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Abstract. The research reflects impedance-based methods
for detection of voltage sag sources, whereas measured voltages
and currents are treated as average functions, and also as
instantaneous values. Evaluation of the discussed methods has
been performed by applying extensive numerical simulations and
field testing. The obtained results show that all methods are very
effective in the cases of symmetrical voltage sags. When
instantaneous values are applied the best effectiveness is
obtained also for asymmetrical voltage sags.
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1. Introduction

\Woltage sags (dips) are a decrease in the supply rms
voltage between 90 % and 1 % of the declared value, and
with duration of mostly less than 1s. They can be caused
by different events related to the network [1]. The
majority of voltage sags occur due to the faults of the
power system. In cases of two-phase or single-phase
faults, which are the mostly frequent, the resulting voltage
sags are asymmetrical. The duration of these voltage sags
can be as short as three to four cycles and it is associated
with the fault clearing time. Due to high values of the
magnetizing (inrush) currents, the energizing of a
transformer is another source of voltage sags. These
voltage sags are asymmetrical and last between 100 ms
and 500 ms. Voltage sags caused by a heavy motor
starting (and loading) last longer; few seconds or several
tens of seconds. These voltage sags are symmetrical,
because electrical motors are generally balanced loads.

\Woltage sags can occur due to the events in the distribution
or in the transmission system, or also due to the events
that origin from the customer side. The impact of
disturbances caused by voltage sags on the production
losses have already been reported [2], as well as the severe
influence of voltage sags on the behavior of induction
machines and three-phase transformers [3], [4]. In such
cases, any disputes can be resolved fairly if the voltage
sags source is reliably detected.
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Several methods for detection of voltage sag sources have
already been proposed [5]-[15]. These methods give the
information on which side of the monitoring point the
voltage sag origin is; i.e. from the upstream side (A) or
downstream side (B), as it is shown in Fig. 1. In order to
pinpoint the exact location of the voltage sag sources a
recording device has to be placed in all points of the
common coupling between all responsible parties. This is
clearly not possible, therefore different methods for
tracking the voltage sag sources have been proposed [16]-
[19], but an overall acceptable methodology has not been
developed yet.

This paper evaluates impedance-based methods for
detection of voltage sag sources [8]-[11]. In [8] and [9],
two methods are proposed, where the impedance angle
and magnitude or the real part of the estimated
incremental impedance is used. These methods are both
phasor-based and can produce questionable results due to
the inherent averaging in the harmonic analysis of the
input signals. Therefore, new impedance-based method is
proposed by applying instantaneous values [10], where
Park’s transformation (dg-components) is used. However,
calculation of the so- called instantaneous impedance
might lead to numerical problems because the divisions by
zero can occur. Another method is proposed in [11] in
order to overcome this difficulty, where the sign of the
first peak is observed in incremental norms of voltage and
active current vectors. Note that the instantaneous of-
Clarke’s components are used within this method. All the
discussed methods for detection of voltage sag sources
have been tested by applying extensive numerical
simulations and field testing.
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Fig. 1. Upstream event (A) and downstream event (B)
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2. Brief description of the impedance-based
methods

A. Impedance Magnitude and Angle [8]

The estimated impedance during the voltage sag changes
both with magnitude and in angle. When the estimated
impedance magnitude |Z] is decreased and the angle £Z is
positive during the voltage sag, the disturbance originates
from the downstream side. Otherwise, the voltage sag
source is on the upstream side (1), [8].

if ‘;sag‘ < ‘;presag‘and Ly >0 = downstream

1)
else = upstream
B. Incremental Impedance [9]
Incremental impedance is obtained from the ratio

AZ = (AU /A]), where the incremental voltage is defined
as AU := (Usag — Upresag), and the incremental current is
defined as Al := (lsag — lpresag). Note that the phasors are
applied for the positive-sequence component, whereas
only the real part of the estimated incremental impedance
is used as the criterion (2),[9]. It is negative for
downstream events and positive for upstream events. To
achieve the improvement of the estimated impedance,
adaptive multiple cycles of data are used by applying the
least-squares method [9].

>0 = upstream
<0 = downstream

Re(AZ) :AR{ )

C. Instantaneous Impedance in dg Components [10]
Instantaneous values are used within this method, whereas
dg-Park transformation (12), (13) is used. The so- called
instantaneous impedance Zz4(t) is obtained from the
ratio (3), where the instantaneous dg-sequence power and
the norm of the voltage vector are obtained from (14) and
(15), respectively.

3)

If during the voltage sag the impedance zq(t) is decreased,
the sag source is on the downstream side, else it is on the
upstream side (4), [10].
if Z4q (t)sag < Zgg(Dpresag = downstream
else

(4)

= upstream
D. Incremental Norms of Voltage and Active Current
Vectors in off Components [11]

Another method is proposed where instantaneous of-
Clarke’s transformation (7), (8) is used. The incremental
equivalent resistance is introduced by the ratio (5), where
the incremental norm of the voltage vector is defined as
AU = (1UOlleg = uapOllpeszg)-  The  incremental
norm of the active current vector is defined as
ASap lllaas(Ol) = ((Saplliags(Bllsag) = (Saplliaap(Dllpresag)),
where S,z = sign(p.4(t)). The instantaneous of-sequence
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power and norms of voltage and active current vector are
obtained from (9)-(11), respectively.

AReaﬁ (t):= A(Auad(t) (5)

The incremental equivalent resistance AR, (t) is negative
for downstream events and positive for upstream events.
Note that computation of the ratio (5) might lead to
numerical problems because the divisions by zero can
occur. However, only the sign of the ratio is needed for
the voltage-sag source-detection criterion. The estimated
sign is positive, when the signs of the numerator and
denominator are equal, that is for upstream events,
otherwise it is negative (downstream event). Thus, the
instantaneous resistance- sign based method is proposed

by (6), [11].

sign(first peak(AHuag(t)H» >0 = upstream

{ (6)
iaas(t)H>)) <0 = downstream

sign (first peak(A(Saﬁ

3. Results

Let us first consider the network shown in Fig. 2 during
the upstream phase-to-phase fault, where voltages and
currents are captured in MP2. When methods (1), [8] and
(2),[9] are used the obtained impedance is positive
(+1.6 Q) indeed, but it does not change with respect to
time. Because the value of the voltage-current ratio does
not change with respect to time, the identical result is
obtained even when using the method, which is based on
instantaneous impedance (4), [10]. On the other hand, the
method (6), [11], gives a conclusive and correct result. As
it can be seen in Fig. 3, signs of first peaks in the
incremental voltage vector norm and the incremental
active current vector norm are equal, which correctly
indicates an upstream event.
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Fig. 2. Radial network during upstream phase a to phase b fault
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Fig. 3. Incremental norms of voltage and active current vectors for
example shown in Fig. 2
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Fig. 4. Testing-network for simulations of voltage sags: radial network
(solid line) and non-radial network (solid and dashed line)

A. Numerical Simulations and Field Testing

A test network (Fig.4) has been used for numerical
simulations of voltage sags. An extensive number of
numerical simulations have been performed using
MATLAB/Simulink/SimPowerSystems. Different types
of loads, such as RL-load, induction and synchronous
motors and generators, as well as constant power loads are
used in different combinations. Four types of faults are
applied in four different locations (FL1-FL4): phase-to-
earth (P-E), phase-to-phase-to-earth (P-P-E), phase-to-
phase (P-P) and three-phase (3-P). Furthermore, voltage
sags due to the heavy motor starting and loading are also
simulated. Voltages and currents are captured in four
monitoring points (MP1-MP4).

An extensive number of field tests are also applied to all
the discussed methods. Voltages and currents are captured
in Slovenian power system for different voltage levels
(400 kv, 220 kV, 110kV, 20kV and 0.4 kV) with a
sampling frequency of 5 kHz. The discussed voltage sags
are caused by different events, such as 3-P faults, P-P
faults, P-E faults and energizing of a transformer.

An example of the voltage sag during the transformer
switch on is shown in Fig. 5. As it can be seen from the
measured voltage and current waveforms, asymmetrical
voltage sag with a magnitude of ~20% occurs due to the
high values of the inrush currents (Figs. 5a and 5b). After
approximately two cycles, extremely asymmetrical
voltage sag is caused due to the unknown P-P fault, which
was quickly developed into a 3-P fault. In order to
determine the side on which these two events origin, all
the discussed methods for detection of voltage sag sources
are used. As it can be seen in Figs.5c and 5d the
magnitude of the calculated impedance decreases during
the sag, while its angle remains positive. This result
indicates a downstream event, yet due to a considerable
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time delay this result might be questionable. The result
obtained using the real part of the incremental impedance
is inconclusive, because the calculated value is zero
(Re(AZ2)=0). The impedance calculated  with
instantaneous dg-Park’s components is shown in Fig. 5e,
where severe spikes can be observed due to the divisions
with small numbers. Such result cannot be interpreted in a
unique way. Fig. 5f shows time responses for incremental
norms of voltage and active current vectors in of-Clarke’s
components. Because their signs are being opposite a
downstream event is indicated.
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Fig. 5. Measured voltage and current waveforms (a, b) for the P-P and 3-
P fault during the energizing of the transformer, and obtained results
using all the discussed methods (c, d, ¢, f)

B. Evaluation of the Impedance-Based Methods

Evaluation of the discussed methods for detection of
voltage sag sources is performed by applying extensive
numerical simulations of voltage sags. Effectiveness is
estimated for all the discussed methods. The results
presented in Table | show that the effectiveness of
methods (1), [8] and (2), [9] is quite low, whereas the
results obtained using instantaneous dg-sequence
impedance (4), [10] are questionable. The results obtained
for the instantaneous resistance- sign  based
method (6), [11] show the very high effectiveness.

TABLE |
EFFECTIVENESS OF DISCUSSED METHODS

criterion  symmetrical asymmetrical earth

method (eq.), [ref.] sags sags faults total
1z, 2z (1), [8] . ” ?? .
Re(AZ) (2),[9] . ” ?? .
Zao(t) (4),[10] . - - el
ARmﬁ(t) (6), [11] oo oo (1) [T}

Effectiveness: ee very high (> 95%), e acceptable (75% — 95%),
?? questionable (50% — 75%), — insufficient (< 50%).
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4. Conclusion

This research gives a general description of impedance-
based methods for detection of voltage sag sources. An
overall evaluation of all discussed methods is performed
throughout the extensive numerical simulations and field
testing. On the basis of the obtained results, it can be
concluded that all the methods can be used in the cases of
symmetrical voltage sags. In cases of asymmetrical
voltage sags, the method, which is based on the
instantaneous ¢p-Clarke’s components is the most
effective one.
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Appendix

Clarke’s Transformation

The instantaneous line voltages u,(t), uy(t), uc(t) and
currents iq(t), in(t), ic(t) are transformed into the voltages
Ue(t), ug(t), ug(t) and currents i,(t), ig (1), io(t) by (7), where

C denotes the orthogonal Clarke’s transformation
matrix (8).
Uy (1) Ug (1) I (1) i (1)
U, (8)| = Clu, (1); i (1) = Cli () (7
U (t) Ug (1) io(t) i (1)
1 -1 _1

C:\/Z 0 é—ﬁ; ct=c’ (®)

3 1 1

N

-
Sk

2

The instantaneous af-sequence power is given by (9), and
norms of voltage and active current vector are obtained
from (10) and (11), respectively.

Py () = Uy (O (1) + 5 (0 (0) ©)
Juas ] = Yu2 © + 50 (10)
: ~ [pas®) 1
‘Iaaﬁ(t)H *m (11)

Park’s Transformation
The instantaneous voltages u,(t), ust) and currents i(t),
is(t) are further transformed into the voltages ug(t), uq(t)
and currents ig(t), iq(t) by (12), where P denotes the
orthogonal Parks’s transformation matrix (13), and a is
the nominal frequency.

Ug ()] _ o|U, (). ig ()| _ plia (1)
u®|=Plu (t)]’ li‘i ®]= Pl (12)
coS(wpt) sin(wpt)|. ~—
- fsin((cgot)) cos((w?,t)) ; PPt (13)

The instantaneous dg-sequence power is given by (14),
and norm of the voltage vector is obtained from (15).

Paq (1) = Ug (Vi (1) + g (g () (14)
Jucq ®] = yud 0+ i) (15)
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