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In electric power system, disturbance detection has become an important part of grid operation and
refers to the detection of a voltage and current excursion caused by the wide variety of electromagnetic
phenomena. This paper proposes a computationally efficient and robust algorithm for synchronized mea-
surement technology (SMT) supported online disturbance detection, suitable for AC and HVDC grids. The
proposed algorithm is based on the robust median absolute deviation sample dispersion measure to
locate dataset outliers. The algorithm is capable of identifying the disturbance occurrence and clear-

g‘gﬁ’:}irgis;mrbance detection ance measurement sample based on the dynamic criteria, driven by present power system conditions.
PMU The effectiveness of the proposed algorithm is verified by real-time simulations using a cyber-physical
HVDC simulation platform, as a co-simulation between the SMT supported electric power system model and
RTDS underlying ICT infrastructure. The presented results demonstrate effectiveness of the proposed algo-

Co-simulation rithm, making it suitable for an AC and HVDC online disturbance detection application or as a pre-step

of backup protection schemes.
© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the recent years, the Smart Grid technological advances in
terms of sophisticated intelligent electronic devices (IED), fast
andreliable telecommunication links, and increased computational
capacities have created new opportunities for design of advanced
protection schemes [1].

Typically supported by a global navigation satellite system,
the synchronized measurement technology (SMT) makes use of
IEDs with specialized firmware or phasor measurement units
(PMU) to deliver time-synchronized system-wide measurements
in real-time [2,3]. SMT is the key element of wide area monitoring
protection and control (WAMPAC) system [4,5], which is favourable
to ensure a higher system stability and reliability.

1.1. Paper motivation

Nowadays, the power systems undergoes major changes
towards a heterogeneous, widely dispersed, yet globally intercon-
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nected system with large-scale integration of distributed energy
resources [6,7]. Due to the decreased system inertia and higher
uncertainty associated with renewable energy sources, the power
system have become more vulnerable, especially in terms of power
quality and security of supply [8]. Without in-time remedial action,
a severe disturbance can lead to a malfunction or break-down of
hardware components and considerable economical loss, or, in the
worst case scenario, to a complete power system blackout.

Therefore, adequate disturbance detection has become an
important part of power system operation and protection and refers
to the detection of a voltage and current excursion caused by a wide
variety of electromagnetic phenomena [9]. An important require-
ment for disturbance detection techniques is to provide online, fast,
and reliable detection of disturbances that potentially endanger the
safe operation of electric power system.

A significant amount of work has been done to locally detect
and monitor the grid operating conditions by leveraging the
information extracted from signal samples [10,11]. The avail-
able disturbance detection methods can be generally classified
into two groups. The first group consists of digital signal pro-
cessing techniques, where the wavelet transform (WT) [12-15],
Fourier transform [16,17] and S-transform [18,19] based meth-
ods are dominating. However, these methods require either a high

0378-7796/© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.
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measurement sampling rate or a long observation time interval
associated with complex mathematical operations, thus making
them less appropriate for real-time operation. In fact, WT based
techniques are proven to perform well in identifying singularities in
the decomposed signal components [20-22]; although the precise
time localization of a transient can be ensured, the WT techniques
are in general computationally costly, noise sensitive, and their per-
formance depends on the utilized mother wavelet. On the other
hand, the statistical techniques [23-25] are often less complex and
computationally more efficient. However, many presented meth-
ods are prone to false-trigger events due to the fixed threshold used
to identify a disturbance. The remaining challenge is to dynamically
tune the disturbance identification threshold based on the present
system conditions.

With the development of PMU, there was a parallel develop-
ment of backup protection schemes utilizing the advantages of
SMT. Authors in Ref. [26] make use of the characteristic ellipsoid
method and a decision tree technique to monitor dynamic system
behaviour, identify system events and their location. Although the
results are promising, the heavy computational burden makes the
algorithm not suitable for real-time operation. In Ref. [27] authors
perform principal component analysis to predict the measurement
trend and detect abnormalities resulting from unexpected sudden
changes. Similarly, a centralised disturbance detection scheme was
recently presented, based on the grid parameter estimation tech-
nique [28]. The impact of data drop and ICT delay on disturbance
detection was also discussed. However, both papers fail to detail
the disturbance identification threshold value.

1.2. Paper contributions

This paper proposes a novel SMT-supported online disturbance
detection algorithm, which can be utilized as a pre-step of AC
and HVDC protection schemes or an online disturbance monitor-
ing application. The proposed disturbance detection algorithm is
based on the median absolute deviation (MAD) sample disper-
sion method, which is a robust statistical measure of univariate
dataset variability. The emphasis of the proposed algorithm is on
fast response and low computational burden, making it suitable
for the online operation. The algorithm is shown to be capable of
detecting disturbances in AC and HVDC grids, which are seen as
sudden deviations (short-duration dips, swells, interruptions) in
the SMT measurements. Disturbances include but are not limited
to short circuit faults, line trips and reclosing actions, and large loss
of generation or load. Each identified disturbance is characterized
with the start and end measurement sample of disturbance occur-
rence and clearance respectively. To the best authors’ knowledge,
this paper for the first time makes use of PMUs to deliver time
synchronized measurements of HVDC grid.

The effectiveness of the proposed algorithm is verified by real-
time simulations using a cyber-physical simulation platform and
a small test system model, which includes an HVDC multi ter-
minal configuration based on the modular multilevel converter
(MMC) technology. The simulations are performed on the RTDS®
real-time power system simulator with integration of the actual
SMT components and online disturbance detection center (DDC) as
software-in-the-loop.

The aim of this paper is to present a novel SMT-supported online
disturbance detection algorithm and its performance capabilities
for AC and HVDC. The remainder of the paper is organized as fol-
lows: Section 2 presents the data acquisition for AC and HVDC
systems. Section 3 presents the algorithm formulation applied to
process the data and detect disturbance. Section 4 demonstrates
the cyber-physical simulation platform and the used power sys-

tem model. Section 5 presents the results and discussion. Finally,
Section 6 concludes the paper.

2. Data acquisition

In a power system, a voltage or current oscillation signal can be
expressed as a sum of complex sinusoidal signals and noise, as:

n

x(t)= ZAke*"kfcos(a)kt+¢k)+8k(t) (1M
k=1

wheren e Nistotal number of signal components, Ais amplitude, o
is damping ratio, w is angular frequency, ¢ is phase, and ¢ represent
noise and DC decaying offset of each signal component.

Typically, bus waveform signals are fed through adequate cur-
rent and voltage transformers to the waveform input channels
of a PMU device [4]. Recently, several papers [29,30] were pub-
lished about the digital signal processing methods for a PMU
synchrophasor estimation. Through these methods, voltage and
current synchrophasors of the fundamental frequency component
and the instantaneous system frequency can be determined from
waveform samples.

In order to extend the proposed approach to disturbance detec-
tion on an HVDC grid, the IEEE Standard C37.118 messages are
exploited as a medium for transferring time-synchronized HVDC
measurements. In this case, the HVDC voltage and current analog
signals of appropriate levels are fed into PMU multi-functional ana-
log input channels. The signal (voltage and current) magnitudes are
sampled and transferred as “single point-on-wave” values in 16-
bit integer or IEEE floating-point format [2]. Since the analog signal
sampling (in case of a GTNET PMU) is done after the synchropha-
sor estimation (windowing), it is prudent to delay the HVDC input
signals for the duration equal to the half of the synchrophasor esti-
mation window length (group delay compensation [2]) as:

N
Tanalog = ﬁ (2)

where N denotes the windowing filter order, Fs is the ADC sampling
rate (samples/cycle), and fy is the nominal system frequency. In this
way, the HVDC measurement sampling is time-aligned with the AC
synchrophasor estimation timestamp.

In general, any measured signal of interest can be exploited
for disturbance detection. In this paper, the instantaneous posi-
tive sequence voltage magnitude and the HVDC voltage magnitude
measurements are used for AC and HVDC respectively. In this way,
only one source of measurements (positive sequence) can be used
to detect single-phase and multi-phase AC disturbances.

3. Methodology

It is assumed that in an electric power system only the N
buses of interest are monitored with a PMU device. With M being
the total number of most recent past measurements (samples)
within the observation time interval (window), the samples (mea-
surements of interest) to be examined are defined as x; , where
k=1,2...M, e RM andi=1, 2, ...N,, € R™ also called the sam-
ple vector X; = [Xi,l Xi2.. .x,-,M] of bus i. The dataset containing
sample vectors from all N, buses is presented by the following time
series matrix W, as:

X X1,1 X122 - XM
X2 X21 X222 ... XoM NexM

W = = e R"* (3)
XN, XNy 1 XNp2 ot XNyM
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In this paper, MAD is used as a robust sample dispersion measure
to locate the X; sample vector outlier samples [31]. MAD is similar
to the well-known standard deviation, but it is more appropriate
for screening outliers, due to its robustness to outliers. MAD; j is
defined as a median of the absolute deviations from each x; , sample
and the median of the whole X; sample vector, as:

MAD; \ = median (|x,-J< — median (X;) \) (4)

The combination of sample median and MAD builds a sturdy
method for screening of X; sample vector outliers, as:

X_mad; = (x,-yk — median (X[)) /MAD; (5)

where X_mad; j represents the MAD-denominated matrix of sam-
ples, defined as deviations of each x; , sample from the median
of the whole X; sample vector, and divided by the correspond-
ing MAD; ; sample value. In this way, the X_mad;  sample value
serves to identify the corresponding x;  outlier, and X_mad; ; sam-
ple polarity (+) to identify the x; ; outlier direction.

The proposed online disturbance detection algorithm consists
of two operational modes. The first mode is used to identify a dis-
turbance occurrence moment. The disturbance-affected x; , sample
(outlier) is flagged when the corresponding X_mad;  surpass the
dynamically determined threshold. This mode operates online and
reports a detected disturbance “immediately” after its occurrence.
As soon as the disturbance is identified, the algorithm switches
into the second operation mode to identify a disturbance clearance.
Similarly, the disturbance clearance is identified after the X_mad; j
samples stabilise below the dynamically determined threshold. It
may happen that the disturbance is permanent (line switching
actions, generator or load loss), therefore the second operation
mode is time-limited and automatically switches into the first
mode after a predefined timeout. In this case, the disturbance clear-
ance is reported for a moment after a system reaches a new stable
point. Although the algorithm is executed in online fashion, the
disturbance clearance moment is reported with a delay due to the
algorithm’s waiting timeout for a possible disturbance clearance
moment.

3.1. Disturbance occurrence identification

In the first mode, algorithm is screening for x; , samples, seen as
outliers compared to the rest of X; vector samples. For the distur-
bance occurrence identification it is prudent to take into account
only the X_mad; ; most recent sample value of each observation
window and save it into a dynamically erected mad_r; , matrix,
where index t is used to identify the most recent window calcu-
lation, as:

mad_r;, =Xmad;y = (xiy —median(X;)) /MAD; y (6)

In this way, mad_r; . matrix is determined, which consists of the
most recent sample X_mad; p; from each observation window for
each monitored bus i. In similar way, the first (least recent) X_mad; 4
window sample is saved into a dynamically erected mad_I; ; vector
for the further use as:

mad l; ; = X-mad; ; = (x;,1 — median(X;)) /MAD, ; (7)

In order to identify a disturbance and determine whether
the most recent window sample x; ; is affected by the distur-
bance, a dynamically defined threshold is applied. The tr_start; ;
threshold is twofold and consists of a dynamically determinated
cut-off value based on the medium of the least 25 samples
(half window) of mad.l; . absolute estimations and multiplied
by a user-determinated factor parameter to control the algo-
rithm’s measurement noise resistance (8). The tr_start; ; threshold is
dynamically determinated based on the previous window mad_I; ;

samples, for each monitored bus i separately. Moreover, the
tr_start; ; threshold is lower-bounded with the user-determined
limit parameter to control the algorithm’s disturbance identifica-
tion sensitivity, as:

tr_start; ;= max(mean|mad,l,-,t,M_nmad,li’tf(M/z)|*factor, limit) (8)

Based on the performed simulations, the factor value of 15 and
limit value of 15 work generally well for supressing the undesired
disturbance identification in case of measurement noise and small
load fluctuations respectively. Of course these parameters should
be user-adjusted in case of severe sample variance (measurement
noise) under normal operation conditions, or load fluctuations.

If the following condition is satisfied, the D_start; ; disturbance
detection start trigger is set:

1, |mad.r;; 1 —mad.r| > trstart;; A

D_start; ; = |mad_r; | > tr_start; (9)

0, else

As can be seen from (9) the most recent mad_r; ; sample values
are compared to trstart;;, determined using past mad.l;. sam-
ple values. As soon as the disturbance on bus i is identified (9)
and reported, the proposed algorithm for the corresponding bus
i switches into the second operation mode to start with the distur-
bance clearance identification procedure.

3.2. Disturbance clearance identification

Disturbance clearance identification can be seen as a mirrored
procedure of the disturbance occurrence identification. In a similar
way, a disturbance clearance moment (11) is identified as soon as
the mad_l;. vector samples fall below tr_end; ; dynamically deter-
mined threshold (10), as:

trend; ; = max(mean|mad,ri,t7(M/2). ..mad_r; ¢| = factor, limit)(10)

where limit and factor parameters are the same as in the case of
Eq. (8). If the following condition is satisfied D_end; ; disturbance
detection end trigger is set:

1, |madl;; ;—-mad.l;| >trend;; /

D-end;, = Imad_l; ;| > tr_end; ; (11)

0, else

From the moment of disturbance occurrence identification, the
proposed algorithm is searching for the disturbance clearance
moment for a time period of 5 window lengths. Afterwards, the
algorithm switches back into the first mode to continue with dis-
turbance detection identification procedure.

3.3. Operation procedure

In this paper, the dataset W (3) to be examined is limited to 1s
of samples, which corresponds to M =50 most recent PMU mea-
surements of each monitored bus i. In general, the following rule
applies: sensitivity of the proposed algorithm to slow magnitude
changes increases with the increasing window length, while on
the other hand shorter window length makes the algorithm more
adaptive to system conditions and suitable for detection of rapid
changes. Assuming the application of protection, where a distur-
bance should be detected as quickly as possible in order to perform
a required immediate action, the proposed disturbance detection
algorithm operates in online fashion, being executed every time
(~20 ms) the Wis updated with the set of new PMU measurements.

The following Algorithm 1 pseudocode illustrates the proposed
disturbance detection implementation procedure.
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Algorithm 1. Online disturbance detection

1 ## initialization

2t=1; //index of current window W

3 D_start_hold; = false; //dist. present/clear flag
4 ## online processing

5 while 1

6 updateW //update dataset (3)

7 fori=1...N, //processing for bus 1

8 mad_riy //(6)

9 mad_liy //(7)

10 ift >M //collect enough data for (8), (10)
11 ## dist. start scan - Mode 1

12 tr_start;y //(8)

13 if D_start;, == 1and D_start_hold; == false //(9)
14 ## ALERT, dist. detected

15 D_start_hold; = true; //dist. present flag
16 D_start_window; = t; //dist. window index
17 D_start_sample; = x;,,; //dist. start sample
18 elseif D_start_hold; == true //dist. detected?
19 ## dist. end scan — Mode 2
20 tr_end;y //(10)
21 if D_end;; ==1 and t < D_start_window; +5* M
22 //looking for 5 window lengths (11)
23 D_end_sample; = x;, //dist. end sample
24 else //disturbance end scan finished
25 D_start_hold; = false //dist. clear flag
26 endif
27 endif
28 endif
29 endfor
30 t=t+1;, //increase current window index

31 endwhile

4. Simulation platform

In order to demonstrate performance capabilities of the pro-
posed algorithm, the cyber-physical simulation platform [32] is
utilized, as a co-simulation between the SMT supported electric
power system model and underlying ICT infrastructure in real-time.

4.1. Power system model

The disturbance detection algorithm is evaluated on the power
system model (Fig. 1), composed of a 4 terminal MMC-based HVDC
and 50 Hz nominal frequency AC grid. The model configuration is
displayed in Fig. 1. All the 201-level MMC converters are Type-4
model [33] with the setpoints listed in Table 1.

In addition, a circulating current suppression controller is imple-
mented to deal with a voltage imbalance in sub-modules on each

MMC-1
Bus-A
Bus-1 Tr-1

A_{
&
Q@
2
(=3
S
=
3

MMC-2 Bus-B

Bus-2

o<k

OHL 100km

arm. The voltage level of the HVDC network is controlled to operate
at +£200kV, while the winding ratios of interface transformers Tr-
1/Tr-2 and Tr-3/Tr-4 are 220/380 kV and 220/145 kV respectively.

4.2. Cyber-physical simulation platform

The presented power system model (Fig. 1) was first imple-
mented in RSCAD and then simulated in real-time using the RTDS®
power system digital simulator (Fig. 2). Furthermore, GTNETx2
based 4 PMUs of class P with 50 fps reporting rate are installed
on the both MMC sides to deliver AC and HVDC measurements.
Additionally, for the algorithm evaluation purpose, two PMU ana-
log input channels are used to deliver actual timestamps of fault
occurrence and clearance. Moreover, to provide accurate time syn-
chronization the GE RT-430 grand master clockis used to deliver the
Inter-Range Instrumentation Group code B (IRIG-B) protocol based
timestamp signal to the GTSYNC card. Additionally, the master
clock provides IEEE 1588 Precision Time Protocol (PTP) time syn-
chronization to the SEL-5073 Phasor Data Concentrator (PDC) and
PC running DDC. Further, the PMU-generated measurements are
sent over the WANem telecommunication network emulator (pos-
sible to emulate packet delay, jitter, and loss) to the SEL-5073 PDC,
where the measurements are time-aligned and aggregated into a
single IEEE Std. C37.118 data stream. The latter is send over a Local
Area Network (LAN) to the MATLAB-based Synchro-measurement
Application Development Framework (SADF) [34] (as presented in
Fig. 2), where the disturbance detection algorithm is implemented
as DDC and executed in an online fashion. It is important to note
that all the platform components are precisely time synchronized
to evaluate the time difference between a fault occurrence and DDC
disturbance detection.

4.3. Online Synchro-measurement Application Development
Framework

The proposed disturbance detection algorithm is implemented
using the in-house developed SADF library [34], which is used
to design and validate SMT supported applications in real-time.
The SADF connects to a PDC data stream and parses the IEEE
Standard C37.118.2 measurements [2] in an online fashion into a
user-friendly format, making it available for user-defined MATLAB
applications (Fig. 3).

5. Results and discussion

The proposed algorithm is verified on the presented benchmark
model under different conditions. The time difference between the
fault occurrence and DDC disturbance detection equals to the sum
of the data acquisition and processing latency, and the moment of
fault occurrence with respect to the PMU windowing and measure-
ment reporting (further discussed in Sub-section 5.2.1).

Bus-C MMC-3 Bues
Tr-3 DUs
. an,
E | <
=) " Passive load
I 100MW
o
5
o)
=
@]
Bus-D MMC-4

— 1 1

ﬂﬁ Tr4 Bus-4®l

|

Cable-2 100km

Fig. 1. Four-terminal test AC and HVDC system model.
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Table 1
System control mode and set points.
AC system HVDC system
Bus name RMS voltage Converter name Control mode and setting points
Bus-1 380kV MMC-1 P/Vac; Prer =400 MW, Ve ref =200 kV, droop =0.2
Q; Qrer=0MVAR
Bus-2 MMC-2 P/Vyc; Prer=—800 MW, Vg rer =200 KV, droop =0.2
Q; Qrer=0MVAR
Bus-3 145kV MMC-3 Island mode; V, rer = 145 kV, frequency =50 Hz
Bus-4 MMC-4 P; Pref =500 MW

Q; Qrer=0MVAR

IRIG-B Signal

2

GTSYNC

Multiple IEEE C37.118

IEEE 1588

- Ethernet
GPS Master Clock /¢ =¢™"¢

\

RTDS Electric Power

streams over Ethernet

L W6 VL VR TR U I A Y

Synchro-measurement Application

%—— Network

RouterA

Router8

Wide Area
Network Simulator

|EEE C37.118 over Ethernet

L

IEEE 1588 over Ethernet

Phasor Data Concntrator

System Simulator

Development Framework

Fig. 2. Real-time based test platform with online disturbance detection algorithm implemented as software-in-the-loop.

rement Application Development Framework

Timestamp
. Voltage Angle and Magnitude SMT su pportEd
Online —| .
Current Angle and Magnitude Online
IEEE C37.118.2 ¥ Synchrophasor 1l

Frequency and ROCOF

Disturbance

Data Extractor

Analog Values

Detection

Digital Values

Fig. 3. MATLAB supported Synchro-measurement Application Development Framework, used to implement the proposed disturbance detection algorithm.

5.1. Platform latency evaluation

The 7.y platform latency corresponds to the sum of delays
imposed by data acquisition and processing:
Ttotal = TPMU + TPMU-PDC + TPDC + TPDC-SADF + Tjava + TSADF + TDDC
(12)
where tpyy is PMU windowing and processing delay, Tpyy_ppc iS

ICT delay between PMU, WANem and PDC, tppc is PDC processing
delay, Tppc_ppc is ICT delay between PDC and SADF, 74y isTesponse

time of Java I/O-TCP/IP socket implementation (MATLAB Instru-
ment Control Toolbox version 3.11), Tsapr is SADF parsing time of
IEEE Standard C37.118.2-2011 messages, Tppc iS processing time
related to the disturbance detection algorithm. The approximate
platform time delays are listed in Table 2.

5.2. Self-cleared short circuit faults

Performance capabilities of the proposed algorithm are
evaluated on voltage sag disturbances caused by self-cleared phase-
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Fig. 4. A three-phase line-to-ground fault on Bus-1 and self-cleared after 80 ms, observed as disturbance on all the busses. (For interpretation of the references to colour in

the text, the reader is referred to the web version of this article.)

Table 2
Platform delays.
Delay source Time range
TpPMU ~21ms
TPMU-PDC ~0.4ms
TpbpC ~0.6 ms
TPDC-DDC ~0.4ms
Tjava between O ms and 18 ms
Tparse ~0.7 ms per PMU
TpDC ~0.02 ms per X;

to-ground short circuit faults on Bus-1 and Bus-3 and pole-to-pole
and pole-to-ground short circuit faults on Bus-B and Bus-D respec-
tively and summarized in Table 3.

Each simulation case contains additional three scenarios with
varying short circuit resistance and self-clearing fault times. As pre-
sented in Table 3, the disturbance was successfully detected on
the faulted bus in all the cases. In order to keep the paper con-
cise, only a limited number of simulation results is graphically
presented.

5.2.1. Case A, scenario 1

Fig. 4 presents the disturbance, initiated by a 3-phase line-to-
ground fault with 0.001 €2 resistance on Bus-1, and self-cleared
after 80 ms. The fault occurrence and clearance time are indicated
with the red and black stem respectively. The blue line repre-
sents the voltage magnitude, while the black line represents the
combined mad_r; ; and mad_l; 1, before and after disturbance respec-
tively. Similarly, the red line represents the combined tr_start; ;
and tr_end;; threshold, before and after disturbance respectively.
The measurement sample at which the proposed algorithm iden-
tified the disturbance is marked with the green stem, while the
disturbance end measurement sample is marked with the orange
stem. The moment in time (simulation time) when disturbance was
detected is marked with the blue stem respectively. For the sake of
simplified interpretation, the actual PMU measurement timestamp
(‘HH:MM:SS.FFF dd.mm.yyyy’ format) has been modified into sim-
ulation time, starting with 0 ms for 6th measurement sample before
the disturbance identification (green stem).

As seen from Fig. 4, the disturbance was first detected on Bus-1.
Due to the nature of PMU sampling, windowing, and measure-

Table 3
Study cases.
Grid Case Scenario
1: Rf=0.001 Q 2:Rf=10Q2 3:Rf=100 2
Fault duration [ms]
1 80 200 1 80 200 1 80 200
AC A: 3P-G@Bus-1 N v N N v N J v N
B: 1P-G@Bus-3 N v N N v N N v v
HVDC D: P-G@Bus-B N v J J v N J N N
E: P-P@Bus-D N N N N N N N N N




314 M. Naglic et al. / Electric Power Systems Research 160 (2018) 308-317

—6— voltage@Bus-3
—0— mad@Bus-3
threshold
—® dist. start sample
dist. end sample
—@ dist. detected time
—@ fault occurrence time
—@ fault clearance time

200 —6— voltage@Bus-C
—0— mad@Bus-C
threshold
——® dist. start sample
dist. end sample
—@ dist. detected time
-400 |—@ fault occurrence time
—@ fault clearance time

mad

-200

16210 Disturbance on Bus-3
=
o)
e
2 15F
c
D
=
o 14
(o))
el
o
S 1.3 bt @ e
[ejejojojojoJolojoJojojolojojoJojojoJojojolojolo}o}No o)
NTOOONTOOVONTFTOOONTOOONT ©W0ON
TETFEFECTANANNNOOOOONMSTTIITTOOW
Simulation time [ms]
Disturbance on Bus-C
_ 4207
=
[0]
el
2
c
(o]
©
=
(9]
o
S
o
>

-600
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to the web version of this article.)
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article.)

ment timestamping, the disturbance-affected PMU measurement
sample (green stem) seems to report the disturbance, caused by
the fault before the fault actually occurred (red stem). This has
practical causes since the PMUs estimate synchrophasors with a
2-cycle window length, with a measurement timestamp corre-
sponding to the time of an observation window centre. Therefore,
if the fault-affected waveform samples are present in the second
half of the PMU synchrophasor estimation window, they also affect
the corresponding resulting synchrophasor measurement with the
measurement timestamp before the fault actually occurred.

The disturbance imposed by the single-phase line-to-ground
fault on Bus-1 was successfully detected on all buses. The dis-
turbance on Bus-1 was detected with a 21.75ms delay, caused
by data acquisition and processing. On the other buses the dis-
turbance start moment was detected with 53.76 ms delay due to
disturbance propagation and the way it affected the PMU sampling
(windowing) with respect to measurement reporting. In this sim-

ulation case, a 3ms and 12 ms delay were introduced by 74y, On
Bus-1 and the remaining buses respectively. The disturbance end
moment (orange stem) for each bus was identified as soon as the
mad_l;. vector samples fall below tr_end; ; dynamically determined
threshold (10).

5.2.2. Case B, scenario 3

Fig. 5 presents the single-phase line-to-ground fault with 100 2
resistance, initiated on Bus-3 and self-cleared after 200 ms. The dis-
turbance was identified (blue stem) on Bus-3 with 12.26 ms delay
after the fault occurrence (red stem). On Bus-C the disturbance was
identified during the next measurement interval.

5.2.3. Case D, scenario 1

Fig. 6 presents a pole-to-ground fault with 0.001 ohm resis-
tance initiated on Bus-B and self-cleared after 1 ms. The disturbance
caused by the fault was detected (blue stem)27.21 ms after the fault
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Fig. 7. A disturbance caused by the permanent generation trip.

occurrence (red stem) by the PMUs on Bus-2 and Bus-B. As illus-
trated on Fig. 6, the dynamic threshold (8) to detect the disturbance
start sample (9) has automatically adjusted to the past system
conditions (7). Similarly, the dynamic threshold (10) to detect dis-
turbance end sample (11) has automatically adjusted to the most
recent system conditions (6), characterised by the measurement
data variance.

5.3. Generation loss

The next simulation case shows the detection of disturbance
caused by the permanent disconnection of the 500 MW generator
machine installed at Bus-4. The disturbance, caused by opening of
the circuit breaker, installed between Bus-4 and Tr-4, is presented
in following Fig. 7. The disturbance end sample was identified
when the measurement samples stabilised below the dynamically
defined threshold.

5.4. Comparison with the existing techniques

The performance of the proposed algorithm was compared with
the most commonly used WT techniques for disturbance identifi-
cation. For this, discrete wavelet transform (DWT) and stationary
wavelet transform (SWT) methods with the Haar mother wavelet
were implemented and executed online using SADF. Hereby, only
the execution time to determine (6)-(7) of the proposed method
and first level signal decomposition of SWT and DWT is compared.
Fig. 8 presents the disturbance, initiated by a self-cleared (80 ms)
3-phase to ground fault on Bus-1. The figure presents the response
of the above methods on the disturbance. In the case of DWT, the
detail coefficients are down-sampled by the factor of 2 compared to
the original signal. This has practical merits due to time-invariant
properties of DWT, which should be taken into account. However,
this effect is not present in case of SWT due to the zero-padding of
high-pass filters coefficients.

Moreover, the median execution time of each method to process
one sample window (50 samples) is presented in Table 4.

Based on the presented results in Table 4, the proposed method
outperforms SWT and DWT in execution speed for the factor of 25
and 17.5 respectively. Additionally, as seen from Fig. 8 the proposed
method captured the disturbance behaviour better compared to

Table 4
Execution time.

Method Median execution time
Proposed method 0.02ms
SWT 0.50 ms
DWT 0.35ms

the other two methods. In case of SWT, a small transition can
be observed at t=5s, which has no direct connection to the raw
measurements and can be seen as a side effect (anomaly) of SWT
processing of the abrupt transition that follows.

5.5. Discussion

The above presented results demonstrate effectiveness of the
proposed algorithm for the disturbance detection caused by dif-
ferent faults, generation disconnection, and line trip. Based on
the simulations performed on a typical office personal computer,
the disturbance detection algorithm outperforms the WT based
techniques in terms of execution time. This is an important prop-
erty in case of a large number of monitored buses. Similarly to
WT-based techniques, the proposed method can be used for a dis-
turbance polarity detection, which is often used as a pre-step of
protection schemes. As demonstrated, PMUs can be successfully
utilized for delivery of time-synchronized HVDC grid measure-
ments. It is important to note that latency between the disturbance
occurrence and its detection variates with respect to the fault
occurrence moment (relative to the centre of PMU observation
window), PMU synchrophasor estimation algorithm (its window
length and complexity), measurement reporting rate, ICT data
transmission latencies, and delays introduced by PDC and DDC
data processing. Particularly, the tjq, delay, introduced by MATLAB
(Java), could be minimised/omitted if the parsing of IEEE Standard
(C37.118 measurements and proposed algorithm are implemented
in Sub-section 5.3, or similar high-performance programming lan-
guage.

6. Conclusions and future work

This paper presented a novel computationally efficient and
robust algorithm for the SMT-supported online disturbance detec-



316 M. Naglic et al. / Electric Power Systems Research 160 (2018) 308-317
24 x10° Disturbance on Bus-1
T T T L L L I
3
2
5
D2+ ]
=
1)
o)
E 0 | | 1 L 1 | 1 | 1
o 2 4 6 8 10 12 14 16 18 20 22
> Ssample
x10% Proposed method: mad coefficients
T T T T T T T T T T
0 —U
_5 1 | 1 | 1 | 1 1 [l 1
2 4 6 10 12 14 16 18 20 22
sample
) x10° SWT: Level-1 detail coefficients
T T T T T T T
_2 1 | 1 | 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20 22
sample
] x10° DWT: Level-1 detail coefficients
T T T T T T T T T
o — T
ERs —
2 1 1 1 1 1 1 1
1 2 3 4 5 6 7 8 9 10 1
sample

Fig. 8. Visual response comparison of the proposed, SWT, and DWT methods.

tion, which can be utilized as a standalone WAMPAC application
or as a pre-step of AC and HVDC backup protection schemes. The
applicability of the proposed method to detect disturbances in near
real-time is verified by applying different faults, generation dis-
connection, and line trip on the AC and HVDC grid. Based on the
performed simulations, the proposed algorithm has the following
features and advantages:

a. low complexity of implementation,

b. fast response and low computational burden,

c. ability to detect all types of faults including a high-resistance
fault with 1 ms duration,

d. robust to load fluctuations and noise,

e. applicable for disturbance detection in AC and HVDC.

Considering the modern small fiber optic telecommunica-
tion latencies, the proposed algorithm has practical merits in
advanced protection schemes. Further research will be conducted
to apply the proposed technique for the decentralized disturbance
detection using recently introduced IEC 61869 based waveform
measurements, where the issue of time delay will be investigated
[35,36].
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