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Abstract: This paper describes a methodology and specifics for technical studies on fault-induced
delayed voltage recovery (FIDVR) mitigation to ensure power system reliability. Optimal locations of
the dynamic volts-ampere-reactive (VAR) sources are determined for addressing the FIDVR issues in
the voltage stability analysis and assessment methodology. We propose a voltage stability analysis
method for planning dynamic VAR sources for bettering electric power transmission systems under
contingency conditions. A time-domain dynamic simulation is performed to assess short-term
voltage stability. While conducting dynamic simulations, sensitivity analysis is performed to assess
the need for dynamic VAR sources. This study focuses on a reactive power compensation strategy to
determine system voltage recovery performance by optimal flexible alternating current transmission
system (FACTS) placement in a metropolitan region. The objective of this study is to determine the
optimal installation of dynamic VAR sources while satisfying the requirements of voltage stability
margin and transient voltage dip under a set of criteria. New insights are presented on the effect of
FACTS controls on the reactive power compensation, which supports voltage recovery. The main
features of the proposed method are (i) the development based on a load model for FIDVR, (ii) the
use of sensitivity analysis of the network to the variations of the IM load, (iii) the establishment of
the control function and compensation strategy to maintain the voltage of system within criteria
limits, and (iv) the use of the sensitivity analysis based on branch parameterization for unsolvable
cases. Case studies on the Korean power system validated the performance of the proposed strategy,
showing that it effectively installed FACTS under contingency scenarios.

Keywords: fault induced delayed voltage recovery; reactive power compensation; sensitivity analysis;
transient stability; voltage criteria; voltage stability analysis

1. Introduction

Modern power systems are becoming increasingly complex and dynamic owing to an increased
use of induction motor (IM) loads. The increasing usage of these loads with low inertia characteristics
make power systems more vulnerable to short-term voltage stability (STVS). Such problems might be
aggravated by the growing use of single-phase heating, ventilation, and air conditioner (HVAC) units
with high-efficiency and low-inertia motors. When a fault occurs on the load side, where there is a
high proportion of IM loads, a large power vacancy is induced and can cause a widespread voltage to
drop. Additionally, the demand for reactive power increases significantly at large IM loads. Under
these conditions, the local dynamic volts-ampere-reactive (VAR) reserves are insufficient and reactive
power support cannot be delivered; therefore, the power system may experience fault induced delayed
voltage recovery (FIDVR) or voltage instability [1-4].
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FIDVR is a phenomenon caused by the dynamic behavior of constant-torque IM loads. When a
motor stalls following a severe fault, the reactive power requirements might be 5 to 8 times higher than
normal. The unexpected increase in the reactive power requirement may prevent voltage recovery in
a local area power system. Furthermore, when a fault occurs during peak load conditions, a highly
inductive power system load may not be able to maintain the voltage at the accepted levels [5-8].
To prevent catastrophic situations due to FIDVR, appropriate controlling actions are required to
mitigate these conditions. Control solutions to alleviate FIDVR can be classified into demand-side and
supply-side solutions [5]. The demand-side solution uses a protection system to rapidly disconnect
IM loads under low-voltage conditions and limit the amount of load affected by low voltages [9].
Supply-side solutions focus on mitigating FIDVR threats and reinforcing power networks with
dynamic VAR compensation devices, such as a static VAR compensator (SVC) and a static synchronous
compensator (STATCOM) [10]. Voltage source converter devices, such as STATCOM, are efficient in
controlling the voltage and can provide cost-effective voltage support to boost the local bus voltage
during FIDVR events. Therefore, it is necessary to develop cost-effective reactive power compensation
strategies that enhance STVS [1,2]. Various studies have been carried out to analyze the optimal
placement of dynamic VAR sources. The method in [11] evaluates the cost and benefits of flexible
alternating current transmission system (FACTS) device installation, while taking voltage stability
into consideration. Reference [12] describes the optimal placement of dynamic VAR sources using
post-contingency trajectory sensitivity analysis. In [13], the locations of dynamic VAR sources are
determined based on modal analysis after considering the input signal for the supplementary controller
of FACTS devices. Similarly, the methodology in [14] determines the optimal locations and sizing
of FACTS devices using genetic algorithms. Tiwari et al. adopted a multi-contingency constrained
reactive power planning method by decomposing the optimization problem [15]. Furthermore, several
studies were conducted to alleviate the STVS problem using sensitivity analysis. In [16,17], a trajectory
sensitivity analysis method is proposed to mitigate voltage instability using dynamic reactive power
resources. References [18-21] used sensitivity as a performance measure for VAR sources to satisfy the
requirements of voltage stability margin and transient voltage dip. In [22], a sensitivity index is applied
to determine the most influential locations of dynamic VAR support under certain contingencies.
The method in [23] proposed a new model for optimal management and control of the distribution
system grid based on the sensitivity analysis of branch power flow equations. However, most of the
existing studies only considered steady-state analysis when allocating dynamic VAR sources to resolve
STVS issues. Thus the methods might not capture the full performance of the dynamic VAR sources,
not considering the impact of IMs to transient voltage dynamics.

This paper presents an advanced method for dynamic VAR source compensation control schemes
with FACTS to mitigate the STVS and FIDVR problems of power systems. This method is for the
decision making on optimal operations and placement of dynamic reactive power compensation in
terms of voltage stability, based on the sensitivity analysis information from the proposed methods.
The main features of the proposed method are (i) the development based on a load model for FIDVR,
(ii) the use of sensitivity analysis of the network to the variations of the IM load, (iii) the establishment
of the control function and compensation strategy to maintain the voltage of system within criteria
limits, and (iv) the use of the sensitivity analysis based on branch parameterization for unsolvable
cases. Of them, the last feature is very important because of the security assessments of the power
system reflecting the various contingencies that can be performed in terms of supporting reactive
power compensation planning in order to guarantee secure system operations. When weak network
conditions are combined with significant penetration of the IM load at fault clearing, the network
is prone to FIDVR. Therefore, the objective of this study is to develop appropriate reactive power
compensation strategies to resolve FIDVR problems. This study employed active power-voltage (PV)
and reactive power—voltage (QV) analyses to identify the system margin in terms of voltage stability.
In addition, the optimal allocation of dynamic VAR sources using a version of branch-parameter
continuation power flow (BCPF) method [24] is applied. Using the methodology, it is possible to
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derive the results of sensitivity analysis for restoring reactive power under severe outage conditions.
Furthermore, time domain analysis is conducted for dynamic stability monitoring in accordance with
the power system planning standards. Case studies conducted on the worst conceivable contingency
at the peak of the winter season considered in the Korean power system operation planning, which
is threatened by serious FIDVR complications. This situation belongs to rare but extremely high
impact events conceivable in system operations; one example of it is a loss of 765 kV double-circuit
transmission lines in a Korean power system. The proposed strategy includes the coordination of the
performance of transient stability with an adequate countermeasure to help make the grid resilient
against catastrophic contingency. In addition, extensive simulation studies are performed to investigate
its performance and to demonstrate its effectiveness in resolving the problem of STVS.

2. Methodologies for Countermeasures against Short-Term Voltage Stability Problems

2.1. Load Model Development Metodology

Load characteristics exert a significant influence on power system stability. However, load
modeling is complicated because a typical load bus, represented in stability studies, is composed of a
large number of devices. In addition, the composition changes depending on many factors, including
time, weather conditions, and state of the economy. Even if the load composition is known exactly,
it would be difficult to represent each individual component, as there are millions of such components
in the total load supplied by a power system. Therefore, load representation in system studies is
based on a considerable amount of simplification [25-29]. This subsection describes the fundamental
concepts related to the development of the load model used in this study. For the purpose of this study,
a more detailed dynamic load representation of the Korean power system was generated. Detailed
information on the actual load compositions was obtained from the national statistical information
database [30]. The recent change in the peak load in winter is shown in Figure 1.
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Figure 1. Induction motor loads proportion at winter peak condition.

In Figure 1, one can notice an increase in seasonal demand due to an increase in winter loads;
further, the annual variation in power demand is continuously increasing. This increase in electricity
consumption is attributed to the rise in gas prices. An increase in severe cold conditions due to
climate change and changes in lifestyle are contributing to the increase in residential power equipment.
In addition, due to advancements in the service industry, the demand for load in the commercial class
is rapidly increasing. In particular, in the case of winter peak load, the proportion of commercial load
exceeded that of the industrial load.

Generally, IM loads operate in a constant torque mode depending on the voltage of the connected
nodes [2,9]. As soon as the voltage magnitude is reduced, IM loads attempt to slow down. If a low
voltage persists for a certain period of time, the IM loads might be stalled or stopped. However, when
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the voltage begins to recover, the IM load restarts, draws large reactive power and current from the grid,
resulting in a delayed voltage recovery. Another typical load that causes load recovery is the heating
load based on thermostat-controlled resistance. Thermostatically controlled loads are self-restoring in
nature. If these electric heating loads constitute a substantial share of the load, especially in winter, the
system might be significantly affected. In the case of a heating load with a thermostat, the load might
increase even if tap blocking is performed. These characteristics might be the main reason for voltage
instability [29].

A key factor that results in FIDVR in power systems is the nature of the IM loads in the
transmission and distribution systems. The performance characteristics of these loads are changing
due to technological advances. A large three-phase induction motor (TPIM) and small single-phase
induction motor (SPIM) are connected directly to the electrical network. These types of IM loads are
expected to be a major component of the aggregate load due to economic reasons. Figure 2 shows the
structure of the load model used in this study.
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Figure 2. Model structure for load buses.

In Figure 2, the impedance and load tap changer settings were based on typical values in the
available data. For the IM loads, two different motor models were used. One of the motor loads is
a SPIM, which has a low inertia and responds instantaneously to voltage changes. Another motor
load is a TPIM; they are commonly used in industry to drive processes. The ZIP load represents static
loads (e.g., constant impedance, constant current, and constant power loads) [29,31]. The areas of
particular concern in this study (metropolitan area of the Korean peninsula) are primarily residential
and commercial. The primary sources for power demand consist of the TPIM (commercial class) and
SPIM (residential class). In order to better represent the power consumption characteristics of IM loads,
it is necessary to take advantage of the power consumption characteristics under the most severe peak
conditions, in terms of voltage stability.

2.2. Reactive Power Support Devices

As large quantities of IM loads exert a significant influence on the stability of the power systems,
the requirements for reactive power support have become important. Reactive power plays a major
role in the transmission of power systems. During IM reacceleration after a fault, when high current
is drawn, a high reactive power support is required for a few seconds to provide a fast response [7].
FACTS technologies are available in different forms, such as SVC, STATCOM, thyristor-controlled
series capacitor (TCSC), and unified power flow controllers (UPFC). Among them, SVC and STATCOM
are categorized as dynamic VAR compensation resources that rapidly inject or absorb VARs to support
power system voltage immediately after system disturbances. The STATCOM technology increases
voltage stability by providing dynamic control and compensation of the system voltage. The advantage
of STATCOM is that its compensating current is not dependent on the system voltage level at the
point of common coupling (PCC) when the voltage drops; it operates at full capacity. Utilizing the
STATCOM switching control allows for faster control response when compared to SVC and improved
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performance in power systems. In addition, STATCOM is more resilient to changes in power system
conditions, such as variations in harmonic levels, and requires smaller outdoor equipment when
compared to SVC [32-34].

As mentioned earlier, STATCOM regulates the voltage at its PCC by controlling the amount of
reactive power that is injected or absorbed from the power system through its voltage-source converter.
When the system voltage is high, STATCOM absorbs reactive power (inductive mode), while the
device generates and injects reactive power into the system when the system voltage is low (capacitive
mode). Figure 3 represents the voltage-current (V-I) characteristics of SVC and STATCOM.
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Figure 3. V-I characteristic of the static VAR compensator and the static synchronous compensator.

In Figure 3, one can notice that outside the linear operating range, STATCOM, and SVC act
differently. SVC and STATCOM perform differently when the control limits of system voltage are
reached. Both V-I curves are regulated with a slope when operating within limits. In the control range,
a droop characteristic is used to avoid excessive control and to coordinate with other voltage control
equipment. STATCOM has symmetrical inductive and capacitive reactive power ranges, but a fixed or
switched shunt compensation can be used to bias the output range as desired. Additionally, STATCOM
results in a better voltage support in low-voltage conditions. Therefore, an increase in the reactive
power support of STATCOM quickly compensates for the disturbance-enhanced voltage stability
margin [35,36]. The main purpose of STATCOM is to continuously regulate and support voltage under
normal and transient conditions in the Korean power system. Dynamic reactive support is needed so
that the transmission system remains stable in the metropolitan area for alleviating FIDVR.

2.3. Voltage Stability Analysis and Assessment

In this section, we describe the configuration of a methodology for voltage stability analysis.
The analysis method is based on previously developed techniques [20,24,28,29]; however, it goes
further to undertake extensive dynamic reactive power compensation based on characteristic IM loads.
The two main features of this method are the use of steady-state analysis and time domain simulations.
Initially, PV analysis was performed to assess the voltage stability margin of the Korean power system
under various contingencies. PV analysis can be used to establish the actual system load-serving
capability by plotting voltage versus increasing load. This method is used as a screening tool for
determining the voltage stability limit of the system based on the criteria of the Western Electricity
Coordinating Council (WECC) [37]. In the WECC, criteria are presented as a procedure available for
determining voltage stability limit under a fixed load condition. To consider uncertainty, the required
margins for performance levels are specified; in this paper, the minimum required margins on the
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WECC voltage stability criteria are used. In addition, a procedure for evaluating the secure operating
limits of voltage stability is established. Figure 4 shows the PV curves for margin evaluation at each
performance level.

Performance

/ Level A

Voltage [p.u.]

/

Performance
Level B

Base case

Active Power [MW)]

Figure 4. PV curve for margin evaluation.

As shown in Figure 4, based on the WECC criteria, two cases of voltage stability analysis are
considered. One can notice that the maximum operating point on the P axis must have a MW margin
equal to or greater than the values measured from the nose point of the PV curve for each performance
level. In this study, it was fixed that the minimum power margin for performance level A, which is
the contingency, must be greater than 5%. For performance level B, the minimum margin should be
greater than 2.5% [37]. It is to be noted that the performance level should not cause voltage collapse
within the limits of the study.

In the next step, we employed QV analysis to determine the control actions necessary to overcome
violations of the voltage criteria. The purpose of this analysis is to determine the region of reactive
deficiency in terms of reactive power for the severe contingencies determined through PV analysis.
Additionally, QV analysis is used to identify the required amount of reactive power compensation.
Figure 5 represents the QV curve for determining the reactive power margin.
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Figure 5. Concept of QV curve and reactive power margin.
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From Figure 5, it can be inferred that the reactive power margin can be calculated using the QV
curve, which defines the amount of reactive power that can be consumed by the bus. When a fault
occurs, the reactive power margin of the bus should be maintained at a level sufficient to meet the
criteria. Therefore, it is possible to calculate the reactive power margin on each bus for serious faults,
so that the bus or area with a low reactive power margin can be determined as the reactive power
vulnerable site. To this end, a VQVI margin vulnerability index can be used to identify vulnerable
areas. VQVI considers the changes in the reactive power margin before and after the contingency and
can be expressed as follows.

post — contingency reactive power margin
pre — contingency reactive power margin

VQVI = 1)

When a severe contingency occurs, it might be difficult to analyze systems using general power
flow equations as the solutions are not valid after a contingency. Therefore, a branch-parameter
continuation power flow method is used to the restore power flow solvability in unsolvable
contingencies based on a continuous power flow. The branch parameter Y is multiplied by the
series and shunt admittances of the branch. The BCPF can trace the power flow solution, in which the
state of the branch moves from a pre-contingency state to a post-contingency state by changing the Y
parameter from zero to one [24]. This method represents the YV analysis described in this investigation.
Figure 6 shows two cases of YV curves with contingencies.

»
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Figure 6. Stable and unstable cases of YV curve.

In Figure 6, one can notice that the branch parameter Y = 0 is in service and Y = 1 is out of service.
These branch parameter variation curves represent stable and unstable cases, respectively. If the value
of Y cannot reach one, as described in case 2, a control action is needed for power flow convergence.
To determine the sensitivity of adequate injection VAR for reactive power compensation strategies is
calculated at the nose point in the YV curve. Sensitivity information is divided into active power and
reactive power. This study utilizes sensitivity to reactive power, which is influenced by changes in the
voltage. The sensitivity can be calculated as

20:
Participation Factor = 8% 2

where Q; is the reactive power at load bus and Y is the branch parameter. With this information,
the most efficient load bus for restoring the voltage can be selected. The reactive power reserves of the
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VAR compensation resources are determined at the point of convergence of the power flow equations.
Thus, if the remaining flows can be shifted to other branches using reactive power compensation,
the power system might be restored.

In the unsolvable case, the YV analysis can trace the power flow solution depends on the variations
of transmission line parameter via continuation when a power flow solution does not exist after the
branch outage [24]. The parameterization of the branch can be depicted as a m-equivalent circuit,
as shown in Figure 7.

o (1 - /D Yseries Y
Busi Busj

(1-2)Y 1-2)Y,

Figure 7. Representation of m-equivalent circuit with branch parameter.

Figure 7 indicates that parameter A is incorporated into a power flow equation to implement the
branch parameter variation. If the branch of bus i to j is in an outage state, the active and reactive
power flow from bus 7 to bus j can be

Pi(Vi, Vi, A) = (1= V{[Vil* G + Vil|[Vj| [ G5 cos(0y) + B sin(6y)] } ()

Qij(Vi, Vi, A) = (1= V) {=IVil? B + [Vil|V;| |G} sin(6) — B} cos(8y)] | @
where G;, G;‘j,
increases, the system gradually closes to the power system with branch outages from pre-contingency
systems. When A is zero, the original power flow equations are obtained. When A reaches one, the
new power flow equations that represent the network with the branch totally removed is obtained.
This method comprises a predictor and a corrector, and the BCPF uses an augmented Jacobian matrix.
The augmented Jacobian used in the BCPF can be expressed as

and B;‘j, are the admittances of the removed branch. As the continuation parameter A

dPr/35 Pr/dv  Pr/dY
Ja = agT/aa BQT/av aQT/aY (5)
€k

BT c Rnfll QT c Rnfnpvfl

where Py and Q.. represent the injection of the active and reactive power, respectively. Meanwhile, ¢,
is chosen to remove the ill-conditioned problem from the singularity. Further, npv is the number of
voltage-controlled buses. As shown in Equation (5), 0Pr/9Y, BQT /9Y, and ¢, are augmented from the
original power flow Jacobian matrix.

Using these characteristics, the BCPF can determine whether the cause of the divergence problem
is unsolvable. The following is a sensitivity analysis procedure for applying the BCPF application to
obtain a solution.

Step1: Solve the power flow and perform the YV analysis for specific contingencies that are
determined by a preliminary study.
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Step2: The BCPF is applied to select the unsolvable contingencies in the list.

Step 3: Determine the reactive power reserves and reference voltages of the buses for converging.

Step4: In order to find effective buses for reactive power compensation, a sensitivity analysis is
then performed.

Step 5: Perform the sensitivity analysis of each buses where the FACTS devices are installed.

Load buses with large participation factor values have more influence in contributing to
the voltage instability. Consequently, these buses can be regarded as best candidate location for
determining the injection to enhance system voltage stability.

Finally, this study attempted to determine the most severe contingency and voltage-vulnerable
areas through static analysis and detailed time simulations for verifying the reduction in FIDVR.
Usually, transient load characteristics are more sensitive to voltage than steady-state load characteristics.
To address FIDVR issues, in this study, the power system dynamic performance is evaluated against
typical transient voltage criteria according to the WECC and NERC planning standards. The criteria
imposed on the transient voltage dip are summarized in the following sections and will be used to
illustrate the proposed reactive power planning approach. Figure 8 shows the voltage performance
parameters with respect to the transient voltage dip criteria [37].

| avt VY = 1.25 Vinsiar

Inirial
Voltage /N 1.2 Vinitiau 1.05 Vinitiar
—_—
\/ AVE
0.8 Viniticu 0.95 Vi

n
S — L _

V: =0.75Vinitiat
u No more than 20 cycles

Fault
Cleared

Bus Voltage Magnitude [p.u.]

Time [sec]

Figure 8. Post-fault voltage performance criteria for load bus.

As shown in Figure 8, the post-fault transient voltage performance is expected to meet the
following criteria.

e  The post-fault transient voltage dip or overshoot should not exceed 25% at the load buses or 30%
at the generator buses; it should not exceed 20% for more than 20 cycles at the load buses.
e  The post-transient voltage deviation should not exceed 5% at any bus.

From Figure 8, the post-fault transient voltage performance is expected to meet criteria, namely:
FACTS is an effective technology to mitigate transient voltage dip by providing dynamic VAR support
for reactive power compensation. This study focuses on identifying the most effective locations
and determining the capacity of FACTS so that the transient voltage dip criteria are satisfied for
mitigating FIDVR. To accomplish this task, analysis of the transient voltage recovery of the Korean
power system was conducted according to the above described standards. Figure 9 shows a flowchart
of the employed voltage stability analysis and assessment method.
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Figure 9. Flowchart of the voltage stability analysis and assessment method.

3. Results and Discussion

This section describes the results of voltage stability analysis in the Korean power system.
Steady-state and dynamic studies were performed based on the proposed methodology. The Korean
power system has the following distinct features: (i) concentration of load demand in the metropolitan
region; (ii) major generating plants located in nonmetropolitan regions; and (iii) environmental
regulations and land for constructing new facilities, such as transmission lines. Due to these
geographical characteristics, six interface lines are operated to supply power to the metropolitan
area from non-metropolitan areas. System operators in the Korean power system are always concerned
with the lack of a reactive power reserve in the metropolitan area for an interface flow [38]. Under these
circumstances, when a serious fault occurs in interface lines, a region with a high proportion of IM loads
might significantly increase the VAR demand during voltage recovery. However, external reactive
power cannot be sufficiently delivered to the IM load-concentrated region through long-distance
transmission lines. As a result, the system might experience STVS problems. Unless immediate
countermeasures are applied, this leads to a FIDVR phenomenon. Figure 10 shows a bus voltage
profile without a countermeasure.

After the fault occurs, the voltages of the load buses drop immediately. Without a countermeasure
scheme, the bus voltage cannot be recovered to its normal value after fault clearance. From Figure 10,
the following observations can be made:

(1) The IM loads absorbed much more reactive power after the fault. Consequently, voltage instability
occurs following a severe fault.

(2) Motor speed recovery is closely related to voltage recovery. If the speed cannot be recovered after
clearing the fault, the motors will absorb much of the dynamic VAR.

(3) The slip characteristics depend on the mechanical and electrical torques. When the mechanical
and electrical torque do not equal each other, the slip moves to 1 as the equilibrium point
is exceeded.
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Figure 10. Responses of bus voltages under the most severe contingency. (a) Bus voltage magnitude.
(b) Induction motor speed & slip.

Here, the current under voltage load shedding (UVLS) scheme operated in the Korean power
system is reviewed. The UVLS scheme is a demand-side solution that accomplishes the stabilization of
the system by shedding the pre-defined loads in the case of a severe contingency as an event-based
special protection scheme (SPS). However, the current UVLS system has a time delay between the
activation and the actual load interruption. When the load shedding is delayed, it might not alleviate
the FIDVR phenomenon. In addition, the UVLS system is forced to shed the pre-defined loads as
the last resort, possibly resulting in an inconvenience for the end-use consumer. Therefore, in this
paper, a scheme is proposed to utilize the dynamic reactive power resources to mitigate the FIDVR
phenomenon. The comparison results of the bus voltage recovery for an existing scheme and the
proposed scheme are shown in Figure 11.
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Figure 11. Comparison of voltage recovery results with existing and proposed schemes.

Figure 11 indicates that the FDIVR phenomenon occurs even when the existing scheme is applied.
This is attributed to the reactive power consumption of the motor load being increased dramatically
as the voltage level falls to the limit value in the case of delaying the load shedding caused by the
communication delay. On the other hand, it can be seen that the voltage is recovered when the
proposed scheme is applied. It is noted that FACTS could have a positive effect on delayed voltage
recovery owing to the induction motor power consumption characteristics. This paper presents the
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analysis associated with the design and application of the dynamic reactive power control strategy
in case studies based on the practical system. It is desirable that FACTS devices need be installed in
metropolitan areas with adequate amount of reactive compensation, because the FACTS system has
a small footprint and requires less outdoor equipment. The placement of the most important buses,
in terms of voltage stability, are determined through the proposed methodology. Furthermore, the
system load condition corresponding to peak winter is applied in the case studies. As for the IM load,
the above-mentioned (in Section 2) load model is adopted. In the simulation, IMs are used to represent
inductive loads. For FIDVR events, it is assumed that IM loads have a composition proportion of
30% in the dynamic analysis based on the statistical system [30]. In this simulation, two case studies,
solvable and unsolvable, are considered. The results of the two cases are described in detail in the
following subsections.

3.1. Case 1: Performance Level A

First of all, in order to assess the vulnerable areas, a contingency list was derived using PV
analysis. In the WECC criteria, the voltage stability analysis included in the PV and QV analysis.
Through the using concept, this paper reports a study of voltage stability limit in the metropolitan
region and the neighboring region in the Korean power system [38]. In the PV analysis associated with
this study, the minimum active power margin for performance level A shall be greater than 5% under
the contingency. The credible contingency sets to be applied in this simulation are all double circuit
outages of 345 kV and 765 kV lines. Among them, the results of the six worst contingencies are shown
in Table 1.

Table 1. Active power margin of contingency list.

Contingency List Line (# of Circuits) % Margin Performance Level Voltage Level
#1 1200-5010 (2) 5.87 A 765 [kV]
#2 4010-6030 (2) 459 B 765 [kV]
#3 1300-3300 (2) 5.22 A 345 [kV]
#4 1400-1500 (2) 6.04 A 345 [kV]
#5 2400-4600 (2) 7.08 A 345 [kV]
#6 2500-4750 (2) 7.44 A 345 [kV]

From Table 1, it can be seen that the voltage stability limit of % margin corresponding to No. 2
in the contingency list corresponds to performance level B; therefore, it might be regarded as the
most serious failure. The remaining situations correspond to performance level A; the % margin of
contingency No. 3 was the lowest. Therefore, No. 3 was considered as a solvable case and simulated.
Further, reactive power reserve calculation for No. 3 was performed based on the VQVI margin
vulnerability index. The results are shown in Table 2. These results are related to the capability of
maintaining voltage stability on individual load buses and they can be used to identify vulnerable
areas in the system.

Table 2. Results of the reactive power margin with contingency No. 3.

Contingency List Ranking Bus No. V-Q margin Vulnerability Index
1 1400 0.02575
2 1300 0.02749
3 1700 0.03528
4 2500 0.03867
5 3300 0.05437
#3 (1300-3300) 6 4700 0.07713
7 4500 0.07997
8 1200 0.08049
9 4100 0.08847
10 3600 0.09412
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From the data in Table 2, one can infer that the northern metropolitan area includes vulnerable
sites. In No. 3 outage, the critical contingencies that influence the stability of the northern area are the
route lines between 1300 and 3300. Figure 12 shows the shows the diagram of the metropolitan region.

Northern Western Eastern 1350

3850 CC

3250 TP

5020 N/P

6200 TP 6900
=== 765 kV Line

IM load concentrated zone === 345 kV Line

,} & < : : e | Il Power Plant
6100 TP o) ez ) .
}mldentla\ load | :inmmzrda\iuadjl (@) 765KV Substation

O 345KV Substation

Figure 12. One-line diagram of metropolitan region in Korean power system.

As shown in Figure 12, the metropolitan region is largely divided into eastern, western, and
northern areas. In addition, generators are aggregated in the western area. In substation 1300, active
and reactive powers are supplied from 3150 C/C before faults (i.e., outages between 1300 and 3300,
occur. When the fault occurs, the 1300 substation would be at the end of a load. For this reason, the
1300 substation might have problems of insufficient reactive power supply. Thus, this area needs
reactive power sources because plenty of power is supplied through the interface line in the eastern
and southern areas. Thus, it is concluded that FACTS devices should be installed at 1400, 1300, 1700,
2500, and 3300 to counter the FIDVR phenomenon.

Using the above results, a transient stability analysis was performed to verify the STVS.
The objective of the dynamic simulation is to establish appropriate dynamic VAR supports to satisfy
the voltage criteria. FACTS device placement determined based on the QV analysis is shown in Table 2.
Ten candidate buses were chosen to install the FACTS devices, which were installed in the order of
ranking to observe whether the voltage was recovered or not. As the typical size of a FACTS device
installed in the transmission level is 300 MVAR, the dynamic VAR support source capacity limit is set
at £300 MVAR. The post-fault voltage trajectories of the buses are shown in Figure 13.
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Figure 13. Post-fault voltage trajectories of buses.

From Figure 11, one can notice that the transient voltage criteria are satisfied when three FACTS
devices are installed. If only one or two FACTS devices are installed, the FIDVR event caused by an
insufficient reactive power support cannot be resolved. Therefore, it was decided that the FACTS
devices should be installed at 1400, 1300, and 1700 to mitigate the FIDVR phenomenon.

3.2. Case 2: Performance Level B

The proposed reactive power compensation strategy has also been applied to No.2 on the
contingency list in performance level B. As mentioned earlier, contingency No.2 represents the most
severe outage. For performance level B, corresponding to the bus section representing contingency,
the minimum margin should be greater than 2.5%. This means that a 2.5% margin on the PV analysis
is required for the worst-case performance level B disturbance cases. The 2.5% is based on the load
level measured at the voltage collapse point. Therefore, the proposed method based on BCPF was
applied to verify the unsolvable case. To identify effective buses for reactive power compensation,
a sensitivity analysis was then performed at the critical point of the YV curve using the participation
factor calculated for the load buses. The results of sensitivity analysis are shown in Table 3.

Table 3. Results of a sensitivity analysis with contingency No. 2.

Contingency List Ranking Bus No. Participation Factor
1 2700 0.0153
2 4500 0.0148
3 2500 0.0147
4 4700 0.0139
5 4650 0.0137
#2 (4010-6030) 6 4600 0.0136
7 3600 0.0131
8 4400 0.0126
9 4800 0.0125
10 4200 0.0123

From Table 3, one can observe that the eastern metropolitan area consists of vulnerable sites.
In the Korean power system, when the most severe 765 kV transmission line fault occurs, power
flow takes a roundabout way to the nearby lines. When a large amount of power is concentrated
in the power transmission line, voltage instability occurs. In addition, the dynamic nature of IM
loads is the same as imposing a heavy demand for fast-responding reactive power resources under
low-voltage situations. This leads to secondary effects, such as FIDVR, which further exacerbates
the problem. The transient voltage dip and slow voltage recovery issues might be addressed by
fast-responding dynamic VAR resources. Candidate buses are considered for selecting the locations of
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reactive power compensation in order to finalize the space and geographical location to install FACTS
devices. For dynamic assessments, the above-mentioned performance criteria should be followed.
Figure 14 shows the voltage responses of buses under contingency conditions after FACTS installation.
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Figure 14. Post-fault voltage response of buses with flexible alternating current transmission system.

It can be seen in Figure 14 that the time domain simulations are run by applying a fault. To address
the delayed voltage recovery caused by IM stalling under post-fault voltage trajectories, the voltage
criteria are met using five FACTS devices. When four or less FACTS devices are installed, the FIDVR
phenomenon cannot be mitigated due to insufficient VAR support. Therefore, it was concluded
that the FACTS devices should be installed at 2700, 4500, 2500, 4700, and 4650 to mitigate the
FIDVR phenomenon.

3.3. Discussion

The results of the stability analysis identified the areas vulnerable to FIDVR and the candidate
buses for most effective actions have been proved; the participation factors evaluated could provide
the valuable information on the adequate FACTS application against FIDVR. In addition, from the
bus and branch participations, remedial actions to improve the overall system voltage stability could
be decided. The above-mentioned results can be summarized in Table 4. From these results, one can
notice that the number and placement of FACTS devices to quickly recover voltage depends on the
performance level. In addition, dynamic voltage recovery times for two FACTS implementation cases
are obtained for the comparison purposes.

Table 4. Comparison results of Case 1 and Case 2.

Fault Induced Delayed

4 of FACTS Injection Buses Voltage Recovery Time Voltage Recovery Mitigate?
Case 1 Case 2 Case 1 Case 2 Case 1 Case 2
One 1400 2700 2.3416s 2.5171s No No
Two 1400, 1300 2700, 4500 2.2141s 2.3984 s No No
Three 1400, 1300, 1700 2700, 4500, 2500 0.4578 s 2.2419s Yes No
Four 2700, 4500, 2500, 4700 1.6877 s No
Five 2700, 4500, 2500, 4700, 4650 0.3975 s Yes

In Table 4, it is indicated that when the system voltage is restored up to 0.8 p.u. within 2 s, and that
FIDVR can be properly mitigated. For Case 1, the voltage was recovered within 2 s when three FACTS
were applied. For Case 2, the voltage was recovered within 2 s when four FACTS were equipped, but
the transient voltage dip criteria were not satisfied, and hence FDIVR cannot be adequately alleviated.
It can be seen that a five FACTS application is required to mitigate the FIDVR.
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In Case 1, when the fault occurs, it is seen that reactive power cannot be supplied to the northern
metropolitan area from 3150 CC. For this reason, it is effective to inject FACTS directly into 1400.
FACTS should also be installed on buses 1300 and 1700 that supply power to the metropolitan region.
In Case 2, it is seen that FACTS injection directly on buses 4700 and 4650 is effective. In addition,
it could be confirmed that it is effective to inject FACTS at 2700, 4500, and 2500 to increase the supply
of reactive power in the eastern area. It is seen that the system voltages can be successfully maintained
against this voltage instability scenario by five FACTS placed by the proposed methodology. Figure 15
shows the FACTS locations for improved voltage stability in a metropolitan region for the two cases.

Tr i Stability Enh t with Dynamic Reactive Power Sources

Voleage [p.u.]

Time [see|
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3250 TP
5020 N/P
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Transient Stability Enhancement with Dynamic Reactive Power Sources

== 765 KV Line AT IM concentrated zone
— 5 71
341V Dimel Q&. Contingency
6030 Bl power Plant
@ 765KV Substation ! Substation with

O 345kV Substation [ =S

6100 TP

Figure 15. Representation of FACTS injection location in metropolitan region.

Figure 15 shows that the FACTS control is reasonably performed to help maintain proper voltage
regulation in metropolitan areas, especially for the critical contingency. As indicated by the above
results, the information of bus participations can help determine the placements of FACTS, and the
branch participations can be used to identify candidate lines for series compensations. This has been
demonstrated in actual system studies, as in the discussion.

4. Conclusions

This paper presents a new framework on the reactive power compensation strategy designed
based on voltage stability analysis. The framework adopts the conventional analysis of active and
reactive power margins to decide the critical contingencies and the areas of reactive power deficiency.
This paper adopts not only steady-state analysis but also dynamic time-domain simulations for the
adequate amount of dynamic reactive power support. There also might be a limitation of only covering
solvable cases using the conventional analysis, but this paper adopts the sensitivity analysis for
unsolvable cases using the branch parameterized continuation power flow. For adequate compensation
strategies, vulnerable buses as compensation locations must be carefully chosen in terms of voltage
stability. The case study results demonstrated that the compensation level decided by the proposed
method could mitigate the FIDVR caused by IM loads. In addition, the proposed method might be
applied for determining the optimal number and placement of FACTS devices to resolve the FIDVR.
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By the performance assessment, the alleviating impacts of dynamic VAR compensation on the FIDVR
phenomenon can be observed. Consequently, the dynamic support of reactive power could enhance
the STVS. The contributions of this paper can be summarized as follows:

e  This paper proposed an approach to deciding the appropriate reactive power compensation,
considering the FIDVR problem. The proposed scheme can provide proper remedial actions in a
reliable manner for various post-disturbance conditions.

e The approach proposed in this paper solved the optimal dynamic VAR allocation problem by
systematically interfacing power system time-domain simulation.

e  This strategy might further help explore and deploy more availability options when the desired
injection amount fits VAR resource options for unsolvable cases.
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