags [53]. It is shown that the MC simulation provides
amore comprehensive characterization than the fault position
(location) method.

Another approach is to use the recorded voltage sag data
obtained from long-term measurements in a real grid. After
statistical analysis, the sags’ duration and magnitude dis-
tributions, and the probability distribution functions were
obtained [54]-[57]. Recently, such an approach has been used
to develop a stochastic model for forecasting voltage sags in
a real grid [58]-[61]. In [58], the stochastic characterization
of voltage sag data obtained from long-term monitoring in a
Portuguese grid is presented. It is shown that the occurrence
of voltage sags as a Poisson process is not valid if voltage
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sags clusters (grouped sags) are included. In the opposite
case, a gamma distribution fitting was confirmed. In [59],
some ideas for voltage sags forecast using the parameter
time to the next event as the probabilistic variable are given.
Further elaboration is provided in [60]. In this paper, a gamma
distribution is proposed to properly model voltage sags based
on the forecast. High accuracy was achieved, i.e., the forecast
presented an error slightly greater than 10%. The method
was further improved in [61] by introducing special indices
of intermittence to detect and remove grouped voltage sags
(clusters). In this case, rare voltage sags can be predicted.
The results showed that the rare voltage sag forecast had
acceptable errors and was not prohibitive.

However, none of the previously described methods pro-
vide predictions in real-time, and they require either knowl-
edge of the grid parameters or long-term measurements.
Therefore, they are not suitable for application in the con-
trol systems of modern DERs and of the devices for PQ
improvement.

IIl. PROBABILISTIC PREDICTION OF VOLTAGE SAGS
DURATION

A. REAL-GRID MEASUREMENT RESULTS ANALYSIS

To define the method for real-time (online) prediction of the
probability of the voltage sag duration (RTPP), the authors
analyzed various measurement results presented in the lit-
erature [3], [40], [54]-[56]. As the most convenient, the
available set of real-grid measurement data, measured at
different voltage levels and in different distribution grids,
containing 680 recordings, out of which 95 were voltage
sags, was selected for further analysis. A detailed descrip-
tion of these voltage sags is given in [40], [47]. The main
characteristics of these sags and MHDU are presented in
Appendix (Tables 6 and 7), while the magnitude-duration
graph is shown in Fig. 1. It can be observed that most of
the sags end in the period up to 3 s and that they can be
regarded as momentary sags (83 sags/87%). Very few of
them have a longer duration (above 3 s), i.e., temporary
sags (12 sags / 13%), which follows the previous conclusion
regarding the distribution of results. This observation moti-
vated the authors to perform further analyses using the HF to
enable real-time sag duration prediction.

B. HARMONIC FOOTPRINT ANALYSIS
All available measurement records were represented using
HF characteristics, but only MHDU was considered. The
descriptive statistic of HF regarding MHDU for a sample of
size N=95 is presented in Table 1. Momentary and temporary
sags are distinguished and the mean value of the MHDU and
95% Confidence Interval (CI) of the MHDU were calculated.
It can be observed that momentary and temporary sags can be
distinguished and that a probabilistic model may be formed.
Therefore, we propose the following hypothesis:
Hypothesis: Based on the maximum value of the har-
monic footprint (MHDU) during a transient, it is possible to
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TABLE 1. real-grid measurements: descriptive statistics of MHDU.

Sag Number Mean 95% CI
Momentary 83 14.2673 (12.1;16.44)
Temporary 12 48.8292 (40.12 ;57.54)

oT

\2#5

0 010203040506070809 1 11121314 1516 17 18 19 2 21 22 23 24 25 26 27 28 29 3 3.1 32
Time [s] @ - correct estimation - LL

* - correct estimation - OT - correct estimation - LLG

3 - sags with false estimation A - correct estimation - 3P
@ - correct estimation - SLG (- correct estimation - INT

FIGURE 1. Selection of the voltage sag measurement data used for
analysis.Z LEGEND: SLG is a single-line-to-ground fault, LL is line-to-line,
LLG is double-line-to-ground, 3P is a three-phase fault, INT is an
interruption, and OT is signifying the other type of faults (usually complex
disturbances). The solid line represents German grid code limits.

determine the probability that a voltage sag will develop as
temporary or momentary.

C. MATHEMATICAL ANALYSIS - LOGISTIC REGRESSION
MODEL

To treat the hypothesis in this research, among well-known
traditional techniques (such as ordinary least squares regres-
sion or linear discriminant function analysis), the logistic
regression model was chosen. Generally, logistic regres-
sion is widely used in modern statistics to test hypotheses
where the outcome is a categorical variable (in this case,
dichotomous), while predictor variables (one or more) can be
categorical or continuous [62]-[65]. In practice, many prob-
lems require analysis and predictions based on dichotomous
variables [66], [67]. Therefore, the probability that a voltage
sag is temporary or not can be computed using the logistic
regression model.

Let us indicate with X a random variable, which represents
MHDU for a given sag with a set of values from 0% to
100%, and with Y a dichotomous variable, which takes a
value of 1 for temporary sags (>3 s) and 0 for momentary
sags (<3 s). Then, a probability function of happening Y, for
a specific value X = x can be defined as

fX=x)=PY =1|X=x) €Y

Logistic regression is based on the logit function of one or
more dependent variables. The logit function of f(X) is the
natural logarithm (In) of odds, which represents the ratio of
probability f (X) = P (when Y = 1 for a given value of X)

VOLUME 10, 2022



A. M. Stanisavljevic et al.: Method for Real-Time Prediction of Probability of Voltage Sag Duration

IEEE Access

to probability 1 — f(X) = P (when Y = O for a given value
of X),ie.,

JX)
1—fX)

The simple logistic model (with one independent
variable X) has the form

" J&X)

1 —f(X)
where « is the constant of the model, and S is the regression
coefficient.

Using equation (3) and taking the antilog of both sides, it is
obtained

logit (f (X)) = In 2)

I = o+ BX, 3)

eoz-l—ﬂX

f&X)y=1- “

4 etBX 4 P

Therefore, the standard logistic function with one indepen-
dent variable X is defined as
e tPX 1

1 + 28X’

fX) = 3)

14+ eot+ﬁX =
where coefficients « and 8 are estimated from given data.

To calculate the coefficients and further test the perfor-
mances of the method, the available set of measured data was
divided into two groups: main (83 sags) and control (12 sags).
Using statistical software Minitab and 95% confidence level
(CL), and based on 83 measurements of the main group, the
obtained coefficients for the model (presented by (5)) are « =
—9.15 and B = 0.23202. The coefficient « is constant and
determines the horizontal position of the logistic regression
curve. The slope of the curve is specified by coefficient 8.
As B > 0, the probability that the sag is temporary rises with
the increase in the maximum value of the HF (MHDU).

The graph of the logistic curve, i.e., the probability function
of the MHDU, is determined by

1
fX = | 1 9-15-0.23202X ° ©

and presented in Fig. 2. The fits and diagnostics for all
observations are provided in the Appendix (Table 8). As it
can be seen, the graph is a sigmoidal (or S-shaped) curve, with
probability values tending to O for X < 30 and 1 for X > 50.
Thus, this hypothesis was confirmed. However, fine-tuning is
required.

D. FINE-TUNING OF THE RTPP
The calculated value f(X = x) is the probability that
the sag with MHDU=x will develop as temporary, whereas
1-f(X) is the probability that it will be momentary. To obtain
fine-tuning of the border (uncertain) zone for the RTPP
(Fig. 2), several probabilities were tested in the range
of 30% < X < 50%.

As f(X = 30%) = 0.1007, for MHDU values less
than 30%, it can be stated that the considered sag will develop
as momentary with a probability greater than 90%.
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FIGURE 2. Graph of probability function of the Harmonic footprint.

As f(X = 50%) = 0.9206, for MHDU values greater than
50%, it can be stated that the considered sag will develop
as temporary with a probability greater than 92%. Moreover,
as f(X = 52.5%) = 0.9540, i.e., for MHDU values greater
than 53%, the sag will develop as temporary with a probabil-
ity greater than 95%.

As f(X = 37.7%) = 0.4006, f(X = 39.5%) = 0.5073,
and f(X = 41.2%) = 0.6009, the values of the MHDU
around 40% are border values, so the probabilities of sag
duration are approximately the same and the prediction can-
not be exactly obtained. Therefore, the values of the MHDU
between 37.7% and 41.2% will be treated as an “‘uncertain
zone,” and the probability function curve can be updated
(see Fig. 2).

Finally, the effectiveness of the model must be examined.

E. EXAMINING THE MODEL EFFECTIVENESS

There are several ways to examine the effectiveness of a
model [68]. In this research, the effectiveness of the proposed
model is examined with: 1) significance of predictor coeffi-
cient, 2) values of R%, and 3) measure of goodness-of-fit of
the model.

The standard Wald test was used to examine the signifi-
cance of the predictor coefficients [69]. The proposed null
hypothesis for this test is that some coefficients are equal
to zero (i.e., no effect in the model). In Table 2, besides
the values of constants, the following are presented: 95%
confidence interval, Z-values (a statistical measurement that
represents a value related to the mean of a group of values),
and p-values (the probability of finding the observed, or more
extreme results, under the null hypothesis). As the p-values
for o (constant) and 8 (coefficient of X) were less than 0.05,
both coefficients were significant in the model. Thus, there is
a linear relationship between the logit(f{X)) and X.

An additional measure for evaluating the performance of
the proposed model performs is the coefficient of determi-
nation R? (pseudo-R-squared). The Cox-Snell R? (RZCS) [70]
and Nagelkerke R? (R,Z\,) [71] coefficients were calculated to
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TABLE 2. Coefficients.

Term Coefficient 95% CI1 Z-value | p-value
Constant (a) -9.15 (-14.21;4.09) -3.54 0.000
X P 0.23202 (0.0981;0.3623) 3.52 0.001

TABLE 3. Confusion matrix.

Actual
Predicted 0 1
0 81 (83) 2(1)
1 2(0) 10 (11)

be RZcs = 0.6881 and R?y = 0.6742, respectively. Because
these values were greater than 0.5, the model effectively
matched the data.

Finally, the goodness-of-fit of the model was verified using
the Pearson and Hosmer-Lemeshow test [62], resulting in
p-values of 1 and 0.998, respectively. As both p-values are
high, the null hypothesis that the observed and expected pro-
portions are the same is accepted, i.e., the presented model (6)
fits the given data well.

From the above results, it can be concluded that the model
presented in (6) can provide a real-time prediction of the
probability of the voltage sag duration based on the HF value
of MHDU. Therefore, this hypothesis was confirmed, and the
RTPP method could be applied.

F. DISCUSSION

The proposed RTPP method represents a binary classifier,
where outputs are ““0,” i.e., there is a high probability that sag
will be “momentary” and “1,” i.e., there is a high probabil-
ity that sag will be “‘temporary”’. However, the distribution
of these solutions is unequal, and classification accuracy
alone can be misleading. Therefore, the confusion matrix
was chosen as an adequate technique for summarizing the
performance of this classification algorithm [72].

The confusion matrix consists of rows representing the
instances in a predicted class and columns representing the
instances in the actual class. To fill the matrix, a probability
of 0.5, for the trigger value, is chosen, i.e., if f(X = x) > 0.5,
then the sag with MHDU = x is predicted as temporary.
The confusion matrix for the proposed model is presented
in Table 3. It can be seen that there are only 2 false-positive
cases (when momentary sag is predicted as temporary) and
2 false-negative cases (when temporary sag is predicted as
momentary). Furthermore, three of those four false cases are
in the uncertain zone, while one temporary is classified as
momentary.

Considering all recorded signals, for only four (out of 95)
duration probabilities could not be determined correctly
(95.8% reliability). In Fig.1, they are marked with red hex-
agrams, with the sag type and number next to the mark.

Thus, it can be concluded that the reliability (success rate)
of the algorithm across all recordings was 95.8%. Three out
of four sags with incorrect estimations were in the uncertain
zone, and for them, the model did not provide any prediction.
These three sags were very short, with durations of 0.1 s,
0.05 s, and 0.05 s, respectively. The false estimation of the
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duration probability is for one temporary interruption because
this fault contains multiple disturbances.

IV. THE RTTP ALGORITHM

The RTPP method is a real-time method; therefore it is
suitable for implementation in the control system of power
electronic converters connected to the grid (grid-tied inverter
in the case of DER). A flow chart of the RTPP algorithm is
presented in Fig. 3 as part of the control structure for dealing
with voltage disturbances and LVRT requests.

The first step in all systems is to acquire three-phase volt-
age signals in digital form from the voltage sensors (trans-
ducers) in the grid. They are converted to a digital form by
A/D conversion and sent to the power electronic converter
inputs (Va, Vb, and Vc inputs in Fig. 3). The time required
for preprocessing is normally not included in the voltage sag
detection time, as it is usually much shorter. For example, the
Hall voltage sensor response and A/D conversion time may
be estimated to be less than 0.24 [ms].

The calculation procedure for the RTPP determination
starts with the transformation of digital voltage signals from
the time to the frequency domain using one of the well-known
methods of time-frequency transform (DFT, RFFT, SFTE,
or other). From the transformed signal (in the frequency
domain), a specific set of low-order harmonic amplitudes
are extracted (2", 3", 5t and 7% harmonics), and HF (or
HDU2357) is calculated. An HF pattern was formed (sample-
by-sample) and its characteristics were determined.

The first monitored samples were treated using a neural
network (NN) to obtain the early detection of voltage sags,
as presented in [40]. If the sag is detected, then the distur-
bance mode is activated.

The next step was to determine the maximum value of the
HF or MHDU. The MHDU is typically reached in the first
half-cycle of a fault (10 ms), therefore this parameter can be
obtained in the 10-15 ms range. It can be used to predict two
sag characteristics: magnitude and duration.

For magnitude (MoVS) prediction, the method presented
in [46] was used. In this case, LVRT requirements can be
fulfilled, and the DER may function in the grid supporting
mode.

For the prediction of duration probability, which is the
topic of this paper, the obtained value of MHDU=x is inserted
in (6), and the probability of voltage sag duration is calculated
(f(X = x)). The sag is then predicted as ‘“momentary” or
“temporary’’ using the S-curve shown in Fig.2.

The algorithm for RTPP determination and duration antic-
ipation, as described above, is shown in Fig. 3. Together with
other blocks, the method may be used as a pre-control block
in an inverter control system for operation in cases of voltage
sags.

V. APPLICATION OF THE RTTP METHOD
A. APPLICATION OF RTPP FOR GRID-TIED INVERTER

The RTPP method, together with methods for voltage sag
detection and MoVS prediction, are applied to the grid-tied
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FIGURE 4. The simplified overall structure of grid-connected DG system,
with an application of the RTPP algorithm, together with fast detection
and MoVS prediction algorithm.

inverter control used for the DER (Fig. 4). The control system
of the DER (including LVRT control) is modeled according
to [73] and further modified with a pre-control block, which
includes sags detection, MoVS prediction, and the RTPP sub-
blocs, together with additional digital switches (as shown in
Fig. 4).

In the detection block, the HF is calculated, and if sag is
detected, the digital switch (SW1) is turned on. For voltage
sag detection, smart algorithm based on HF using Recurrent
neural network is used, as described in [40]. The maximum
value of HDU2357 (MHDU) can be then determined. The
value of MHDU is used in the RTPP algorithm; therefore,
the voltage sag duration can be predicted to be momentary or
temporary with corresponding probability. In addition, MoVS
is predicted.

Based on the categorization results (momentary or tem-
porary) and following the estimated MoVS values, further
actions are taken regarding the operation in the LVRT mode.
If the fault duration is predicted to be momentary and if
MoVS is below the LVRT line, the disconnection will be
delayed. Delay is set to be in the range of 0.3 s - 1.5 s,
depending on MoVS, and an extended LVRT control strategy
can be determined, together with appropriate references for
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FIGURE 5. Simplified diagram of the modified IEEE33-bus test grid.

P and Q generation during the sag. In addition, information
about the expected voltage levels during a fault is known
after around 10 ms. Based on the requirements of IEEE Std.
1547-2018 and/or relevant grid-code, the minimum duration
of LVRT support (before DG disconnection) can be approx-
imately determined. The RTPP algorithm was designed to
enable duration estimation at the beginning of the fault.

B. APPLICATION OF RTPP FOR GRID-TIED INVERTER IN
THE MICROGRID HIL LABORATORY TESTBED

The complete method was further applied to the Microgrid
Typhoon-HIL testbed in the Laboratory of Typhoon-HIL in
Novi Sad, on the Typhoon HIL604 real-time emulator. The
Typhoon HIL Control Center (THCC) program package was
used together with the Schematic Editor and HIL SCADA
subsystems. The power production during LVRT and the
operation of the protective and switching equipment are con-
trolled externally using an algorithm that includes the RTPP
method.

The IEEE 33-bus grid was adapted with a2 MW wind tur-
bine. It consists of 33 bus bars (three-phase nodes) arranged
on 4 main feeders. Each line connecting the nodes was 1 km
long. The nodes are connected to 32 three-phase lines. The
loads are connected to each of the 33 nodes. The source of
the grid is a generator (component “Grid”’) that represents a
balance node, a three-phase source, of the nominal voltage
of 12.66 kV, which can generate the necessary amount of
energy to sustain voltage. All other nodes (considering the
power flow angle) are P/Q types. The total active power was
3.715 MW, whereas the total reactive power was 2.3 MVAr.
The system is operating at a frequency of 60 Hz. A simplified
diagram of the modified IEEE33-bus test grid is shown in
Fig. 5.

A generic wind turbine, which is located within the micro-
grid subgroup in Library Explorer, was selected for the dis-
tributed power source in this system. The wind turbine is
connected to the network between nodes 706 (node 6) and
726 (node 26) using a transformer of 0.4/12.66 kV/kV.

The Microgrid Typhoon-HIL testbed that is used for lab-
oratory testing is shown in Fig. 6. The main part and the
“brain” of the setup are Typhoon HIL 604 devices (three
devices, marked in Fig. 6 with numbers 1, 4, and 6), which
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FIGURE 6. Microgrid Typhoon-HIL testbed.

are used in the HIL emulation procedures. Below, there is the
generator controller the Woodward easYgen-3500 (marked
as 2). The SEL-751 relay (marked as 3), which is used to
protect feeders in radial and tangled distribution networks
is under it. Next in line, is another HIL 604 device (marked
as 4), which is connected to the Typhoon HIL Connect device
below it (marked as 5). The HIL Connect is used to interface
the controller with the existing HIL system. Below is another
HIL 604 (marked as 6), which is connected to a Typhoon HIL
EPC Power controller (marked as 7).

C. APPLICATION OF RTPP IN THE FIELD OF PROTECTION
The method of voltage sags characterization using HF also
has some advantages in the field of protection. The use of fast
voltage sags detection in microprocessor relay operations has
been reported [74].

The application of the proposed RTPP algorithm enables
swift prediction in a period far below the normal reaction
time of the protection relays. For example, the preprocessing
stage (Hall voltage sensor response and A/D conversion) may
be estimated to be less than 0.24 [ms], while the RTTP of
additional 10-15 [ms]. However, false detection can lead to
undesired disconnection of the DER or unselective/unwanted
protection equipment operation. For example, the starting of
induction motors and transformer energizing do not require
the operation of a protection system, but they may be mis-
taken for sags caused by faults [46]. Therefore, it may
have value in a modern microgrid for proper coordination
between the protection system and LVRT requirements of the
DERSs [75]. In our simulation and experiment, we included the
LVRT requirements, but relay tripping was not considered.

VI. TESTING OF THE PROPOSED METHOD

The proposed RTPP method is based on the HF feature
of the voltage sag, i.e., on implementation of the sag’s
MHDU value. As mentioned previously, a set of real grid
measurement results was used to support the method. Their

23764

HF parameters were determined and are presented in [46],
where a strong correlation between the MHDU and MoVS
was observed. In this paper, it is shown that by using the
same measurement results and MHDU values, the voltage
sag duration can be predicted with high probability. Complete
tables with the test results are provided in the Appendix.
In Tables 6 and 7 types of faults, the magnitude of volt-
age sag (MOVS), duration of fault, and maximum of har-
monic footprint (MHDU) result are presented for momentary
and sustained disturbances, respectively. In Table 8, the fits
and statistical parameters for all real grid measurements are
shown.

A. TEST SETUP — MODIFIED IEEE 13-BUS TEST GRID

To test the RTPP algorithm, real grid measurement data were
applied to a distribution network model. The aim was to
determine the benefits of the algorithm to the voltage supply
of residential consumers. A modified IEEE13-bus test grid
with a total of 3.25 MW of added DER generations (two PVs
of 1.25 kW and one wind plant of 2 MW) and 0.464 kVA of
residential area load was used. The IEEE13-bus test grid is
a reduced model of an unbalanced real grid; therefore, with
applied real-grid (in-field) measurement data, appropriate
emulation of real grid cases may be achieved.

A simplified diagram of the modified IEEE13-bus test grid
is shown in Fig. 7. A 2 MW wind plant consisting of four
0.5 MW wind turbines was added at a location 1 km from bus
#633 (close to the distribution transformer). Wind turbines are
doubly-fed induction generators (DFIGs) with an AC/DC/AC
IGBT-based PWM voltage source converter (VSC). A 1| MW
PV plant with a grid-tied inverter (DC/AC converter) was
connected to the #652 bus through a 2 km line. A residential
area with an added total of 0.25 MW roof-top PV systems
and a total load capacity of 0.494 kVA was connected to the
#634 bus.

B. TEST RESULTS WITH EMULATED REAL-GRID SAGS

The algorithm was tested using emulated real-grid mea-
surement results, i.e., assuming that such voltage sags were
recorded at the observed bus #634. A critical distance method
was used to detect the location of faults in the IEEE 13-bus
test grid [48], [49]. The faults are located around buses #632
(Fault Location 1, FL1) and #648 (FL2) and close to bus
#692 (FL3), as indicated in Fig. 7. Therefore, the voltage sags
at bus #634 resulting from faults in the grid have the same
parameters (magnitude and duration) and time waveforms as
the sags obtained from the recorded real-grid measurements
(Fig. 1).

For testing, six voltage sags were selected corresponding
to the ones shown in Fig. 1. They are outside or on the
line of the German grid code minimum requirements for the
LVRT, i.e., of such duration (0.41 s - 1.55 s) and magnitude
that they would probably cause a DER disconnection. The
selected sags were regenerated using the detected fault loca-
tions in the test grid model and the appropriate fault param-
eters. For example, for fault #1, the parameters are fault
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FIGURE 7. Simplified diagram of the modified IEEE13-bus test grid.

TABLE 4. Measurement and test results.

No. | Type & Durat- MoVS | MHDU RTPP TG
location ion [s] [%] [%] f(X=x) [s]
#1 SLG at FL1 0.41 0/9 31.8 0.1453 | 041
#2 OT at FL1 0.67 0/29 28.3 0.0702 | 0.66
#3 LL at FL2 1.55 58 /68 15.3 0.0037 | 1.54
#4 OT at FL3 1.06 17/27 29.6 0.0926 | 1.04
#5 3P atFL3 1.39 56/71 16.5 0.0049 | 1.36
#6 SLG at FL2 0.54 28/52 21 0.0137 | 0.53

LEGEND: LL is a line-to-line fault, SLG is a single-line-to-ground fault, 3P is a three-
phase fault, and OT is another type of fault.

resistance 0.0001 €2, ground resistance 0.001 €2, fault/sag
duration 0.41 s, and voltage sag MoV 6.35%. The fault num-
ber, type, location, and parameters (duration and magnitude-
MoVS (left number)) are presented in Table 4. Voltage sag #1
is shown in Fig. 8, sag #6 in Figs. 9 and 10, whereas the others
are omitted because of lack of space. Simulation is building
up at the start, and steady-state is reached at 0.05 s, so results
from 0 s to 0.05 s may be discarded. The faults were generated
at 0.09 s.

The values of the obtained MHDU and RTPP for all the six
tested faults are presented in Table 4. The first (left) MoVS
value is obtained when all DERs are disconnected (without
RTPP), whereas the second (right) is obtained if they are
active in the LVRT mode because of the RTPP usage. It can be
observed that all MHDU values are below the limit of 37.7%
(see Fig. 2); therefore, their RTPP is low, and all sags are
anticipated to be momentary. Results show that for all six
cases the RTPP algorithm successfully predicts duration as
“momentary”’ with probability in the range from 85.47% for
the fault (sag) #1, up to 99.63%, for the fault (sag) #3.

A graphical representation of the test results for fault #1
(SLG) is presented in Fig. 8. In Figs. 8 (a) and 8 (b), the line
voltages at bus #634, with and without the integrated RTTP
algorithm are presented, respectively. As shown in Fig. 8 (b),
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FIGURE 8. Results for Fault #1 from Table 4: (a) Voltages at bus #634 and
DER control with RTTP; (b) Voltages at bus #634 and DER control without
RTTP; (c) Harmonic footprint; (d) Active power (P) of the wind plant with
the proposed algorithm (blue line) and without it (red line) in phase with
the fault; (e) Reactive power (Q) of the wind plant with the proposed
algorithm (blue line) and without it (red line) in phase with the fault.

after 0.36 s the DERs are disconnected, following the LVRT
minimum requirements from the German grid code. On the
other hand, Fig. 8 (a) shows that the DER disconnections are
prevented owing to the application of the proposed algorithm.
In Fig. 8 (c), the harmonic footprint is presented with the
important points indicated. The starting voltage sag’s tran-
sient and ending transient can be distinguished. MHDU value
(31.8%) can be observed, so the sag is predicted as ‘““momen-
tary.” Subsequently, the LVRT mode is activated, and the
DERs support the grid; therefore, the voltage magnitudes
during the sags at bus #634 are higher.

InFigs. 8 (d) and 8 (e), the active (P) and reactive (Q) power
of the 2 MW wind farm with the proposed algorithm (blue
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FIGURE 9. Simulation results for Fault #6 from Table 4: (a) Voltage signals at a residential area in bus #634 without the
RTPP algorithm; (b) Voltage signals at a residential area in bus #634 with the algorithm for the RTPP.
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FIGURE 10. Simulation results for Fault #6 from Table 4, the P and Q production of 2 MW wind plant in [p.u.]:
(a) Active power production of the wind power plant without the algorithm for RTPP; (b) Reactive power

production of the wind power plant without the RTPP; (c) Active power production with the RTPP; (d) Reactive
power production with the RTPP.

setup.

line) and without (red line) are presented, respectively. The
wind farm was chosen because it has the highest power. The
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FIGURE 11. SCADA control during emulation using the HIL Iaboratory

responses of PV plants were similar. The grid support criteria
are defined by LVRT requirements, which may differ from
country to country [22]. Usually, it is required to generate
both P and Q if voltage during the sag is above 50% of the
rated, and the Q only if it is less. It can be seen that the
DER continues to support the grid, so voltages at bus #634
are better and DER operation is not disrupted.

In Fig. 9, another example of voltages in a residential area
during a voltage sag in the grid is presented (single-phase
to ground). The simulated sag, with a magnitude of 52.8 %,
following IEEE Std. 1547-2018 again belongs to the group
of sags where DGs have permissive operation capability up
to 0.3 s of duration. This time, the DGs are disconnected at
0.49 s after the sag duration of 0.4 s. Immediately, voltage
further drops to 35.6% (i.e., for an additional 17.2%), causing
transient and harmonic bursts in the grid. In addition, in the
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FIGURE 12. Results of laboratory testing on Microgrid HIL testbed for the fault #1 from Table 5: (a) Voltages at Wind turbine and DER

control with RTTP; (b) Voltages at Wind turbine and DER control without RTTP.

TABLE 5. Test results on laboratory microgrid HIL testbed.

Fault No. Type & location Duration [s] MoVS [%] MHDU [%] RTPP f(X=x) TG [s]
#1 LLG 2 43/71 10.8 0.0013 1.98
#2 oT 0.7 4/25 27.8 0.0629 0.69
#3 SLG 0.96 41/55 25.3 0.0363 0.95
#4 3PG 40 5/13 60 0.99 39
#5 SLG 0.8 31/42 36 0.1 0.78

other two phases, after DGs cut-out, an immediate increase
in voltage can be observed, causing voltage swells in these
phases.

In Fig. 10, the P and Q productions of the 2 MW
wind power plant during a fault in the grid (fault #6 from
Table 4) are presented. In Figs. 10. (a) and 10. (b), the P
and Q values without implementation of the RTPP algo-
rithm in the control system of the inverter are presented,
whereas in Figs. 10. (c) and 10. (d), the same values are
shown with the use of the RTPP algorithm. It can be observed
from Figs. 10. (c) and 10. (d) that with the application of the
algorithm presented in this paper, unnecessary tripping of
the 2 MW wind power plant is avoided, and immediately after
recovery of the voltage, normal power production is restored.

AsMoVS during sag is 53%, according to [23], the produc-
tion of active power during LVRT should be close to zero, and
almost all delivered power should be reactive to support the
voltage. The inverter control in the simulation was modeled
following these recommendations.

C. TEST RESULTS WITH TYPHOON-HIL SETUP

The algorithm was further tested in a laboratory HIL envi-
ronment using an advanced Typhoon-HIL Microgrid setup.
For testing, five voltage sags were simulated in the modified
IEEE 33-bus test grid. Faults were set to be located between
buses #2 and #3 (Fig. 6). The measurements were performed
at the interconnection point of the wind turbine to the grid.
The results are presented in Table 5. It can be observed that
all MHDU values are below the limit of 37.7% (see Fig. 2)
and that all sags are anticipated to be momentary.
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As shown in Fig. 11, the SCADA window is made up
of a graphical representation of the IEEE 33 bus network,
in which each node has a special sub-window showing the
value of the phase voltage, as well as the phase shift rel-
ative to zero nodes. At the root of the network, there is
a window that enables the setting of the grid component’s
voltage reference value and frequency as well as tracking
these values, along with the active and reactive power of the
network.

In Fig. 12, the line voltages for two cases, when the wind
power plant control is with the integrated RTTP algorithm
and without it, are presented. In Fig. 12 (a), it is shown that
the DER disconnection is prevented by the application of the
proposed algorithm. On the other hand, in Fig. 12 (b), it can be
seen that after 1.25 s the DER is disconnected, following the
LVRT minimum requirements from the German grid code,
so another voltage transient followed by a further decrease
in voltage can be observed. Figs. 12 (a) and 12 (b) are not
aligned, and the starting time of recording of signals and the
end time are not the same, as the testing is performed in real
time. Similar to Fig. 12, the test results from the HIL testing
are presented for Fault #5 in Fig. 13. In Fig. 13 (a) DER
disconnection is prevented due to operation of the RTPP,
while in Fig. 13 (b) it can be seen that after 0.72 s the DER is
disconnected. Fig. 13 (c) shows the HDU2357 values during
the voltage sag.

The results show that for four cases the RTPP algorithm
successfully predicted the duration to be “momentary” with
probability in the range from 90% for sag #5, up to 99.87%
for sag #1, and sag #4 is successfully predicted to be ““tem-
porary” with the probability of 99%.
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TABLE 6. Types of faults, the magnitude of voltage sag (MoVS), duration
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FIGURE 13. Results of laboratory testing on Microgrid HIL testbed for
Fault #5 from Table 5: (a) Voltages at the wind plant including the control
with the RTTP; (b) Voltages at the wind plant without the RTTP;

(c) HDU2357.

D. DISCUSSION

In Fig. 1, German grid code limits were added to indicate
the minimum requirements for LVRT operation. They defined
that a DER should support the grid within a certain period and
then disconnect if a fault is not cleared. Considering the case
of Fault #1 shown in Fig. 8, it should be at 0.25 s from the
start of disturbance, that is, at 0.34 s (Fig. 8 (b)). Immediately
after disconnection (0.36 s), the voltage magnitude dropped to
zero (Fig. 8 (b), blue line). In addition, after the DERs cut-off,
an immediate increase in voltage can be observed, causing the
voltage to swell in other non-faulted phases.

The voltage diagrams in Fig. 8 (a) show that with the
implementation of RTPP, the sag duration is predicted as
“momentary”. This information is provided to the adapted
control algorithm, which enables additional time for LVRT
support - from 0.34 s to 0.5 s. At the 0.5 s, the voltage
sag ends, voltage is recovered, and the DERs continue their
normal operation without tripping.

Furthermore, similar results were obtained during labo-
ratory testing with the Microgrid HIL testbed. The voltage
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of fault, and maximum harmonic footprint (MHDU) result for momentary
disturbances.

Type of fault and short description

MoV

[%]

Dura-
tion

[s]

MHDU
[%]

Type G, five cycles, develops into
Type A, 60 cycles

86.60

1.3

4.90

Type C, 15 cycles, characteristic
phase-angle jump about -7 degrees.
fault develops from single-phase to
two-phase-to-ground

92.30

0.41

Type C, 15 cycles, phase-angle jump

92.60

0.4

7.88

multistage Sag, developing fault

51.00

0.45

18.6

unbalanced Sag  with  strange
recovery: motorttransformer

60.00

0.17

14.55

Type C, 12 cycles, phase-angle jump,
very constant rms voltage

72.00

0.46

15.55

A remarkable multiple event, no clear
explanation. Starts as type C, slow
recovery after a few cycles; full
recovery; one phase up, two phases
down; a repeat of the first event but
now with sharp recovery. Line
voltages are plotted.

62.00

1.06

19.73

Type C, 10 cycles, phase-angle jump,
very constant rms voltage

83.87

0.22

Three-phase fault; about 70 cycles
long, about -50 degrees phase-angle
jump.

25.00

35.71

10

Three-phase fault, about 20 cycles
long, small phase-angle jump

88.57

0.39

11

Voltage Sag with overvoltage in one
phase, possible two-phase-to-ground
fault

91.00

0.18

12

two phases down, one phase up, 6
cycles

89.03

0.17

13

Voltage Sag with overvoltage in one
phase, possible two-phase-to-ground
fault

82.54

0.22

14

Type C, 18 cycles, small phase-angle
jump, small load effect

49.30

0.41

25.14

15

Type C, 15 cycles develop into Type
G 2 cycles. Single-phase to Two-
Phase-to ground. Line voltages are
measured.

53.30

0.41

21.29

16

Type D, 30 cycles, faulty operation of
circuit breaker leading to waveform
distortion during the event.

73.70

0.69

17

Short Sag, probably a self-clearing
fault

59.00

0.04

27.16

18

Type D, no jump, 2-stage recovery

82.67

0.16

7.37

19

Type C, 11 cycles developing into
type A 6 cycles with 2-stage recovery.
Line voltage is measured

25.05

0.40

29.42

20

Three-phase fault, the difference in
recovery instant in the three phases.

53.62

0.33

14.29

21

Type C,11 cycles developing into
type A, 3 cycles. With phase-angle
jump.

58.86

0.31

15.20

22

Type F, 15 cycles, developing into
type A, 15 cycles.

86.00

4.80

23

Three-phase fault, small phase-angle
jump.

87.11

0.26

438

24

Three-phase fault with the fluctuating
difference  between the phase
voltages. Two-stage recovery.
Fluctuation is not found back in
symmetrical components. Looks like
an interesting case.

46.80

0.40

22.90
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TABLE 6. (Continued.) Types of faults, the magnitude of voltage sag
(MoVS), duration of fault, and maximum harmonic footprint (MHDU)
result for momentary disturbances.

TABLE 6. (Continued.) Types of faults, the magnitude of voltage sag
(MoVS), duration of fault, and maximum harmonic footprint (MHDU)
result for momentary disturbances.

Type C, 16 cycles, moderate phase- 51 Type F, 5 cycles. Characteristic | 17.23 | 0.10 37.50
; . 62.86 | 0.46 13.91 .
25 angle jump, complicated recovery phase-angle jump -55 degrees.
Type C, 10 cycles, phase-angle jump, 62.48 | 0.44 1127 Self-clearing fault: two phase -->
26 | some load effect ) ) ) single phase --> cleared, all in about | 78.16 | 0.08 29.25
27 Type C, 15 cycles, phase-angle jump | 63.53 | 0.32 13.20 52 two cycles
Sag due to single-phase fault, with Type D develops into Type A after
28 overvoltages in non-faulted phases. 2220 1 0.12 30.73 53 about 5 cycles 81.30 1 137 6.92
Sag due to single-phase fault, with 54 Type D, about 16 cycles 89.05 | 0.68 4.05
. 58.71 | 0.12 16.71
29 overvoltages in non-faulted phases. Recovery after a long three-phase
Sag due to single-phase fault, with 8976 | 0.16 508 fault developed from a two-phase-to- | 90.40 | 0.84 3.99
30 overvoltages in non-faulted phases. ) i ) 55 ground fault
Type C, 25 cycles, no phase-angle- 83.96 | 0.49 720 Type Q, 4' cycles, small phase-angle 9058 | 0.70 383
31 | jump, constant rms voltage 56 | jump, significant load effects
Unbalanced Sag (Type C) with heavy Type C, 4 cycles, small phase-angle
S . . > 9091 | 0.21 4.03
machine infeed during the start of 71.09 | 030 949 57 | jump, significant load effects
Sag. Two-stage recovery. Slow ' ’ ’ Type C, 4 cycles, small phase-angle | ¢, 3| (59 7.15
32 | recovery after the fault. 58 | jump, significant load effects ) ) )
Unbalanced Sag (Type C) with heavy Type C, 4 cycles, small phase-angle
machine infeed during the start of jump, significant load effects, two- | 85.16 | 0.09 6.20
Sag. Two-stage recovery. Sustained | 67.00 | 0.35 11.10 59 | stage recovery
reduced voltage after the fault. Type C, 4 cycles, small phase-angle 8210 | 0.09 6.88
33 Possibly stalling induction machines. 60 jump, significant load effects : : :
34 Developing fault 25.67 | 0.67 17.00 Long developing fault, from single-
Type B, 5 cycles (overvoltage) phase to three-phase, with strong 6636 | 0.96 5.45
develops into type E (overvoltage), 3 | 86.19 | 0.17 5.29 induction-machine infeed at the ) . ’
35 cycles. 61 beginning of every new stage.
Type C 40 cycles, moderate phase- 6774 | 075 12.57 Sag due to ;ingle-phase fault, with sa44 | 0.13 1477
36 angle jump 62 overvoltages in non-faulted phases.
Type C, 10 cycles, moderate phase- 6762 | 0.22 13.94 Three—phasg faplt, about 5 cycles
37 angle jump motor contribution at the start of Sag.
Type C, 2 cycles developing into Phase angle jump about -5 degrees, | 66.84 | 0.84 8.94
Type A, 10 cycles. Includes phase- | 85.62 | 0.30 7.19 slightly larger during the motor
38 angle jump 63 contribution
Single-phase fault with overvoltages Three-phase fault, about 5 cycles
in the non-faulted phases. Two-stage | 48.41 | 0.54 18.99 motor contribution at the start of Sag.
39 recovery. Phase angle jump about -5 degrees, | 67.06 | 0.85 9.88
Same as ZQ483 but closer to the fault slightly larger during the motor
location. Voltage in faulted phase is 635 0.50 33.65 64 contribution.
lower initially, but less after the first ' ’ ’ Type C, five cycles, develops into
40 stage fault clearing. type A, 15 cycles. Instable RMS | 73.75 | 0.44 14.98
Type C or D, large phase-angle jump, 65 voltage.
50 cycles. Phase-angle jump about. -1 7210 | 110 12.20 Yery short Sag, hard to say what it 4139 | 0.05 40.27
18 degrees in one phase, non at all in 66 is. It may be a measurement error.
41 the two other phases. Type D, 15 cycles; Type F, 30 cycles,
Type C, 3 cycles, large phase-angle Type A, 5 cycles, long developing | 36.99 | 1.04 12.73
jump. Characteristic —phase-angle | 77.62 | 0.05 10.33 67 fault
42 | jump -10 degrees. Three-phase  fault, with strange
Type C, 7 cycles develops into Type 2000 | 036 13.56 transient in the middle. It may be a | 36.00 | 0.94 31.06
43 G, 7 cycles 68 measurement error.
Type D _c, 2 cycles. Characteristic 3905 | 0.06 26.30 A few cycles of transient voltage
44 phase-angle jump about -40 degrees. ) ) ) suppressants and noise. It may be a | 84.86 | 0.08 15.30
Type F, 15 cycles. Characteristic 69 fault that doesn't fully develop.
phase-angle jump: -40 degrees. 2047 | 038 2718 Three-phase fault, with some strange
Transformer saturation between the ' ’ ’ spikes. It may be a measurement | 35.69 | 0.94 32.80
45 non-faulted phases. 70 erTor.
Type C, 15 cycles developed into 6540 | 1.55 12.85 Fault develops in one cycle. Starts as
46 Type A 15 cycles. ) ) ) a phase-to-phase fault; the third phase | 21.39 | 0.04 30.08
Three-phase fault, about 2 cycles load 71 joins one cycle later.
influence at the beginning. Large | 69.19 | 1.39 16.49 Two-cycle three-phase fault, with a
47 phase-angle jump. rather slow recovery. No phase-angle | 78.32 | 0.06 7.78
Three-phase fault, about 2 cycles load 72 | jump.
influence at the beginning. Small | 77.33 | 0.85 8.07 Two-cycle three-phase fault, no
- . 85.31 | 0.05 5.41
48 phase-angle jump. 73 phase-angle jump.
Three-phase fault, very constant RMS 74 Two-cycle three-phase fault 84.43 | 0.06 5.76
voltage. Phase-angle jump increases | 77.17 | 0.84 8.56 75 Two-cycle three-phase fault 84.35 | 0.06 5.92
49 | from -2 to -5 degrees during the fault. 76 | Two-cycle three-phase fault 85.66 | 0.06 5.36
shallow balanced Sag with slow 77 | TypeC,25 cycles, two-stage recovery | 80.67 | 0.35 8.93
recovery; -3 degrees phase jump, | 93.23 | 0.30 2.45 Three-phase fault; Appears to have a | (-, | ( s 18.91
50 | probably distribution fault 78 | large and increasing fault impedance. ) ) )
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TABLE 6. (Continued.) Types of faults, the magnitude of voltage sag
(MoVS), duration of fault, and maximum harmonic footprint (MHDU)
result for momentary disturbances.

TABLE 8. Fits and diagnostics for all observations.

Obs | MHDU | Obs. Pro. Fit Resid Std Resid
" ?:lﬁit Sag, probably a self-clearing | -, 2 | (5 47.62 1 4,90 0,0000 0,0003 | -0,0257 0,03
Interesting series of transients/very- 2 525 0,0000 0,0004 | -0,0267 -0,03
short Sags followed by a small | 81.39 | 0.02 23.60 3 7,88 0,0000 0,0007 | -0,0362 -0,04
80 | upward step in RMS voltage. 4 | 1860 | 00000 00077 | -01240 | 0,12
Type C, 30 cycles, no phase-angle 20.08 | 035 275 o > > . >
81 jump, two-stage recovery. . . . 5 14,55 0,0000 0,0030 -0,0779 -0,08
82 jTuynlz; &jgagil:csévrgy phase-angle | o013 | 041 | 914 6 15,55 | 0,0000 0,0038 | -0,0874 -0,09
Type C. 10 cycles develop inio Type 7 1973 | 0,0000 0,0099 | -0,1412 0,14
A, 30 cycles. Instable RMS voltage | 70.79 | 0.75 16.78 8 7,20 0,0000 0,0006 | -0,0334 -0,03
83 | during three-phase fault 9 | 3571 | 00000 02840 | 08174 | 0,84
10 4,55 0,0000 0,0003 -0,0247 -0,02
TABLE 7. Types of faults, the magnitude of voltage sag (MoVS), duration
of fault, and maximum harmonic footprint (MHDU) result for sustained 11 3,24 0,0000 0,0002 | -0,0212 -0,02
disturbances. 12 321 0,0000 0,0002 | -0,0211 -0,02
13 7,50 0,0000 0,0006 | -0,0346 -0,03
No Type of fault and short MoVS Dti'or: MHDU 14 | 2514 | 0,0000 0,0336 | -02616 | -027
description (7] Is] [%] 15 | 21,29 | 0,0000 00141 | -0,1688 | -0,17
Interruption after unbalanced 0 >3 42.50 16 9,44 0,0000 0,0009 | -0,0433 -0,04
84 fault
Non-fault interruption, . = 5557 17 27,16 0,0000 0,0525 | -0,3284 -0,33
85 | overvoltage at start 18 | 737 0,0000 0,0006 | -0,0341 -0,03
Non-fault interruption, 0 >3 87.88 19 29,42 0,0000 0,0853 -0,4222 -0,43
86 | overvoltageatstart i 20 | 1429 | 0,0000 00029 | 00756 | -0,08
Non-fault interruption with 0 >3 37.84
87 decay due to motor load 21 | 1520 | 0,0000 0,035 | 0,0839 | 0,08
Multiple disturbance. Sag due >3 24.66 22 4,80 0,0000 0,0003 | -0,0254 -0,03
to single-phase  fault, | 23 | 438 | 00000 00003 | 00242 | 0,02
instability, interruption. It
88 may be unintentional islanding 24 22,90 0,0000 0,0204 | -0,2028 0,21
Non-fault interruption  with 0 >3 50.03 25 13,91 0,0000 0,0026 | -0,0724 -0,07
89 | decayductomotorload 26 | 1127 | 0,0000 0,0014 | -0,0534 | -0,05
Non-fault interruption  with 0 >3 48.43
90 | decay due to motor load 27 | 1320 | 0,0000 00022 | 0,0667 | 0,07
91 Non-fault interruption 0 >3 47.28 28 30,73 0,0000 0,1119 | -0,4872 -0,50
Transients of increasing >3 45.72 29 16,71 0,0000 0,0050 -0,0998 0,10
amplitude, followed by | O
92 interruption 30 5,08 0,0000 0,0003 -0,0262 -0,03
Transients of  increasing >3 42.68 31 7,20 0,0000 0,0006 | -0,0334 -0,03
o3 amplitude, ~ followed by | 0 32 | 949 0,0000 0,0009 | -0,0435 0,04
interruption
Type C, 5 cycles, morc-or-Icss =3 6227 33 11,10 0,0000 0,0014 | -0,0524 -0,05
normal voltage during 5 cycles, | 34 17,00 0,0000 0,0053 | -0,1032 -0,10
non-fault interruption with large 35 | 529 0,0000 0,0004 | -0,0268 0,03
94 overvoltages at the beginning.
Non-fault interruption with some >3 41.15 36 12,57 0,0000 0.0019 | -0,0620 -0,06
small amount of voltage | 0 37 13,94 0,0000 0,0026 | -0,0726 -0,07
95 | remaining between two phases 38 | 7,19 0,0000 0,0006 | -0,0334 0,03
39 18,99 0,0000 0,0084 | -0,1297 -0,13
. . . .. . 40 33,65 0,0000 0,1980 | -0,6642 -0,68
diagrams in Figs. 12 (a) and 12 (b) show similar behaviors 2l 129 0.0000 00018 | 10,0595 0.06
to those presented in Figs. 8 (a) and 8 (b). After 1.25 s from " 10’33 030000 0’0011 _0’0480 _0’05
the start of the disturbance (MoVS 71%), the DER is starting m 13,56 0’0000 0’0024 -0’0695 '0’07
to disconnect from the grid (Fig. 12 (b)). Immediately after : : : = =
. . . 44 26,30 0,0000 0,0435 | -0,2982 -0,30
disconnection, the voltage magnitude decreased further to
43%. In Fig. 12 (a), it can be observed that with the RTTP 45 27,18 | 0,0000 00527 | -0,3291 | -034
algorithm the wind power plant continues the LVRT operation 46 | 1285 0,0000 00021 | -0,0641 0,06
without tripping, and the voltage levels are stable throughout 47| 1649 | 00000 00047 | -0,0974 0,10
the entire sag. 48 8,07 0,0000 0,0007 | -0,0370 -0,04
Without this algorithm, a DER would be disconnected, 49 8,56 0,0000 0,0008 | -0,0391 0,04
and the grid support would be terminated. Therefore, some 0 | 245 0,0000 0.0002_| -0.0194 -0.02
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TABLE 8. (Continued.) Fits and diagnostics for all observations.

51 37,50 0,0000 0,3746 | -0,9688 -1,00
52 29,25 0,0000 0,0823 | -0,4144 -0,42
53 6,92 0,0000 0,0005 | -0,0324 -0,03
54 4,05 0,0000 0,0003 | -0,0233 -0,02
55 3,99 0,0000 0,0003 | -0,0231 -0,02
56 3,83 0,0000 0,0003 | -0,0227 -0,02
57 4,03 0,0000 0,0003 | -0,0232 -0,02
58 7,15 0,0000 0,0006 | -0,0333 -0,03
59 6,20 0,0000 0,0004 | -0,0298 -0,03
60 6,88 0,0000 0,0005 | -0,0322 -0,03
61 5,45 0,0000 0,0004 | -0,0273 -0,03
62 14,77 0,0000 0,0032 | -0,0799 -0,08
63 8,94 0,0000 0,0008 | -0,0409 -0,04
64 9,88 0,0000 0,0010 | -0,0455 -0,05
65 14,98 0,0000 0,0033 | -0,0818 -0,08
66 40,27 0,0000 0,5312 | -1,2309 -1,29
67 12,73 0,0000 0,0020 | -0,0632 -0,06
68 30,76 0,0000 0,1126 | -0,4888 -0,50
69 15,30 0,0000 0,0036 | -0,0849 -0,09
70 32,80 0,0000 0,1687 | -0,6079 -0,63
71 30,08 0,0000 0,0979 | -0,4539 -0,47
72 7,78 0,0000 0,0006 | -0,0358 -0,04
73 5,41 0,0000 0,0004 | -0,0272 -0,03
74 5,76 0,0000 0,0004 | -0,0283 -0,03
75 5,92 0,0000 0,0004 | -0,0289 -0,03
76 5,36 0,0000 0,0004 | -0,0271 -0,03
77 8,93 0,0000 0,0008 | -0,0408 -0,04
78 47,52 0,0000 0,8574 | -1,9738 -2,07
79 23,60 0,0000 0,0238 | -0,2196 -0,22
80 8,75 0,0000 0,0008 | -0,0400 -0,04
81 9,14 0,0000 0,0009 | -0,0418 -0,04
82 16,78 0,0000 0,0051 | -0,1007 -0,10
83 18,91 0,0000 0,0082 | -0,1285 -0,13
84 42,50 1,0000 0,6544 | 0,9209 0,97
85 55,51 1,0000 09743 | 0,2284 0,23
86 87,88 1,0000 1,0000 | 0,0055 0,01
87 37,84 1,0000 0,3931 | 1,3666 1,42
88 24,66 1,0000 0,0302 | 2,6455 2,69
89 50,03 1,0000 09147 | 0,4224 0,44
90 48,43 1,0000 0,8812 | 0,5030 0,53
91 47,28 1,0000 0,8505 | 0,5690 0,60
92 45,72 1,0000 0,7989 | 0,6700 0,71
93 42,68 1,0000 0,6637 | 0,9055 0,95
94 62,27 1,0000 0,9945 | 0,1054 0,11
95 41,15 1,0000 0,5812 | 1,0418 1,09

amount of energy generation would be lost, reconnection
would require additional time, and instability of the grid
would be induced. Additionally, an improvement in LVRT
support could be achieved through a faster response to the
fault.

VOLUME 10, 2022

It can be seen that as a result of the RTPP application, the
inverter control system can achieve a time gain for moving
the operating point according to the LVRT requirements and
starts supporting the grid. The time gain (TG) in [s] is the dif-
ference in the timeline between the instant when the duration
of the fault is estimated with the RTPP and when the sag’s
end is recognized with a standard algorithm (RMS). This is
presented in the last column of Table 4. Based on the five
voltage sags presented in Table 4, the average time gain was
1.002 s.

VIl. CONCLUSION

In this paper, a novel algorithm for real-time prediction of
the probability of voltage sag duration based on HF is pre-
sented. Mathematical and statistical analysis of the maxi-
mum value (MHDU) of the HF relation to the probability
of sag duration is provided with adequate verification using
extensive real-grid measurement data. It was shown that a
voltage sag duration can be predicted (with high probability)
either as “momentary” (if MHDU<37.7%) or as ‘“‘tempo-
rary” (if MHDU>41.2%). In between, is the uncertain zone
(37.7%<MHDU <41.2%).

The algorithm is applied to the control of grid-tie convert-
ers used in DERs and tested with real grid measurement data
in the IEEE 13-bus test grid by simulations, and in the IEEE
33-bus test grid using HIL Microgrid laboratory testbed. It is
shown that unnecessary tripping of wind farms and PV plants
can be avoided in cases of different types of momentary sags,
with benefits to residential area customers. The benefits to
customers are reflected in better voltages during the faults and
in avoiding unnecessary instability.

This research was based on a large set of real grid record-
ings and their analyses. Two different voltage levels guaran-
teed the diversity of the data. However, a specific S-curve
that shows high reliability may differ. As this is a one-
dimensional problem, it is possible to improve the reliability
using neural networks to learn and adjust the probabilis-
tic model for specific applications and under real operating
conditions.

APPENDIX

Tables 6 and 7 present a detailed description of the faults
obtained by measurements in a real grid, which were used
in the research. Table 8 shows the fits and diagnostics for all
observations.
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