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Abstract—Predictive analysis of post fault system dynamic
behavior can be a vital resource for better control and reliability
improvement of the overall system. This article presents methods for predictive analysis of Fault Induced Dynamic Voltage
Recovery (FIDVR) event using a faster than real-time digital
replica of a power system. The methods proposed include use of
quick algorithms for detection of FIDVR events and metrics for
predicting dynamic behavior of the power system impacted by the
detected FIDVR event. We show that, using a digital faster than
real-time replica, the FIDVR event can be detected in required
time and that the transient voltage deviation index (TVDI) can
be quickly calculated.

Keywords – Fault Induced Dynamic Voltage Recovery
(FIDVR), Phasor Measurement Unit (PMU), Short-Term Voltage Instability (STVI), Voltage Stability Indices (VSI), Faster
Than Real-Time Digital Replica (FTRTDR), Transient Voltage
Deviation Index (TVDI).
I. I NTRODUCTION
Modern power systems are operating close to limits with the
increased penetration of renewable energy resources and growing demand for electricity. Intelligent online dynamic security
assessment methods play a pivotal role in the operation of
such systems. Short-Term Voltage Instability (STVI) detection
is one such method for online dynamic security assessment.
The STVI phenomena, e.g. FIDVR, occurs in these systems
with increased penetration of induction motors and electronic
devices. The time frame of its occurrence is in the order
of a few seconds. Hence, STVI is a growing concern of a
power system operator, who requires effective methods for its
assessment within a very short timescale.
Conventional voltage stability assessment is mostly based
on static methods that typically use the static power flow
equations. Such an approach has proved adequate for effective
monitoring of the long term voltage stability of the power systems and many Voltage Stability Indices (VSI) are developed
for this propose [1]. A few recent works in literature have
addressed the problem of monitoring STVI using methods
such as hierarchical intelligent systems [2], a synchrophasor
based short-term voltage stability indicator [3] and a time
series shapelet classification based method [4]. However most
of these indices are less adequate for online monitoring of
STVI and only a very few address the prediction of it.

For the mitigation of STVI problems such as FIDVR using
demand side management solutions, it is of utmost importance
to have a predictive assessment of the phenomenon. Load
shedding is a promising demand side management solution
to the FIDVR mitigation problem and few recent works in the
literature address this problem using methods such as under
voltage load shedding using kinetic energy [5] and under speed
load shedding [6]. An FIDVR phenomenon [7] is usually
triggered by severe faults such as transmission line outage,
short circuit in a critical load and other equipment damages
or accidents. If the fault clearance exceeds more than 3 cycles,
the corresponding voltage sag induces stalling behavior in
induction motors which leads to delayed voltage recovery occurring in a time frame of few seconds, most often less than 30
seconds. Hence, it is important to have a mechanism to detect
the faults triggering the FIDVR event. Many frameworks have
been developed in literature such as synchro-measurement
application development platform [8], GridOPTICS [9] which
serves as a tool for Phasor Measurement Unit (PMU) data
management and can be used with intelligent algorithms as
a mechanism for fault detection. Once the fault duration that
could initiate an FIDVR event is detected we can simulate
an FIDVR phenomenon in a time domain simulation tool and
analyse the impact of the post fault dynamic behavior and how
it affects the system stability. The main challenge of using
time domain simulation as online stability assessment tool is
the computational time required for the same. Many recent
references [10]–[12] have shown the possibility of having
faster than real-time dynamic simulations with some using
custom made software solutions [10], [11] and others using
commercial software solutions [12]. The advantages of having
commercial software is that it enables accurate post fault
dynamic analysis in the most up-to-date system models that
are maintained by the system operators. The work presented
in this paper combines the advantages of a new framework
for PMU data management and faster than real-time dynamic
simulations.
In this paper, we propose the use of a digital replica of a
power system that can accurately and efficiently model the
system dynamics and predict the FIDVR event. The main
benefit of using digital replica [13], [14] is that the control
action for the real system can be implemented based on faster

than real-time impact analysis on the digital replica. The key
feature of this approach is fast calculation of TVDI, which
is proposed as a metric to predict an FIDVR event and as
means for quantifying the impact of this event on reliable
operation of the power system. The underlying methodology
that allows fast impact and stability assessment is the ultrafast time domain simulation of an accurate system model.
The present work uses Python API for PowerFactory software
to obtain faster than real-time capability. The high level of
details that can be achieved using the PowerFactory models for
system simulation allow us to accurately describe the FIDVR
event propagation and ultra fast simulation allows us to take
action fast enough to prevent possible damage from the FIDVR
event.
The rest of the article is divided into three main sections.
Section II gives the basic description of the faster than
real-time digital replica together with subsections explaining
the detection and prediction algorithm used for the prediction
of an FIDVR event. Section III presents the simulation results
with the focus on the detection and prediction algorithm.
Section IV concludes the paper with a discussion and future
scope of the work.
II. FASTER T HAN R EAL -T IME D IGITAL R EPLICA
A faster than real-time digital replica (FTRTDR), as shown
in Fig. 1, is proposed using a Python based master algorithm.
In the proposed architecture, the real system supplies measurement points to the FTRTDR.

test system in faster than real-time corresponding to the
detected fault. The prediction algorithm then processes this
post fault dynamic behavior information and hence make better
prediction on the system behavior to provide control actions
to the real system. The following subsections further explain
the detection and prediction algorithms used.
1) Detection Algorithm: The main purpose of the detection
algorithm is to detect any topological changes that can lead
to the occurrence of an FIVDR event from the PMU data
infeed. In the present study, we confine ourselves to detection
of faults such as line outage fault and three-phase short circuit
fault. Our focus is to detect the time of occurrence of a fault,
which is of utmost importance as it determines the post fault
dynamic behavior of FIDVR event in a power system. We use
the Quickest Change Detection (QCD) using the Cumulative
Sum (CuSum) algorithm developed in [16] as our detection
algorithm. The sequence of statistic of each line in a network
is computed as in [16] as,
!+
σ
f(m,n)
(∆θ[k + 1])
W(m,n) [k + 1] = W(m,n) [k] + log
f0 (∆θ[k + 1])
(1)
where W(m,n) [0] = 0, (m, n) denotes to line connecting bus
m and bus n in a transmission network and k denotes the
k th measurement sample. The second term of the sum in the
equation relates to the determination of log likelihood ratio
with respect to the fault. The scalability of the QCD based
detection method is well explored in [16] with systems as big
as IEEE 118-bus test system, and hence, this paper does not
focus much on exploring the same.
2) Prediction Algorithm: The prediction algorithm consists
of the following steps:
•

•

Fig. 1: Architecture of the FTRTDR
The master algorithm contains detection and prediction
algorithms for fault detection and post fault dynamic behavior
prediction. The main purpose of the detection algorithm for
the present study is to detect topological changes that lead to
the occurrence of STVI event and hence detection algorithms
should be computationally efficient to enable detection in the
minimum possible time. The prediction algorithm is activated
with the detection of an event by the detection algorithm.
The prediction algorithm can start a faster than real time,
time domain simulation of the test network. This simulation
provides the post fault dynamic behavior information of the

•
•

Start the faster than real-time time domain simulation
with the latest topological change detected using the
detection algorithm.
Process the data in the ElmRes object and calculate the
chosen metric values. For the present study, we use the
Transient Voltage Deviation Index (TVDI) developed in
[2] as our metric. The TVDI is calculated as,
( |V −V |
|V −V |
i,t
i,0
, if i,tVi,0 i,0 ≤ µ
Vi,0
T V DIi,t =
(2)
0,
otherwise
where Vi,t denotes the voltage magnitude of bus i at
time t, which is obtained from the faster than real-time
time domain simulation, and µ is the threshold to define
unacceptable voltage deviation level, which is set as 20%
for the present study.
Use this metric to choose the best corrective action (e.g.
the most appropriate UVLS scheme),
Communicate the control actions to the equipment in the
field (e.g. voltage relay).

(x)+ = x if x ≥ 0, otherwise (x)+ = 0

Fig. 2: Timing diagram of FTRTDR with three levels: 1) Real
system (real-time measurements), 2) Detection and prediction
in the master algorithm, and 3) PowerFactory replica simulation results

3) Implementation: To validate the FTRTDR concept, the
real system is represented with an ElectroMagnetic Transient
(EMT) simulation of the test network simulated in the RealTime Digital Simulator (RTDS) with RSCAD software. The
PMUs are implementated using the soft-PMU models in the
RSCAD software and output of which is transferred to the
master algorithm via TCP/IP socket connection. This setup
emulates the in-feed of measurement data to the control room.
Once the FTRTDR is deployed in the field such setup can be
replaced by actual on-line stream of measurement data. The
measurement data considered for the present study includes
magnitudes of voltages and currents, together with phase
angles and frequency.
The faster than real time, time domain simulation of the test
network is done using Digsilent PowerFactory software.The
simulated test network model is an RMS/phasor model and it
is re-configurable to different post fault scenarios. The faster
than real time, time domain simulation is possible by running
the PowerFactory software in engine mode, i.e. the Python
API based execution of the simulation runs. The simulation
results are stored as an ElmRes object [17], which consists of
values of all the variables monitored during the simulation in
a tabular form as time series data. The number of monitored
variables plays a crucial role in the performance of the digital
replica as the PowerFactory software takes additional time to
process and store them.
Fig. 2 illustrates the timing diagram of the FTRTDR.
The first part of the diagram represents dynamic behavior
of the real system in real-time. The second part represent
the operation of master algorithm and the third part shows
the simulated results in PowerFactory. The master algorithm
receives measurement data as data samples at a particular
sampling rate for a particular time window (t2 − t1 ). For the
present study this time window is chosen as 1 second and
sampling rate is chosen as 60 samples per second which is
a practically possible data sampling rate using PMUs. The
detection algorithm executes at the end of every time window

with the time taken for detection of a event represent as Td .
Once an event is detected, the prediction algorithm executes a
faster than real-time PowerFactory simulation in time Tp . The
simulation result over the time Tp corresponds to the dynamic
behavior of the real system from time t1 to tn . Thus if the
time Tp is short enough, the simulation results can be used for
the prediction of the post fault dynamic behavior of the real
system.
All simulations (except RTDS) are run from a personal
computer (DELL i7, 2.6 GHz(4 CPU’s), 8 GB RAM).
The RMS simulation model takes the total of 3.07sec in a
IEEE 9-bus system considered. The paper [18] discusses the
scalability of the proposed method for different test systems.
It further shows that the proper selection of the factors such
as type of simulation, step-size and the number of monitored
variables of PowerFactory simulation model enables the
possibility of having a faster than real-time PowerFactory
simulation.
III. S IMULATION R ESULTS
This section is divided into three subsections, the first
subsection explains the short term instability event modeling,
the second section explains the results of implementation of
QCD as the detection algorithm and third section explains the
results of prediction algorithm implementation using the TVSI
index. The IEEE 9-bus system is used as the test system in this
paper. The Fig. 3 shows the PMU locations in the test system
and this system is simulated in RTDS as the representation of
the real world.

Fig. 3: IEEE 9-bus system with PMU
A. Modeling of FIDVR event
Here we explain how the FIDVR event is added in the IEEE
9-bus system. Load at Bus 5 is replaced with the composite
load model as shown in Fig. 4. The FIDVR event is primarily
caused by the composite load model in response to the threephase fault that is not cleared in less than 3 cycles. The CLM
model is created in resemblance to the model from [20] and
the parameters of different components are mostly obtained
from [21]. Some parameters are modified for the sake of
better illustration of the FIDVR behavior. The Fig. 5 shows
an FIDVR event in IEEE 9-bus simulated using PowerFactory

The detection algorithm can detect the event by processing
the slope values of W(m,n) computed for the entire timewindow. It can be noted from fig. 6b that the slope values
of W(5,7) is highest during the initial occurrence of the line
outage at 0.2 seconds and during the reconnection at 0.4
seconds. Thus a fault happening can be detected and isolated
as the outage of line with corresponding duration of occurrence
analyzing the slope values of W(m,n) .

Fig. 4: Composite load model as specified in [20]
software for 5 seconds. The FIDVR event is triggered by short
circuit happening in the bus 5 at 0.2 seconds and cleared in
0.3 seconds. It can be noticed from the Fig. 5 that the post
fault dynamic voltage of bus 5 has severe deviation.

(a) Measured angle values.

Fig. 5: Bus voltages of IEEE 9-bus system during an FIDVR
event
B. Detection algorithm Implementation
This section explains how the QCD algorithm [16] is used
as the detection algorithm for the detection of two events
namely the outage of line and a three-phase short circuit event.
QCD also helps in determening the duration of events. The
QCD algorithm uses the angle values as input and for the
present study we have considered infeed data sample rates of
30 samples per second and 60 samples per second. First the
sequence of statistics W(m,n) for each line (m, n) is calculated
for a period of one second and then the variations in the
slope values are used to detect the existence of an event
and its duration. The Fig. 6 shows outage of line event with
outage of line (5, 7) happening in 0.2 seconds followed by its
reconnection happening after 0.4 seconds. The Fig. 6a shows
the angle values corresponding to the line outage and second
part shows the W(m,n) value calculated.

(b) W(m,n) values calculated.

Fig. 6: Outage of line (5,7).
The Fig. 7 corresponds to a three-phase short circuit event
occurring at Bus 5 at 0.2 seconds and cleared at 0.3 seconds.
The Fig. 7a shows the angle values corresponding to the threephase short circuit event and second part shows the W(m,n)
value calculated. In the case of a three-phase short circuit

event occurring at a bus, the slope of W(m,n) of the lines
connected to that bus will be the highest during the fault time
and the time of fault clearance. It can be noted from fig. 7b
that by processing the values of W(4,5) and W(5,7) computed
for the entire time-window, the detection algorithm can detect
the event with the duration of its occurrence.

included in the on-the-fly-execution of the detection algorithm.
This is possible if the sampling rate of 30 samples per second
is used. In such case, all samples are included in the detection
algorithm. To manage the detection with the sampling rate
of 60 samples per second or more, a system with higher
computational power is needed.
C. Prediction algorithm Implementation

(a) Measured angle values.

This section illustrates how the prediction algorithm uses
faster than real-time simulation results along with fault duration information to predict the impact of an FIDVR event.
Since a three-phase short circuit fault at Bus 5 is longer than
60 milliseconds (3 cycles), as shown in Fig. 7, it triggers
an FIDVR event. Once the event is detected, the prediction
algorithm starts the simulation of 5 seconds of the same event
in PowerFactory model. The results are retrieved as voltage
values corresponding to bus affected with the three-phase short
circuit fault. The Fig. 8 shows the 5 second simulation results
for the voltage of Bus 5 for different three-phase short circuit
fault durations in the PowerFactory model. The Fig. 9 shows
TVDI value computed corresponding to the voltage values
in the first part. The final value of TVDI after a 5 second
simulation can be used as a metric to analyze the impact of the
FIDVR event and to determine the appropriate control action
such an under voltage load shedding scheme.

(b) W(m,n) values calculated.

Fig. 7: Three-phase short circuit in Bus 5.
The time taken for the detection algorithm execution depends on the sampling rate and time window considered. For
the present study the time window considered is one second.
It is noted that the time taken for execution of detection
algorithm is 0.0312 seconds for the sampling rate of 30
samples per second and 0.0467 seconds for the sampling rate
of 60 samples per second by using the personal computer
specification explained in Section II. The time taken for execution of detection algorithm should be less than the time taken
to receive one data sample to make sure every sample gets

Fig. 8: Bus 5 voltage for FIDVR events with different fault
durations.
For the test system modeled in PowerFactory with all the
composite load models, the time taken for initialization of
the simulator is 3.05 seconds and the time take for dynamic
RMS simulation is 1.17 seconds. If the initialization of the
simulator is done ahead of time, then the time taken for the
dynamic simulation is short enough to be able to compute the
TVDI value much faster. As shown is [19], the time taken for
tripping of loads in a GOOSE message based load shedding is
in the range of 67-100 milliseconds. Taking 100 milliseconds

as the upper bound, the time passed from event detection to
load shedding is within 1.27 seconds from the occurrence of
the fault in the real system. Thus the particular FIDVR event
can be detected and corresponding UVLS scheme can be
implemented in the real system in the order of seconds from
the actual occurrence of the fault.

Fig. 9: TVDI calculation for FIDVR events with different fault
durations.
IV. C ONCLUSION AND F UTURE W ORK
The paper presents a faster than real-time digital replica
that can be used a tool to detect an FIDVR event and to
predict its impact on the system transient behavior. Detection
for an FIDVR event is done using the QCD algorithm, which
is used to detect the three-phase short circuit fault with fault
duration greater than three cycles and this can be seen in
fig. 7b. The fig. 9 illustrate how the TVDI value calculated
can be used as a metric to evaluate the impact of the FIDVR
event.
To improve the methodology even further, we look at how
the TVDI index value calculation can be used to propose
better under voltage load shedding schemes for the mitigation
of FIDVR event detected.
R EFERENCES
[1] J. Modarresi, E. Gholipour, and A. Khodabakhshian, A comprehensive
review of the voltage stability indices, Renewable and Sustainable Energy
Reviews, vol. 63, pp. 112, Sep. 2016.
[2] Y. Xu et al., Assessing Short-Term Voltage Stability of Electric Power
Systems by a Hierarchical Intelligent System, IEEE Transactions on
Neural Networks and Learning Systems, vol. 27, no. 8, pp. 1686 - 1696,
Aug. 2016.

[3] J. H. Liu and C. C. Chu, Short-term voltage instability detections of wind
generators using synchrophasors, in 2014 IEEE PES General Meeting —
Conference Exposition, 2014, pp. 1-5.
[4] L. Zhu, C. Lu, and Y. Sun, Time Series Shapelet Classification Based
Online Short-Term Voltage Stability Assessment, IEEE Transactions on
Power Systems, vol. 31, no. 2, pp. 1430-1439, Mar. 2
[5] H. Bai and V. Ajjarapu, A Novel Online Load Shedding Strategy for
Mitigating Fault-Induced Delayed Voltage Recovery, IEEE Transactions
on Power Systems, vol. 26, no. 1, pp. 294-304, Feb. 2011.
[6] Y. Dong, X. Xie, K. Wang, B. Zhou, and Q. Jiang, An EmergencyDemand-Response Based Under Speed Load Shedding Scheme to Improve Short-Term Voltage Stability, IEEE Transactions on Power Systems,
vol. 32, no. 5, pp. 3726-3735, Sep. 2017.
[7] R. J. Bravo and D. P. Chassin, Fault Induced Delayed Voltage Recovery
(FIDVR) model validation, in 2016 IEEE/PES Transmission and Distribution Conference and Exposition (T D), 2016, pp. 1-4.
[8] M. Naglic, M. Popov, M. A. M. M. van der Meijden, and V. Terzija,
Synchro-Measurement Application Development Framework: An IEEE
Standard C37.118.2-2011 Supported MATLAB Library, IEEE Transactions on Instrumentation and Measurement, pp. 1-11, 2018.
[9] I. Gorton et al., GridOPTICS(TM) A Novel Software Framework for
Integrating Power Grid Data Storage, Management and Analysis, 2013,
pp. 2167-2176.
[10] Z. Huang, S. Jin, and R. Diao, Predictive Dynamic Simulation for LargeScale Power Systems through High-Performance Computing, in 2012
SC Companion: High Performance Computing, Networking Storage and
Analysis, 2012, pp. 347-354.
[11] Y. Chen, E. Fitzhenry, S. Jin, B. Palmer, P. Sharma, and Z. Huang, An
integrated software package to enable predictive simulation capabilities,
in 2016 Power Systems Computation Conference (PSCC), 2016, pp. 1-6.
[12] R. Diao et al., On Parallelizing Single Dynamic Simulation Using HPC
Techniques and APIs of Commercial Software, IEEE Transactions on
Power Systems, vol. 32, no. 3, pp. 2225-2233, May 2017.
[13] C. Brosinsky, D. Westermann, and R. Krebs, Recent and prospective
developments in power system control centers: Adapting the digital twin
technology for application in power system control centers, in 2018 IEEE
International Energy Conference (ENERGYCON), 2018, pp. 16.
[14] General Electric Power Digital Solutions, GE Digital Twin: Analytic
Engine for the Digital Power Plant, 2016. [Online] Available:
https://www.ge.com/digital/sites/default/files/Digital-Twin-for-thedigitalpower-plant-.pdf. Accessed on: Sept.4 2018.
[15] K. P. Hock, K. Radjabli, D. McGuiness, and M. Boddeti, Predictive
analysis in energy management system, in 2016 IEEE 16th International
Conference on Environment and Electrical Engineering (EEEIC), 2016,
pp. 1-4.
[16] Y. C. Chen, T. Banerjee, A. D. Domnguez-Garca, and V. V. Veeravalli,
Quickest Line Outage Detection and Identification, IEEE Transactions on
Power Systems, vol. 31, no. 1, pp. 749-758, Jan. 2016.
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