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Abstract: This paper presents a novel voltage sag topology that occurs during an unintentional
islanding operation (IO) within a distribution network (DN) due to large induction motors (IMs).
When a fault occurs, following the circuit breaker (CB) fault clearing, transiently, the IMs act as
generators due to their remanent kinetic energy until the CB reclosing takes place. This paper
primarily contributes to voltage sag characterization. Therefore, this novel topology is presented,
analytically modelled and further validated. It is worth mentioning that this voltage sag has been
identified in a real DN in which events have been recorded for two years. The model validation of
the proposed voltage sag is done via digital simulations with a model of the real DN implemented in
Matlab considering a wide range of scenarios. Both simulations and field measurements confirm
the voltage sag analytical expression presented in this paper as well as exhibiting the high accuracy
achieved in the three-phase model adopted.

Keywords: power quality; voltage sags; islanding operation; induction machines; modelling;
distribution networks

1. Introduction

Over the last decade, the increasing interest in power quality (PQ) monitoring is becoming a crucial
task for distribution operators (DSOs) and, presently, is among the issues of major concern. Since the
DNs supply power to the costumers, monitoring the occurring events has become essential; therefore,
presently, smart meters allocated in each customer node are playing a pivotal role [1,2]. Regarding
the measurement and monitoring of PQ disturbances, several standards have been published within
the EN-61000 series; these standards fall within the electromagnetic compatibility field. Particularly,
EN61000-4-30 defines how to measure PQ disturbances and the measurement accuracy of the equipment
and defines different classes of accuracy. A relevant summary and interpretation of these standards
are given in References [3–5]. Furthermore, other research has been focused on how to identify the
different type of disturbances from occurring events; for instance, in References [6–11]. Once PQ
disturbances are detected, classifying them and compressing them into separate events is a challenging
task and requires advanced tools; see References [12–15]. Some authors have considered fuzzy logic or
neural networks to classify them [16–19], some others proceed based on clustering the data depending
on its origin from offline and prescribed events [20,21], and lastly, certain studies have focused on
real-time classification, which results in a successful classification; for instance, see References [22–24].
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It is understood that PQ is one of the major concerns for DSOs, and probabilistic studies have
been carried out to evaluate the grid reliability with statistical and stochastic assessments [25–29]. Such
studies have concluded that protective devices and the weakness of the grid as well as the type of loads
are crucial factors when carrying out PQ studies. Besides, with the growing interest in distributed
generation (DG) and smart grids, their influence on the PQ field is currently under investigation [30–32].
It is also important to underline the importance of the PQ reliability indicators; for example, see the
evaluations carried out in Reference [33–38].

All PQ disturbances are summarized in the standard EN-50160 (see Reference [39]). This standard
defines all voltage disturbances as two types: (i) continuous phenomena (e.g., long-time disturbances
in the range between ms and minutes), such as voltage drops, voltage swells or frequency oscillations;
and (ii) short-duration disturbances such as voltage interruptions, voltage sags, voltage swells, and
over-voltage transients (e.g., short-term disturbances in the range between µs to ms). An excellent
review of PQ disturbances classification can be found in References [39,40].

Among all PQ disturbances, voltage sags have been the object of study for many years. At first,
voltage sags were assumed to be rectangular. Afterwards, it was demonstrated that this was not strictly
true, and the type of recovery, as well as the phase-angle-jump, played a significant role [41]. It is
relevant to highlight the characterization done by Bollen in Reference [33], as well as in Reference [42].
Furthermore, immunity tests and studies of electrical devices’ behavior towards voltage sags have
been thoroughly analyzed in References [43–46], where the effects of the voltage sags are evaluated. In
this direction, several standards have been published; for instance, EN 61000-3-2 (limits for harmonic
current emissions, less than 16 A), EN-61000-4-34 (immunity test for high current equipment, more
than 16 A), and voltage sags with statistical results are summarized in IEC-61000-2-8. Considering that
electrical device sensitivity is an aspect of utmost importance, immunity tests for voltage sags and
interruptions are still under study.

Even though standard indices for reliability such as standard average interruption frequency
index (SAIFI), standard average interruption duration index (SAIDI) or the reliability curves published
by the information technology industry council (ITIC) have been defined, each country has its own
regulations regarding the number of interruptions or their duration [47,48]. To deal with voltage sags
effects, well-known equipment such as dynamic voltage restorers or an uninterruptible power supply
are used [49,50], or even the use of FACTS [51].

Mainly, the origin of voltage sags in DNs and transmission networks (TNs) are faults; given their
random nature in time and location, their magnitude, type and recovery can change along the grid.
A fault in the system can produce either a voltage sag or an interruption, depending on where the
fault originates; that is, depending on the type of network and configuration which is feeding the
fault. Thereby, if several lines are feeding the fault, and if we assume that each one has its own CB,
the faulted line/section will experience an interruption, whereas the adjacent section will experience a
voltage sag. Commonly, the DN configuration is radial (i.e., there is only one source); therefore, if a
fault appears and no DG is considered, the only source is the main grid. Therefore, costumers located
downstream of the CB will experience a voltage sag during the fault, and once it is cleared, a supply
interruption is expected. It will be demonstrated that the last assumption in the presence of large IMs
may not be strictly true because an unintentional IO can occur before the CB reclosing.

As a matter of fact, this unexpected IO is the guiding principle of the voltage sag studied in the
present paper. The unintentional IO begins once a fault is cleared and ends when the CB recloses
to restore the electrical supply; typically, this reclosing time in DNs is between 500 ms and 1 s.
Once the fault is cleared, transiently, IMs act as generators due to their remnant kinetic energy until
the CB recloses the circuit. This phenomenon is partially analyzed in bus transfer during industry
operations; for example, see Reference [52]. To achieve seamless transitions in this fast bus transfer, a
microprocessor-based scheme has been implemented in Reference [53]. Nevertheless, none of these
studies has considered the produced IO in the DN due to the IMs, on which the current PQ assessment
is focused. Therefore, this paper makes a contribution to voltage sag characterization studies.
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The paper is structured as follows: Section 2 reviews the present voltage sag characterization. In
Section 3, the main features of the proposed voltage sag are detailed as well as its analytical expression.
Section 4 shows the test system under investigation and the three-phase Matlab/Simulink model
adopted. Section 5 displays the simulation results derived from the model. Section 6 discusses the
model validation comparing the analytical form presented in Section 3, with both simulation results
and field measurements. Lastly, Section 7 summarizes the main conclusions of the paper.

2. Voltage Sag Review

2.1. Introduction

Since voltage sags are a short-duration reduction of the root-mean-square (RMS) voltage, it can
be said that their characterization depends on (i) their magnitude (i.e., voltage characteristic), (ii)
their duration, (iii) their type, (iv) the type of recovery, (v) the phase-angle-jump, and (v) their origin.
Nevertheless, the origin of the voltage sag will, in fact, dictate its type and its recovery. Moreover,
voltage sags can change their type and become evolutionary voltage sags because the fault conditions
can change (i.e., faults can evolve from one type of fault to another during the same event). Other
parameters such as the point-on-wave in both the initiation and the recovery have been the object of
study in Reference [54]. Besides this, an interesting analysis is done by Bastos et al. in Reference [55].

On the other hand, the data extracted from a measured sag are gained from the sag type
characteristic voltage (i.e., the complex voltage) and by the positive–negative factor as published
in References [56,57]. Particularly, according to Reference [56], there is a need to compress the
three-phase voltage sag event into a single event, which is still under study by the IEEE project
group P1159.2. Furthermore, a two-type contribution has been made in Reference [57], considering
a three-phase–three-angle method. To obtain the main characteristics from a measured voltage sag,
relevant methods are available in the literature, among which are the following:

1. Complex voltage: This method uses symmetrical components to evaluate the type of sag; thus,
comparing the angle between the definite sequence and the negative sequence, the sag type is
obtained. The voltage characteristic is computed with the complex sum and difference of the
positive and negative sequence-voltage.

2. RMS voltage: These algorithms use the RMS voltage as input; thus, the computation of the six
RMS values of the phase-to-phase and phase-to-neutral voltages is proposed. Therefore, the
voltage characteristic, the voltage sag type and the positive-negative factor are extracted from
these six voltage time-domain values.

3. Advanced features: Within this group, a considerable number of articles have been published,
and the main aim is to extract features from the voltage waveform considering a wide range of
measurements and classify them with an algorithm that helps to compress the data. From all
studies, the most appropriate methods are summarized in Reference [58]. Furthermore, Cai et al.
in Reference [59] developed a mapping strategy for multiple disturbances.

In Reference [40], the authors focus on voltage sag characterization; thus, a general distinction is
made considering balanced and unbalanced voltage sags originating from faults (i.e., short-circuits).
Nonetheless, in this study, other sources of voltage sags, such as induction or synchronous motors during
their starting process, are considered. Moreover, a further classification is included in Reference [60],
where the voltage sag produced during transformer energization is evaluated.

Previously, in faults originated by short-circuits, between the fault inception and the fault
recovery, the voltage characteristic has been considered constant; see Figure 1. However, this voltage
characteristic may not be constant during the voltage sag; for instance, see Figure 3 of Reference [61].
One reason for this voltage characteristic increasing or decreasing during the fault could be that the
impedance seen from the source changes during the disturbance. Another cause for a decrease in the
residual voltage during the voltage sag can occur in the presence of IMs. In such a way, immediately
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following a fault, the IMs tend to contribute towards the fault (e.g., roughly one or two cycles) so
that the drawn current decreases in time and the voltage value also decreases; this phenomenon is
thoroughly detailed in Reference [62].
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Figure 1. Example of a constant voltage sag produced by a single-line-to-ground (SLG) fault and
its characteristics.

To summarize, the studied sources of voltage sags are listed as follows:

1. Short-circuits (constant retained voltage);
2. Motors start—either synchronous or induction motors (non-constant retained voltage);
3. Transformer energization (non-constant retained voltage);
4. Short-circuits in the presence of IMs (non-constant retained voltage);
5. Sudden load changes—e.g., composite load connections (non-constant retained voltage).

2.2. Voltage Sag Main Features

This subsection will show the main characteristics of voltage sags graphically in order to compare
these parameters with the proposed voltage sag of the subsequent Section 3. Although the voltage sag
representation of Figure 1 is not innovative, this figure and its analysis are necessary to highlight the
improvement made with the proposed voltage sag as the object of study.

In Figure 1, the three principal magnitudes are shown in different plots. The first plot depicts
the phase voltage waveform of the faulted phase. In this waveform, the beginning and the end of the
fault can be observed as well as the point-on-wave in both the initiation and clearing (these two points
are within two circles in the voltage waveform). The retained voltage—that is, the magnitude of the
voltage sag—is shown in the second plot of Figure 1, and lastly, the phase-angle-jump is observable in
the third plot of the same figure. For this particular event, the duration is 300 ms, and it originated
due to a single-line-to-ground fault (SLG), which belongs to voltage sag type A in the characterization
done by Bollen [63], the retained voltage is 0.12 pu, and the phase-angle-jump is −30 degrees, which
means that the grid is predominantly inductive.

Figure 2 show the voltage sag produced by IMs starting; in this case, a group of 4 IMs of 160 kW
have been simulated (all the IM data are detailed in Appendix A). It can be seen that the duration of
the event is 500 ms, the voltage depth is 0.96 pu, and the voltage sag is balanced. In these cases, the
strength of the grid plays a pivotal role. The first plot depicts the RMS phase voltage, and the second
depicts the current.
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Figure 2. Example of a non-constant voltage sag produced by an induction motor (IM) start.

In Figure 3a, an example of the voltage sag produced when an IM contributes to a three-phase
fault is shown. In the figure, the three-phase fault (Type A) is plotted. Nevertheless, to properly
observe the voltage variation, in Figure 3b, the voltage sag is enlarged. In this figure, the decrease in
the voltage characteristic during the event can be observed.
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This voltage reduction during the voltage sag is due to the brief IM contribution towards the fault,
which starts at t = 1.62 s, and in 2 cycles, the current starts to decrease. In these cases, the voltage
variation due to this effect is ∆V = 125 V.

Taking into consideration that the loss of speed during the fault is low, the voltage sag due to the
post-fault reacceleration is negligible (see the voltage characteristics between t = 1.7 s and t = 1.9 s in
Figure 3a).

Figure 4 depicts the voltage sag produced when a transformer is energized; due to the current
drawn by the transformer, transiently, the voltage drops to 0.94 pu. As can be seen, the voltage
characteristic is not constant; it reaches a minimum value at t = 0.82 and starts to increase until t =

1s when the voltage sag is absolutely recovered. This voltage sag is unbalanced due to the current
unbalance produced by the high content of current harmonics. Observing the third plot of Figure 4,
the high content of harmonics of the current waveform can be seen; these harmonics are a direct
consequence of the transformer core saturation [64].Energies 2019, 12, x FOR PEER REVIEW 6 of 20 
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To summarize, in this section, voltage sags with constant and non-constant retained voltage have
been evaluated, which helps to clarify the voltage sag topology presented in this paper.

3. Voltage Sag Modelling

3.1. General Overview

The current section is divided into four parts. The first introduces a general overview of the
proposed voltage sag, the second analyses the analytical expression that follows the voltage sag
magnitude, the third part examines its duration, and finally, the fourth part focuses on the recovery
process once the CB recloses the circuit. Before the voltage sag modelling guidelines are analyzed in
the further subsections, to observe the importance of this phenomenon clearly, Figure 5 shows the
difference between one scenario with IMs and another one with the same rated apparent power when
removing the IMs.



Energies 2019, 12, 3198 7 of 21Energies 2019, 12, x FOR PEER REVIEW 7 of 20 

 

 
Figure 5. Comparison between scenarios, distribution network (DN) with IMs (solid line) and without 
IMs (dashed line). 

3.2. Voltage Sag Magnitude: Analytical Expression 

The analytical expression that follows the voltage sag during the island is, in fact, the IM stator 
voltage, which in turn depends on the stator current and its mechanical speed. Therefore, to obtain 
this expression, the IM equations have to be recalled. In a steady state, the IM acts as a motor and is 
being supplied by the grid and running at a specific point of operation. This point of operation is 
defined by the slip, the mechanical load torque coupled with the rotor shaft and the mechanical 
speed. These parameters dictate the initial kinetic energy of the machine before the fault appears. 
When a fault occurs, depending on the characteristics of the originated voltage sag (i.e., voltage sag 
magnitude and duration), the IM will lose speed according to this severity. Once the CB clears the 
fault, IMs, due to their stored kinetic energy, transiently act as generators. The pre-islanding 
conditions will dictate the voltage sag magnitude during the IO. Hence, the IMs’ initial kinetic energy 
is expressed as Equation (1) 

_ _
21

2
TKin initial pre islandingE J ω=  (1) 

where EKin_initial is the initial kinetic energy prior to the CB opening, JT is the total moment of inertia 
(considering the rotor inertia and mechanical load) and ωpre_islanding is the mechanical speed before the 
island is formed. The IM set of electrical equations are considered in stator reference and expressed 
in Park’s transformation to avoid the dependence of the coupling inductance with the mechanical 
angle θm Equations (2)–(5): 

( ) d
d d

r
s s s s

d d iv R L i M
dt dt

= + +  (2) 

( ) q
q q

r
s s s s

d d iv R L i M
dt dt

= + +  (3) 

0 ( ) ( ) ( )d
d m m

s
r r r r rq sq

d d iR L i M L i M i
dt dt

ω ω= + + + ℘ + ℘  (4) 

Figure 5. Comparison between scenarios, distribution network (DN) with IMs (solid line) and without
IMs (dashed line).

As can be seen in Figure 5, during the process between the clearing time (t = 1.1 s) and the CB
reclosing (t = 1.6 s), in the case in which high IMs are present, a voltage sag appears. Meanwhile, when
the IMs are removed, as expected, an interruption occurs.

3.2. Voltage Sag Magnitude: Analytical Expression

The analytical expression that follows the voltage sag during the island is, in fact, the IM stator
voltage, which in turn depends on the stator current and its mechanical speed. Therefore, to obtain this
expression, the IM equations have to be recalled. In a steady state, the IM acts as a motor and is being
supplied by the grid and running at a specific point of operation. This point of operation is defined by
the slip, the mechanical load torque coupled with the rotor shaft and the mechanical speed. These
parameters dictate the initial kinetic energy of the machine before the fault appears. When a fault
occurs, depending on the characteristics of the originated voltage sag (i.e., voltage sag magnitude and
duration), the IM will lose speed according to this severity. Once the CB clears the fault, IMs, due to
their stored kinetic energy, transiently act as generators. The pre-islanding conditions will dictate the
voltage sag magnitude during the IO. Hence, the IMs’ initial kinetic energy is expressed as Equation (1)

EKin_initial =
1
2

JT ωpre_islanding2 (1)

where EKin_initial is the initial kinetic energy prior to the CB opening, JT is the total moment of inertia
(considering the rotor inertia and mechanical load) and ωpre_islanding is the mechanical speed before the
island is formed. The IM set of electrical equations are considered in stator reference and expressed in
Park’s transformation to avoid the dependence of the coupling inductance with the mechanical angle
θm Equations (2)–(5):

vsd = (Rs + Ls
d
dt
)isd + M

d ird
dt

(2)

vsq = (Rs + Ls
d
dt
)isq + M

d irq

dt
(3)

0 = (Rr + Lr
d
dt
)ird + M

d isd
dt

+ Lr ( ωm℘) irq + M ( ωm℘) isq (4)
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0 = (Rr + Lr
d
dt
)irq + M

d isq

dt
− Lr ( ωm℘) ird −M ( ωm℘) isd (5)

where V and i represent the voltage and current, respectively, M is the coupling inductance, L represents
the inductance of the windings, ωm is the mechanical speed, ψ is the reference angle (stator reference
in this case), ℘ is the IM pole pairs, θm is the rotor angle, the sub-indices s and r denote stator and rotor,
respectively and dq refers to the direct and quadrature components of the Park’s transformation. The
relation between abc and dq can be expressed as in Equation (6)

vS =
√

vsd
2 + vsq2

iS =
√

isd
2 + isq

2
(6)

Following the CB opening, due to the lack of supply, the equilibrium between torques is broken,
its speed derivative becomes negative, and therefore only the dynamic torque drives the machine.
Moreover, the feeder loads which remain within the island represent a load torque for the IMs when
acting as generators. Thereby, the electrical loads act as a torque decelerating the machines. The
mechanical expressions acting as generators once the IMs are removed from the grid are computed as
Equations (7) and (8):

dωm

dt
=

(Γres + Γb + Γeload)

JT
(7)

ωm =
dθm

dt
(8)

where Γem is the electromagnetic torque, Γb is the friction torque, Γres is the mechanical load torque, θm

is the angular position, JT is the total moment of inertia (considering the rotor inertia and mechanical
load), and Γeload represents the equivalent torque developed by the feeder-load electrical power. If we
consider load voltage dependence, constant impedance and constant current load models have to be
considered; thereby, electrical loads are divided into P1, which is assumed to be the sum of all constant
impedance loads, and P2, the sum of all constant current loads within the island. It follows that

Peload =
P1

|∆V|2
+

P2

|∆V|
(9)

where the sum of all constant impedance and constant currents considering n low voltage (LV) nodes
is computed as Equation (10):

P1 =
n∑

i=0
Pi

P2 =
n∑

j=0
P j

(10)

By integrating the IM speed derivative and mechanical angle with respect to time (7) and (8)
during the island, the temporal evolution of ωm (t) and θm (t), are given by Equations (11) and (12):∫ t f

ti

dωm

dt
dt =

∫ t f

ti

(Γres + Γb + Γeload)

JT
dt = ωm(t) =

∫ t f

ti

(Γres + Γb + Γeload)

JT
dt (11)

∫ t f

ti

dθm

dt
dt =

∫ t f

ti

dωm

dt
dt = θm(t) =

∫ t f

ti

ωm dt (12)
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where ti is the instant when the CB opens and tf when the CB recloses. Similarly, by integrating the
current derivatives with respect to time in Equations (2)–(5), the temporal evolution of isd(t), isq(t),
ird(t), and irq(t) is given by Equations (13)–(16):

t f∫
ti

(vsd − isdRs) dt =

t f∫
ti

(Ls
disd
dt

q + M
d ird
dt

) dt = Ls·isd(t) + M·ird(t) =

t f∫
ti

(vsd − isdRs) dt (13)

t f∫
ti

(vsq − isqRs) dt =

t f∫
ti

(Ls
disq

dt
q + M

d irq

dt
) dt = Ls·isq(t) + M·irq(t) =

t f∫
ti

(vsq − isqRs) dt (14)

t f∫
ti

−(ird·Rr) − (Lr·ωm℘·irq) − (Mωm℘isq)dt =
t f∫

ti

(Lr
dird
dt + M d isd

dt ) dt

Lr·ird(t) + M·isd(t) =
t f∫

ti

−(ird·Rr) − (Lr·ωm℘·irq) − (Mωm℘isq)dt

(15)

t f∫
ti

−(irq·Rr) + (Lr·ωm℘·ird) + (Mωm℘isd)dt =
t f∫

ti

(Lr
dirq
dt + M

d isq
dt ) dt

Lr·isq(t) + M·isq(t) =
t f∫

ti

−(irq·Rr) + (Lr·ωm℘·ird) + (Mωm℘isd)dt

(16)

By solving the described set of Equations (11) and (12) and Equations (13)–(16) between ti and tf,
the function that follows the voltage sag with respect to time is given by the IM stator voltages Vsd
and Vsq. Furthermore, by solving Equations (11) and (12), one can observe that the IM mechanical
speed decays exponentially due to the lack of supply; as a consequence, this decay is also observed
in the stator voltages. Since the voltage sag magnitude is given by the IM stator voltage, its function
has to be a negative exponential. In such a way, the voltage sag analytical expression with respect to
time follows:

Vsag(t) = Vpre_ f ault·tb; ∀t ∈ [ti, t f ] (17)

where Vsag(t) is the RMS phase voltage value, Vpre_fault is the RMS pre-fault phase voltage value, and b
is a non-dimensional coefficient. Given the natural tendency of the IM to decelerate due to the lack
of grid supply, this coefficient has to be below zero. Note that b values close to zero correspond to
low loaded feeders, whereas large negative b values correspond to large loaded feeders. Figure 6
plots the function that follows the analytical expression for a given b value. It is crucial to highlight
the fact that, as mentioned earlier, the analytical expression of the voltage sag magnitude is given
by the IM stator voltages, which result from solving the differential Equations (11)–(16). Therefore,
the b factor of Equation (17) can be obtained after this set of equations have been solved. Hence,
Equation (17) provides a general expression to model this voltage sag which is performed after solving
the differential equations of the system. Note, however, that depending on the terms in Equation (11)
(i.e., the feeder-load power, the load torque and the friction torque), several b values can be obtained.
Particularly, in Figure 6, ti = 1.04 s, tf =1.54 s and b= −1.52. It is relevant to highlight the fact that, as
discussed above, this curve expression is only valid between ti and tf, where in fact the voltage sag
characteristic is of interest.
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3.3. Voltage Sag Duration

Voltage sag duration is defined as the period between the fault inception and the fault clearing;
see the first plot of Figure 1. The voltage sag duration depends directly on the protective device’s
settings. Particularly for the voltage sag described here, the voltage sag duration depends on the preset
reclosing that takes place after a fault is cleared. This preset reclosing operation is widely implemented
in DN relays, principally to avoid the need to operate the CB for non-permanent faults manually (e.g.,
self-extinguished faults). Commonly, DSOs set the first reclosing between 0.5 and 1 s.

3.4. Voltage Sag Recovery

Voltage recovery takes place at the instant when the CB clears a fault, as previously mentioned;
depending on the type of voltage sag, it can be either abrupt (one stage recovery) or discrete (multi-stage
recovery). Nonetheless, in the present voltage sag topology, the recovery is dictated by the CB reclosing
following a preset time after the CB clearing. It is worth pointing out that, in this case, unlike the
recovery due to short-circuits, the recovery can be defined in two steps.

The first step is due to the CB zero-crossing, which has to occur at the same instant for the
three-phases, and the second is the recovery until the voltage reaches the pre-fault value. In fact, this is
due to the high current drawn by the IM as a result of the out-of-phase reclosing and the subsequent IM
reacceleration. The transient due to the out-of-phase reclosing is dictated by the difference in voltage
amplitude between the grid and islanding as well as by the difference in frequency between the grid
and islanding [52].

4. System Under Investigation

The system by which measurements have been recorded is a real DN which operates radially with
an infeeder from a transmission system at 120 kV. The single-line diagram of the system is depicted
in Figure 7a. As shown in the figure, the substation wye/delta transformer supplies three medium
voltage (MV) feeders, Feeder 2 and Sub-Feeders A and B, forming the system analyzed in this work. It
is relevant to point out that Feeders 1 and 3 are not detailed, because they are not relevant to the task
due to their radial configuration and also because Feeder 1 is the faulted one in which the unintentional
IO object of study occurs. The end-users are supplied at an LV of 0.4 kV through their MV/LV Dyn
11 transformers.
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The MV system is grounded via a zig-zag transformer with a resistance of 23 Ω that limits the
fault current to 630 A. The short circuit capacity at the 120 kV busbar is 1000 MVA. The main system
parameters and the IMs data are detailed in Appendix A.

The equipment used to record the events comprise the protective relays installed at both PCC1

and PCC2. The fault recorder registers voltage and current signals with 32 samples per cycle. The
overcurrent relays are equipped with an oscillography function; in PCC1, the relay registration is
set to 400 ms, while in PCC2, this value is set to 600 ms. More information about the relays and
their recording characteristics can be obtained from the manufacturer data available in Reference [65].
These relays record the voltage, currents, powers and frequency during the event. For each event, a
pre-trigger of 200 ms is used in order to obtain the pre-fault active and reactive powers; thus, it is
possible to compute the feeder-load power before the fault.

5. Simulation Results

This section will summarize the results of the simulations carried out in the three-phase
Matlab/Simulink model adopted based on the single-line diagram of the real DN; see Figure 7b.
The result discussion will be done by analysing the main features of the proposed voltage sag separately.
Therefore, the further three subsections are as follows: (Section 5.1) gives the voltage sag magnitude,
(Section 5.2) gives the voltage sag duration, and lastly (Section 5.3) gives the voltage recovery. The
main parameters of the simulated scenarios are detailed in each subsection; nevertheless, the relay
settings, fault characteristics and IM point of operation, which are the same for all simulations, are
detailed below:
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• An SLG fault with a fault resistance of 5 Ω is simulated at node 7; the implemented settings of the
CB located at PCC1 (header of Feeder A, see Figure 7b) are listed in Table 1, where Iof represents an
admissible overload factor; Ithreshold is the steady-state current threshold; and n, k, t are parameters
of the curve. Particularly, the equation where the parameters mentioned above are used is defined
in Equation (18). Besides, the most frequent curves for overcurrent protection are detailed in
Reference [66]. The operation time T of the phase overcurrent relay is defined by Equation (18).

T(I) =
t·k(

I
Ithreshold·Io f

)n
− 1

(18)

where factor k is adjustable and typically ranges between 0.05 and 1.6, and n and t factors are used
to choose the slope of the relay curves.

• IM is running under no-load torque at the time the fault occurs.

Table 1. Overcurrent relay parameters.

ANSI Code k n t Ithreshold (A) Iof ANSI Curve

50 0.05 0.02 0.14 100 1.25 Standard inverse

5.1. Voltage Sag Magnitude

This part evaluates the simulation results with different values of feeder loads in order to analyze
the different originated voltage sag characteristics and compare them with the previously described
analytical expression. Figure 8 shows, as an example, one particular scenario and the analytical
function that follows the voltage sag characteristic. In this simulation, the load feeders have been
set to 53 kW. In the figure, the solid black line represents the simulation results, the solid blue line
represents the analytical function of the voltage sag magnitude, and solid blue double arrows indicate
the magnitude of the sag, which increases between ti (t = 1.05 s) and tf (t = 1.55 s).
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Moreover, four simulations have been performed with different feeder-load values in each one
in order to observe different curve slopes. In Figure 9, four curves are displayed: the solid curves
are the voltage magnitude of four voltage sags which result from simulations, and the dashed lines
represent the function which fits the voltage sag magnitude according to each particular b value. Table 2
summarizes the main values of the simulated scenarios.
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Table 2. Simulated scenarios and resulting parameters of Section 5.1.

Scenarios Color Feeder Loads (kW) b ∆V (pu) Duration (ms)

1 Red 64 −1.492 0.49 500
2 Black 80 −1.54 0.5 500
3 Green 100 −1.576 0.51 500
4 Blue 128 −1.655 0.53 500

5.2. Voltage Sag Duration

In this section, four CB reclosing times have been tested to observe the duration of the voltage sag
with a fixed value of feeder loads of 140 kW. From Figure 10, it can be seen that, depending on the
reclosing time, as expected, the duration is higher, and consequently the voltage magnitude decreases
with time. For all simulations, the initial time corresponds to 0.4 s when the CB clears the fault, and the
sag recovery takes place depending on the reclosing time for each scenario.
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5.3. Voltage Sag Recovery

By observing Figure 11, as expected, the recovery takes place for all phases at the same instant,
t = 1.63, when the CB recloses the circuit; however, the voltage amplitude is not recovered until 80 ms
after this. Thereby, it has been demonstrated that defining the recovery process of this voltage sag
accurately has to be done with two steps: the first is when the CB recloses the circuit, and the second is
when the voltage reaches the pre-fault value.
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6. Voltage Sag Model Validation

This section is focused on validating the proposed voltage sag, which has been analytically
modelled in Section 3 by comparing simulation results with field measurements. For reasons of brevity,
among all available real events, only two have been selected. Each event will be discussed separately
detailing the voltage sag characteristics, and Table 3 summarizes the main features of these two events.
Note that, since the voltage magnitude is non-constant, the voltage value of the fifth column of Table 3
is referred to the last RMS value before the reclosing takes place. Monitors have been installed at
nodes PCC1 and PCC2 (See Figure 7a), and field measurements have been recorded at the highest
voltage side of the MV/LV transformer in PCC2 where the IMs are allocated. In both Figures 12 and 13,
the three-phase voltages are compared, and simulation results are depicted in solid lines while field
measurements are plotted in dashed lines.

Table 3. Voltage sags characteristic summary for Events I and II.

Event Beginning
(h)

Ending
(h) b Sag Magnitude

(pu)
Sag Duration

(ms)

I 17:01:09.776 17:01:10.636 −1.05 0.61 800
II 11:49:04.702 11:49:05.456 −1.7 0.41 800
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Event I: In Figure 12, the event starts in pre-fault conditions under a steady state until the SLG fault
occurs at phase b in node 8 (See Figure 7a) at 0.1 s, and it is cleared within 100 ms. At that moment, the
IMs were running under no-load torque, and the active-power value of the feeder loads was 810 kW.
The voltage sag duration was 800 ms, coinciding with the CB reclosing time; at that time, the phase
voltage was 8.78 kV for all phases in both simulation and field measurements. In this event, the voltage
sag characteristic is defined by b = −1.05.

Event II: In Figure 13, the event starts in pre-fault conditions under a steady state until the SLG
fault occurs at Phase C between Nodes 7 and 8 (Line 6) at 0.1 s, and it is cleared within 100 ms. At that
moment, the IMs were running under no-load torque, and the active-power value of the feeder loads
was 900 kW. The voltage sag duration was 800 ms, coinciding with the CB reclosing time; at that time,
the phase voltage was 6 kV for all phases in both simulation and field measurements. In this event, the
voltage sag characteristic is defined by b = −1.7. As in Event I, the recovery takes place in two stages:
firstly, at the same instant for the three-phases due to the CB reclosing (t = 1 s), and the second step
takes place at t = 1.12 s when the voltage is fully recovered.

It is essential to point out that after the first step of the recovery, between field measurements
and simulations, a slight difference in the RMS phase voltage can be seen; this difference is due to
the frequency dependence of the phase locked loop (PLL) measurement unit used in the simulation
model and is also a result of the frequency oscillation during the recovery. Therefore, if the voltage
waveform is taken into consideration instead of its computed RMS value, the simulation fits the
recorded measurements equally for both events, and no oscillation appears. By observing the voltage
of the waveform of Figure 11 in Section 5, one can observe that no oscillation occurs.

7. Conclusions

This paper makes a contribution to voltage sags characterization studies by presenting a novel
voltage sag typology which occurs during unintentional IOs. Hence, the voltage sag has been
analytically modelled, simulated and subsequently validated with field measurements recorded in a
real DN.

As discussed in this paper, this voltage sag is defined as balanced, a non-constant retained voltage
characterizes its magnitude, its duration is dictated by the CB reclosing, and its recovery takes place
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in a two-step process. One of the main goals of the present contribution is to describe the voltage
sag non-constant voltage magnitude, which expands the present voltage sag typology. An analytical
expression to model this voltage sag has been provided. It is seen that the voltage sag magnitude
follows a negative exponential curve, and its slope is defined by b; this parameter is linked with the
IM’s mechanical loss of speed. It has also been found that the higher the feeder loads value, the higher
b is, and consequently, the higher the slope of the voltage sag is.

In Section 6, the voltage sag model validation has been carried out with two real events; the
comparison between the simulations and these events undoubtedly underscore the appropriateness
of the presented analytical expression, as well as evidencing the accuracy of the three-phase
Matlab/Simulink model adopted.

Further work will be focused on the equipment sensitivity analysis for this particular voltage sag
via hardware-in-the-loop testing.

Author Contributions: All the authors have contributed equally to this study.

Funding: This research was funded by the Catalonian College of engineers, grant number EICPhD-2018.

Acknowledgments: The authors want to acknowledge the financial support and the willingness of sharing field
measurements by the Spanish DSO Electrica Serosense Distribuidora. The authors would also like to thank the
Catalonian College of Engineers for the grant received to carry out this research.

Conflicts of Interest: The authors declare no conflicts of interest.

Appendix A

Table A1. Test system parameters.

Transformers

Vp/Vs (kV) S (MVA) ε (%) Lm/Rm
(H/kΩ)

Substation transformer TR1 120/25 kV 10 10.4 78; 313

Distribution transformers

TR2 25/0.4 kV 1 6 180; 370
TR3 25/0.4 kV 0.63 5.1 350; 480
TR4 25/0.4 kV 0.4 4.3 404; 694
TR5 25/0.4 kV 0.25 4.1 811; 1666

Distribution Lines

Lines Nodes Length (km) Parameters: Z1/Z0 (Ω/km); C0 (µF/km) Loadability
(A)

L1 2–4 5 0.306+j0.405/0.38+j1.62 300
L2 4–3 3.3 1.07+j0.441/1.3+j1.76, 120
L3 4–6 4.3 0.306+j0.405/0.38+j1.62 300
L4 6–5 4 1.07+j0.441/1.3+j1.76 120
L5 6–7 2.5 0.306+j0.405/0.38+j1.62 300
L6 7–8 2 0.306+j0.405/0.38+j1.62 300
L7 8–9 7 0.687+j0.416/0.8+j1.66 200
L8 2–10 3.8 0.127+j0.114/0.17+j0.45; 0.229 389
L9 10–11 4.43 0.208+j0.123/0.278+j0.492; 0.192 320
L10 11–12 4 0.687+j0.416/0.8+j1.66 200
L11 12–13 3.3 0.687+j0.416/0.8+j1.66 200
L12 1–2 0.28 0.306+j0.405/0.38+j1.62 300
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Table A2. Induction motor (IM) data.

Internal Parameters Values Rated Parameters Values

Ls 0.0078 H P 160 kW
Lr 0.0078 H
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