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Abstract— Simulating accurately and fast cascading outages play a
critical role in power system security and resilience assessment.
This paper proposes a new comprehensive framework for cascading
outage simulation, articulated around an extended AC power flow.
To address the key modelling features of cascading outage
simulation, the proposed framework develops new algorithms for:
a) detecting possible islanding, b) frequency control in each island:
primary frequency control (PFC), under-frequency load shedding
(UFLS) and over-frequency generator tripping (OFGT) and c)
improved under-voltage load shedding (UVLS) and load models to
avoid the divergence of AC power flow and allow handling voltage
instability during the cascade. Tests on a realistic 60-bus system
show that the proposed cascading outage simulator can successfully
handle islanding, PFC, UFLS, OFGT, and UVLS; it simulates the
cascade until there is no violation of system frequency, voltage, and
power flow limits in islands that do not experience blackout.

Index Terms-- AC power flow, cascading outage simulation,
frequency control, islanding, voltage instability.

. INTRODUCTION

Cascading outages are triggered by an initial asset outage and
consist in a sequence of disconnections of power system assets.
They can significantly impair the power system's main function
of meeting demand and lead to a widespread system blackout
(e.g., Italy in 2003, parts of USA and Canada in 2003). Due to the
massive and costly consequences of cascading outages, accurate
analysis, risk assessment, and management are required [1]-[2].
Simulating precisely yet fast cascading outages is a growing need
due to climate change and thereby grid resilience concerns.

In this context, several simulation models for cascading
outages have been developed, which, as shown in Table I, can be
classified according to several key modelling features such as: a)
handling the possible system islanding, b) modelling frequency
control to maintain power balance in each island by automatic
primary frequency control (PFC) as well as under-frequency load
shedding (UFLS) and over-frequency generator tripping (OFGT)
protection schemes, and c) modelling voltage protection scheme
e.g. under-voltage load shedding (UVLS). However, these
features have been rarely and partly investigated in the literature.
For instance, islanding detection, a prerequisite for the simulation
of cascading outages, has been explored [3]-[4] but it received
limited attention within the cascading outage scope.
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There are two general modelling approaches to cascading
outage simulation: (i) steady-state, based on DC power flow (DC
PF) [5]-[8] or AC power flow (AC PF) [9]-[20], and (ii) dynamic
simulation [21]-[24]. Each approach trades-off differently
precision and computation time. Although dynamic simulation
provides the best insight into what happens during cascading
outages, it suffers from large computation time, e.g. if an
initiating event triggers multiple cascades and islands (in other
words the simulated time and new strong dynamics may occur as
opposite to the simulation of a short-circuit followed by dynamics
being damped out after tens of seconds), and many initiating
events have to be considered in real time. To avoid, on the one
hand, the oversimplifications of the DC PF and, on the other hand,
the heavy computations of the dynamic simulation, most existing
cascading outage simulators rely on the AC PF model, which is a
reasonable compromise accuracy vs speed.

A common issue during cascading outages is the active power
imbalance in the islands created, which may severely affect the
island frequency. In practice, such frequency deviation is
compensated by frequency controllers (PFC and, if required,
UFLS/OFGT). However, the conventional AC PF, which is
commonly used in cascading outage simulation [9]-[20], cannot
capture accurately the PFC, UFLS and OFGT models as the
power flow does not explicitly model the system frequency.

Another important aspect of AC PF-based cascading outage
simulation models that has not been adequately addressed is the
modelling of UVLS, a control scheme designed to protect the
system against voltage instability. Ignoring or inaccurately
modelling the UVLS results in an unrealistic simulation of power
system behaviour during a cascading outage. Indeed, DC PF-
based methods neglect the UVLS because they are not designed
to capture voltage issues. On the other hand, the AC PF-based
methods face the issue of power flow divergence during
simulation e.g., when the system is close or beyond its
loadability limit and hence prone to voltage instability. To
circumvent this issue, the existing approaches either consider this
situation as the blackout of the corresponding island due to a
voltage collapse and stop the simulation for the island or use some
over-simplified assumptions to achieve a converged AC PF
solution and pursue the simulation. However, both approaches
lead to an unrealistic model of the system behaviour for severe
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TABLE I. TAXONOMY OF CASCADING OUTAGE SIMULATORS BASED ON
DIFFERENT KEY MODELLING FEATURES.

Feature

Simulation
Reference Type Islanding  PFC g';léi{ UvVLs VDL
[L16]  DC-PF ©
[8-[11] __ AC/IDC-PF o o
[12] AC-PF L o
6] DC-PF L o
[13], [14] ___ ACPF ° o
[15]-[17] PF/TDS o ¢ o &)
[18] AC-PF o ©
[19] AC-PF o L) o L
7 DC-PF o o
120] DS o L)
21] DS o L)
122] DS o L) L) L
Proposed AC-PF ® ® ® L L]

Blank field means the feature is not considered; O: Considered but details are not mentioned; @: Simply

considered; @: Considered. PF: Power Flow; OPF: Optimal Power Flow; TDS: Time-Domain Simulation;
UFLS: Under-Frequency Load Shedding; PFC: Primary Frequency Control; UVLS: Under-Voltage Load
Shedding; OFGT: Over-Frequency Generator Tripping; VDL: Voltage Dependent Loads.

voltage issues, that impacts the outcome of the subsequent
cascade simulation.

The more accurate modelling of the various aspects,
inadequately addressed, of cascading outage simulation, detailed
so far, motivates us to revisit and enhance existing cascading
outage simulation models. This paper proposes a new and
comprehensive AC-PF-based framework for cascading outage
simulation, with the following specific novel contributions:

v' The islands created following each single or multiple
contingencies are accurately identified using a new algorithm
called linear dependency-based islanding detection (LIBID).

v" A new algorithm is proposed to handle the active power
balance within each island considering all possible frequency
controllers (PFC, UFLS and OFGT) as well as power limits
of the generators.

v" A new enhanced UVLS model to tackle voltage instability.
In the proposed model, once the system is prone to voltage
instability, leading to AC PF divergence and hindering
cascading outage simulation to proceed, an extended AC PF
is applied to approximate the final operating point of the
system. This model makes possible the operation of UVLS
and mimics the behaviour of the system while avoiding
power flow divergence.

v" An extended AC PF is proposed, which is at the core of the
simulator, whose two extensions are: (i) generators
participation to PFC, which extends AC PF with distributed
slack generators [25] to calculate the frequency, and (ii)
voltage dependent loads (VDL).

The rest of the paper is organized as follows. Section Il
presents the proposed AC-SS-based framework for simulating
cascading outage. Section Il presents the results of the study on
the Nordic 60-bus system and illustrates in detail the ability of the
proposed framework to address various aspects of the cascade
problem. Finally, Section 1V concludes.

Il. OUTLINE OF THE PROPOSED CASCADING OUTAGE
SIMULATION FRAMEWORK

A general overview of the proposed framework for simulating
cascading outages is shown in Fig. 1. The goal is to simulate the
behaviour of the system when an initiating event triggers a
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via UVLS and VDL

|

Outputs
(Cascading metrics)

Figure 1. Generic outline of the proposed framework for
cascading outage simulation.

sequence of outages. The proposed method models the action of
the existing emergency frequency and voltage control systems
during the cascade, so that the results obtained are as close as
possible to reality.

As illustrated in Fig. 1, a special input is an initiating event
(e.g., a single or multiple contingencies such as line or generator
trip). In addition, network, generation, and load data are provided
as additional inputs. If necessary (e.g., after a line disconnection),
the network connection matrix must be modified.

The proposed framework comprises three main stages,
denoted as STAGE 1 to 3, presented in detail hereafter.

STAGE 1 checks if the system splits into islands and identifies
the resulted islands using the LIBID algorithm. Note that in this
stage, as one of the main aspects of the implementation, the
specific topology of each island is rebuilt. This means
renumbering the equipment and determining which generators,
loads, lines, and transformers are present in each island and
cascade (i.e., an iteration of the algorithm shown in Fig. 1).

STAGE 2 deals with potential frequency issues (both under-
frequency and over-frequency) in each island. In practice, there
are automatic control actions to deal with frequency problems
both normal control (PFC) and emergency control (UFLS and
OFGT). The potential frequency issues are identified and
addressed by implementing these three automatic controllers. To
increase accuracy, an extended (frequency-embedded) AC PF is
proposed that takes into account the participation of all generators
in the active power balance and also considers network effects
(i.e., power loss, voltages, and reactive powers). Some of these
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aspects are usually neglected in AC PF-based cascading outage
simulators.

STAGE 3 identifies voltage issues and tackles them through a
realistic model of the UVLS protection. Simulating voltage issues
during cascading outages based on AC PF is one of the challenges
of AC PF-based models because after STAGE 2, it may happen
that the voltage of some buses drop very low or AC PF diverges,
which prevents continuing the simulation. However, as it will be
explained in subsection I1-D, the proposed algorithm can be used
to simulate existing UVLS schemes based on AC power flow
overcoming the issue of power flow divergence.

According to Fig. 1, after performing STAGES 1 to 3 for all
islands, the line flow limits are checked, and if any is violated, the
corresponding lines are disconnected. The disconnection of such
lines, as new contingencies, leads to a new operating state of the
system and, in general, to some new islands. The algorithm
proceeds iteratively until there is no violation of the frequency,
voltage, and line flow limits (frequency and voltage violations are
already addressed in STAGES 2 and 3, respectively).

The simulation output are the following metrics:

L0=) b Lns = Dlape 6T= PILLIAR
cl ol c,i

where LO, LNS, and GT denote the number of line outages, the
amount of load not supplied, and the amount of generation
tripped, respectively. The indices i and ¢ refer to buses of the
system and cascades (i.e., an iteration of the algorithm shown in
Fig. 1). The binary variable b,° indicates whether the line [ is
failed or not during the c** cascade. Also, AP;;° and AP;;€ are
the amount of load shedding and generation tripping at bus i in
cascade c.

In the following, first, the extended AC PF in STAGES 2 and
3 is presented. Then, STAGES 1 to 3 are explained in detail.

A. Extended AC Power Flow Considering PFC and VDL

AC PF-based cascading outage simulation models rely on the
conventional power flow formulation, wherein the active power
of all generators, except the slack, is held constant. The physical
meaning of such modeling is that only one generator (B5°)
responds to an active power imbalance within the system.
However, in practice, following a contingency, multiple
generators (BS) engage in maintaining active power balance.
They collectively work to keep the system frequency within
acceptable limits using the so-called PFC mechanism or the
droop control functionality of governors. As a result, assuming
the active power of such generators remains fixed is inaccurate,
as it is a function of system frequency, denoted as f.

Furthermore, the conventional AC PF assumes a load model
of constant active and reactive powers (PQ-constant). However,
active and reactive powers are voltage dependent.

To enhance the precision of cascading outage simulation, an
extended AC PF is integrated into STAGES 2 and 3 of the
proposed simulator. This enhanced AC PF, detailed below,
considers both PFC and VDL, ensuring a more accurate
representation of system behaviour during cascading outages.

To calculate the post-contingency operating point of the
system considering the PFC effect of generation units, system
frequency, and voltage dependency of loads, AC power flow
equations are extended as follows.

Vi €EB (2
APV, 8,Af) = (Pg; — dgiAf) — PL(d, Vi) —

Z Vi V](g” COS((SL' - 61) + b” Sin(5i - 8]))

jEB
vi € BP¢: (3)
AQi(V,8,Af) = —Q%(d,Vi*) —

Z Vi V](gll sin(5i — 6]) - bl] COS(S,: — 6]))
jEB
where V, 6, P, and Q refer to voltage magnitude, voltage angle,
active power, and reactive power, respectively. In addition, the
subscripts G and L refer to generator and load, and superscript
“9” denotes the initial (pre-contingency) value of the variable.
Also, B and BFC represent the set of all buses and PQ buses of
the network, and i and j are indices of the buses. Real and
imaginary parts of (i, )" element of admittance matrix Y are
represented by g;; and b;;, respectively. The parameter dg;
denotes generator governor droop while load demand
characteristics are described by the parameters d,,, d,, and a.
The frequency deviation Af is defined as
Af =f—f° 4)

Note that, as (2) shows, the extended AC power flow has an
additional active power balance equation corresponding to the
slack bus of conventional AC power flow, BS. Therefore, active
power balance equation is applied to all buses B. It should be
noted that, considering system frequency as a new variable, still
the number of unknown state variables and equations are the
same. The presence of frequency as a new variable and
dependency of the active and reactive power of the load on the
voltage are also reflected in the Jacobian matrix (5), in which the
vectors P, 8, Q, and V are defined as (6).

0» o? 0P
|96 v aaf
J° = 30 90 99 (®)
95 oV aAf
P={P|i€B}6={(6icB-B") (62)
9 ={Q:|lieB},V={V|ieB) (6b)

The expressions for 9P /28, 0Q /6, 0P /dV,and dQ/dV are
the same in the conventional and extended models, except for an
additional term, stemming from VDL, in each element of 0P /aV
and dQ/aV, which are represented as equation (7).

aP(dp Vi), aQP(dgVi*™) ()
Also, the derivatives with respect to the frequency are as (8).
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P, 2Q;
ey . oo @
oAf aAf
The procedure for solving the equations is identical to that of
the conventional AC PF. During each iteration, the unknown
state variable variations are calculated as follows.

AS
w| =30 ©)
Af

The extended AC power flow model offers distinct
advantages over the conventional model, specifically:
1) It adopts a frequency-linked model, introducing frequency as
a new variable. Consequently, it becomes possible to precisely
evaluate the exact change in active power of generators due to
contingencies, as illustrated in (10).
2) It enables accurate assessment of potential violation in system
frequency and generator active power limits, as explained in the
subsection 11-C.
3) The model incorporates VDL, making it versatile for use in
PQ-constant mode (same as conventional AC power flow) or, if
required, in Z-constant mode. The advantage of this capability
will be elaborated in subsection 11-D.

B. STAGE 1: Islanding Identification

Fig. 2 (a) shows the proposed LIBID algorithm developed for
islanding detection. This algorithm is inspired by the concept of
“row space of a matrix” [26], focusing on the use of idea of linear
dependency. In summary, rows i and k of matrix A are said to be
linearly independent if and only if the inner product of vectors r;
and r; is 0, as given in equation (11).

O =0 (11)

Here, let A = [a; ].xnbe the connectivity matrix for the power
network, where a;; is defined as follows.

Qo = {1 i = k or buses i and k are connected (12)
ik 0 buses i and k are not connected

As shown in Fig. 2 (a), the LIBID algorithm receives an
updated A matrix (it is updated after each contingency). Then, the
algorithm identifies the existing islands using three nested loops.

In the innermost loop (Loop-1, with counter i), the algorithm
identifies the rows of the matrix A that are linearly dependent on
the first row. The corresponding row indices are then stored in the
set K and subsequently removed from matrix A. As Fig. 2 (a)
shows, the number of all buses associated with rows specified by
set K is also stored in the set €, where C; contains the elements of
row i with value “1”.

Loop-2, with counter j, constructs matrix A that is initially
null (empty), and then the j®* row of matrix 4 is filled based on
the members of the set C. Indeed, each row of the matrix A
denotes the buses that are directly or indirectly connected. Each
iteration of Loop-2 processes the remaining part of the matrix A
until A becomes null. In such a case, as shown in Fig. 2 (a), 4 is
replaced by A.

Loop-3, as the outer loop, iterates Loop-2 until all rows of
matrix A (which is equal to the value of matrix 4 at the end of

Loop-2), become linearly independent. In other words, each bus
is only represented in one of C;. Hence, the stopping criteria can
be expressed as (13) where S¢; denotes summation of all members

of C;. Finally, every row within matrix A corresponds to one
island. As mentioned in Fig. 1, this enables the reconstruction of
the precise topology for each island. For instance, to obtain ¥
matrix linked with each island, rows and columns associated with
buses of that islands are retained, while other rows and columns
are excluded. Moreover, an internal renumbering is necessary for
buses, generators, transformers, lines, and more in each island.

1
ZSC" =§n(n+ 1)
i

C. STAGE 2: Handling Frequency Issues

As shown in Fig. 2 (b), STAGE 2 is designed to simulate
system behavior following a contingency event resulting in a
frequency violation within the newly formed islands (STAGE 2 is
performed for each island individually). In practice, once a
contingency occurs, all generators equipped with PFC respond to
it, participating to compensate the resulted active power
imbalance in the system. The extended AC PF presented in
subsection II-A is used to model the effect of PFC of the
generating units. In addition, the resulting islands may experience
a sharp drop or increase in frequency, requiring UFLS or OFGT.

As Fig. 2 (b) shows, STAGE 2 first checks the frequency of
the island. If there is an over- frequency (Af > Afyax) Or under-
frequency (Af < Afyn), OFGT and UFLS are performed. The
OFGT and UFLS blocks will have some generation trip or load
shedding to keep the frequency of each island within the
allowable range. For instance, the UFLS block is performed based
on a pre-specified load shedding list that includes the priority,
amount, and maximum load shedding for each load. However, in
both over-frequency and under-frequency, the generation change
of the system is calculated based on some approximate equations,
denoted by (14), since network effects such as voltages, power
losses, and reactive power are not considered in these equations.

(13)

Af = =i P — XiPsi)/ Xidgi (14a)
AP;; = —dgAf VieBS (14b)
Pg; =P +AP;; VieEBS (14c)

To be even more accurate and mimic the realistic behaviour
of the power system during cascading outage, a more accurate
simulation of the frequency adjustment of the islands can be
performed. To this end, as Fig. 2 (b) shows, after performing the
OFGT or UFLS block, AC power flow is calculated. However, it
can be done in two different modes. The first and default mode is
AC PF with constant power. However, if it does not converge, an
equivalent Z-constant load model is used based on the extended
AC PF presented in subsection 11-A.

Noted that the switching to Z-constant load model complies
with what is conventionally used in the dynamic simulation-based
methods, where an exponential characteristic as in (2) and (3) is
considered for loads during transient periods. For a = 2, these
models introduce a Z-constant model and can approach result of
AC PF to what obtained using dynamic simulation. More
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Figure 2. Detailed flowchart of the 3 stages of the proposed framework for cascading outage simulation.

importantly, this approach avoids divergence of AC PF and is
especially useful for STAGE 3 where UVLS is simulated, as will
be shown in the next subsection. Note that the binary indicator z
indicates AC PF mode, where z =0 and z = 1 indicate PQ-
constant and Z-constant models, respectively. In any case, after
performing AC PF, the exact change of system frequency and
active power generation of all slack buses is obtained.

If there is a violation of frequency or active power generation
(any violated Pg; is fixed at its maximum / minimum limit)
STAGE 2 is repeated until there is no more violation of frequency
or generator active power limit, and we enter STAGE 3.

In summary, STAGE 2 specifies which and how much
generators and possibly loads are adjusted due to the occurrence
of contingency, taking into account the network effect and the
limits of system frequency and active power of generators.

D. STAGE 3: Handling Voltage Issue

As explained in the previous subsections, after each initiating
or subsequent cascade, each island first maintains its frequency
using PFC or UFLS/OFGT. In many cases, voltage problems
occur in different buses after frequency adjustment. In such cases,
the protection system responds locally to under-voltage by
performing some predefined UVLS schemes. The cascading
outage simulator should simulate the response of the system

according to the operation of protection devices. However, due to
the expectedly low voltage level, AC PF may not converge, and
the system operating point may not be calculated; so it is
unknown how to apply UVLS according to actual conditions.

In such cases, simulation methods for cascading failures
based on AC PF use some simplifying or unrealistic assumptions
that do not match real-world conditions. For example, uniform
load shedding as one of the conventional methods does not
correspond to reality because: (i) load shedding is started from an
unknown (possibly unstable) point at which the power flow does
not converge and (ii) in practice, loads are shed based on a
predetermined priority list instead of shedding proportionally all
loads. More importantly, the real-world UVLS protection system
shed loads based on voltage values, whereas in those methods the
voltage of the system is unknown and they perform load shedding
without knowing the voltage values from the beginning.

As shown in Fig. 2, the proposed method takes advantage of
the extended AC power flow. This is achieved by switching to a
Z-constant load model in cases where the default PQ-constant
model fails to converge, thereby calculating the operating point
of the system. To do so, the binary indicator z is first checked to
determine the convergence of the AC power flow using the PQ-
constant load model (initially, z has a value of STAGE 2). When
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z = 1, the extended AC power flow is executed with Z-constant
load model. In any case, after the execution of the power flow,
the voltage violations are checked. If any violation is detected, the
algorithm selects buses equipped with UVLS protection and
sheds load from the bus with the lowest voltage V as per (15).

mLB; (m — 1)AV < AV; < mAV
AP, = (m=1,2,..,M) (15)
P, AV, > MAV

Assume that the bus i selected for UVLS includes, as in
practice, M predetermined load blocks, each represented by the
load demand LB;. As the equation shows, the amount of shed load
atbus i, AP;, depends on the voltage drop AV;. To illustrate, when
0 < AV; < AV, a single load block is shed (AP; = LB;), and for
AV < AV; < 2AV, two load blocks are shed (AP; = 2LB;). When
the voltage drop exceeds a predefined value (MAV), the entire
load at bus i is shed i.e. AP, = P,;.

As Fig. 2 shows, after load shedding from bus i during STAGE
3, the process is repeated to check if there is still a voltage
violation on the studied island. The absence of voltage violations
results in the termination of STAGE 3. Like STAGE 2, STAGE 3
is also performed for each created island.

As mentioned earlier and shown in Fig. 1, after completion of
STAGES 1 to 3, the line violation is checked for all islands, and if
there is a line violation, the next cascade is triggered. The
cascading outage simulation continues until no more line
violation is observed, hence no more contingency is triggered.

I1l. SIMULATION RESULTS

The performance of the proposed cascading outage simulator
is evaluated using a realistic 60-bus model of the Nordic power
system, whose network connections are shown in Fig. 3. Detailed
data of the system are available in [27]. We assume the allowable
ranges of voltage and frequency deviation with respect to the
nominal values are 0.1 p.u. and +0.5 Hz, respectively (these
values are used for illustrative purposes and may not necessarily
be realistic in every context). In addition, the following
assumptions are adopted:

o The model neglects system inertia and dynamic response to
frequency. The frequency after STAGE 1 refers to the
equilibrium condition.

o Similar to conventional AC power flow, generators' reactive
power limits are considered by switching PV buses to PQ
buses when these limits are violated.

o Load tap changers (LTC) are neglected, and there are no
switchable shunt elements. Such elements are assumed to
stay always connected during the cascade.

The proposed simulator was implemented using the Julia
programming language on a 3.00-GHz 11th Gen Intel (R) Core
(TM) i7-1185G7 CPU personal computer with 48 GB RAM. The
results of two cases are presented below.

A. Case Study 1: Nordic Power System Split into Two Areas

To test the simulator functionalities under extreme
conditions, we consider in this case study that the initiating event
is the sudden split of the northern and southern areas of the
Nordic system. Specifically, all tie-lines (i.e., 27-30, 30-15, 29-
34, 34-15, 29-35, 35-36, 31-33, 33-14, 31-32, and 32-14) are

, —a— —b—
e o5
02 w9 % L .
18 p o1l 30 35
\28 o3 10
5 ‘
L /,z f'. —
— \
13 2 32 33 34 5‘)/' 219 20
e o o - S(j‘ ‘\
022
57 ‘® 58

Figure 4. Detected islands by the proposed LIBID algorithm including a)
island 1, b) isolated buses, and c) island 2.
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Figure 5. Frequency of islands 1 and 2 in different stages.

disconnected simultaneously e.g., as a result of network splitting
protection malfunction. Note that this particular case examines a
single cascade (i.e. a single one-time execution of STAGES 1 to
3) because after the execution of STAGES 1 to 3, no further
violations of the line flow limits occur, ending the cascades.

1) Performance of the Proposed Method in Islanding

Detection

Fig. 3 shows the network topology before the contingency.
This topology is generated by the proposed LIBID algorithm,
demonstrating that is works correctly in the specific case where
there is only one island, i.e. entire network is connected.

Fig. 4 shows the detected islands immediately after the split
of the northern and southern areas as a result of STAGE 1.
Observe that the proposed LIBID algorithm detects accurately
the resulting islands, i.e., island 1 (north), island 2 (south), and
the isolated buses. The latter case is also used to verify that the
algorithm detects the islands containing one bus.

2) Performance of the Proposed Method in Analysis of System
Frequency
Fig. 5 shows the frequency of each island before the initiating
event and after it, without any control action (without STAGES 2
and 3), and after the implementation of STAGES 2 and 3. It can
be observed that, both islands have initially the same frequency,
i.e., 50.00 Hz. After the event, when there are no control actions
in the system, the frequency of island 1 and island 2 is 51.97 Hz
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and 47.84 Hz, respectively. This means that islands 1 and 2
experience over-frequency and under-frequency, respectively.
Therefore, as Fig. 6 (a) shows, for island 1, there are some
automatic OFGT in STAGE 2, and as Fig. 6 (b) shows, there is
no need for UFLS. Conversely, according to Fig. 7, there is no
need for OFGT in island 2, and UFLS is performed at bus 8 (as
the highest priority bus in island 2). It can be seen in Fig. 5 that
these OFGT and UFLS result in restoring the frequency to
allowable values, e.g., 50.38 Hz and 49.49 Hz in islands 1 and 2,
respectively.

Note that such frequency adjustment is performed
considering the change in generator power due to PFC and also
the maximum/minimum active power limit of each generator.

3) Performance of the Proposed Method in Analysis of

System Voltage

After the frequency adjustment, the proposed method
proceeds by checking the voltage of the different islands. Fig. 8
indicates that the voltage of all the buses on island 1 is by chance
within the allowable range after STAGE 2. Therefore, as Fig. 6
shows, island 1 does not need UVLS, so the voltage of all buses

TABLE Il CASE STUDY 2: RESULTS OF CASCADING OUTAGE SIMULATION
STAGE 1: 1 island detected (i including whole network)
STAGE 2: iy

— | _Frequency with no action (Hz) 50.09

& | OFGT or UFLS No

& | Frequency after OFGT or UFLS -

g AC PF constant PQ or Z PQ
STAGE 3: iy
Voltage limit violation No
UVLS -

Line flow limit violation is detected.
Line 23-28 is disconnected
STAGE 1: 1 island detected (i including whole network)
STAGE 2: iy

« |_Frequency with no action (Hz) 50.09

& | OFGT or UFLS No

§ Frequency after OFGT or UFLS -

8 AC PF constant PQ or Z PQ
STAGE 3: iy
Voltage limit violation No
UVLS -

Line flow limit violation is detected. Lines 26-27, 26-28, and double
circuit lines 1-3, 2-24, and 3-24 are disconnected

STAGE 1: 4 islands detected: i; ={1, 2, 12, 13, 23, 26, 38, 46,

47,59, 60}, i, ={4, 5, 6,7, 8,9, 10, 11, 14, 15, 16, 17, 18, 19,

20, 21, 22, 25, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 41, 42,

43, 44, 45, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58}, iz ={3,

39}, and i, ={24, 40} without any load.

o [STAGEZ2: i A A
& | Frequency with no action (Hz) 53.67 48.94 | 49.15
& OFGT or UFLS OFGT UFLS | UFLS
© Frequency after OFGT or UFLS 50.14 49.54 | 49.75
AC PF constant PQ or Z PQ PQ PQ
STAGE 3: iy iy is
Voltage limit violation No No No
UVLS - - -
No more line flow limit violation is detected
Cascadingmetrics | LO [ LNS(MW) | GT(MW)
10 | 318.2 | 465.9
Loads shed by UFLS: Buses 1 and 5.

Loads shed by UVLS: No

in STAGES 2 and 3 is the same, as shown in Fig. 8 (a). However,
in island 2, the voltage of bus 5 is 0.84 p.u., which is below the
minimal limit. Therefore, as shown in Fig. 7, UVLS is performed
in bus 5 of island 2. Fig. 8 shows that performing such UVLS in
STAGE 3 leads to an improvement in the voltage profile of island
2. In particular, the voltage of bus 5 increases to 0.96 p.u., which
is within the acceptable range.

It should be noted that the low voltage condition on island 2
at STAGE 2 leads to divergence of conventional AC PF and stops
the simulation of the cascaded outage. As explained earlier,
existing methods cannot capture such cases and the proposer
operation of UVLS by the methods based on DC PF [5]-[8] and
cannot be accurately implemented by some other methods [9]-
[20] that handle this problem using uniform load shedding that is
not complied with what exists in real-world. On the other hand,
as shown in Fig. 8 (b), the voltage profile of island 2 at STAGE 2
is calculated thanks to the advantage of the extended AC PF to
transform the PQ-constant load model into a Z-constant model.
Subsequently, the UVLS in STAGE 3 is performed using such
an AC PF model, resulting in estimation of voltage profile and
successful simulation of cascading outages.

B. Case Study 2: Initial Event: Outage of Line 23-26

Table 1l shows the results of the simulation of cascading
outage triggered by the outage of line 23-26. It can be observed
that this initiating event results in three cascades. In the first
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cascade (immediately after the outage of line 23-26), the
proposed LIBID islanding detection algorithm detects only one
island in the whole network, which means that this triggering
event does not lead to any islanding in the network. Moreover,
this single contingency does not lead to any frequency or voltage
violation in the system. Therefore, as indicated in Table Il, there
is no need for OFGT/UFLS and UVLS in the first cascade.
However, the initiating event under study results in the flow limit
of line 23-28 being exceeded.

In cascade 2, the additional outage of line 23-28 does not
result in the formation of a new island or violate the voltage or
frequency in the system. However, the combination of these two
outages results in a violation of the flow limits for an additional 8
transmission lines, as indicated in Table Il. Therefore, by
disconnected these 8 lines, the network in cascade 3 is split into 4
islands iy, i,, i3, and i, as described in Table II. Island 4 contains
no load demand, so it loses the generator. In the three other
islands, over-frequency, under-frequency, and over-frequency are
observed, respectively. By simulating OFGT or UFLS in these
three islands, a frequency of 50.14, 49.54, and 49.75 Hz is
recovered, which is within the allowable range. After that, the
STAGE 3 identifies no voltage violation on any of the islands.
Finally, since there is no more line flow violation, the cascade
simulation terminates. It should be noted due to these good
voltage conditions AC PF with PQ-constant load model
converges, and it is not necessary to use AC PF with Z-constant
load model.

Cascading metrics are provided in Table Il, showing that a
total of 10 lines are disconnected, 318 MW (3.65%) of system
load is not supplied, and about 466 MW of generation is tripped.

As regards computation time, it is worth noting that for the
extensive simulations like those presented so far, the proposed
simulator executes fast in under 0.02 seconds.

IVV. CONCLUSIONS AND FUTURE WORKS

The paper has proposed a new comprehensive framework for
the simulation of cascading failures, considering the main needed
modelling features i.e., the detection of islanding and handling
frequency and voltage issues. Simulation results have shown that:
o the proposed LIBID algorithm accurately detects the islands

that may occur after the initiating or subsequent events;

e the frequency change of each island during cascading
outages is accurately simulated considering the effects of
PFC, possible UFLS/OFGT, grid effects and active power
limits of generators thanks to the proposed extended AC PF;

e by using an enhanced modeling of UVLS and load, any
divergence of AC PF is avoided, and the proposed cascading
outage simulator can proceed even in voltage unstable cases
where UVLS is triggered and counteract voltage instability.

The simulator calculates three metrics: the number of line
outages, the amounts of load not supplied, and generation tripped.

The proposed extended AC PF-based cascading simulator is
not only comprehensive and accurate but also efficient, since its
simulation time is in order of 10 seconds for a 60-bus system.
This short time suggests the simulator scales to large systems.
Indeed, no scalability issues are to be expected since the method
relies on a sequence of enhanced AC power flow calculations.

Our future work will consider the following items.

e Here, all overloaded lines are simultaneously disconnected.
However, after the first line outage, the power flows will
change, so different lines might be overloaded. Hence, a
probabilistic model can be used to determine what happens
depending on which line trips first.

e The method can be further extended to incorporate
switchable shunt reactors / capacitors, as well as accounting
for uncertainty in the response of the system protection
scheme (e.g., the possibility of malfunction).
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