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Abstract—A challenging problem facing AC-Quasi-Steady-
State (AC-QSS) cascading failure models of power system is
the divergence issue primarily stemming from voltage collapse
phenomena. In reality, there are undervoltage load shedding
(UVLS) relays, which aim to prevent such a collapse by shedding
a pre-specified fraction of load at buses where the corresponding
voltages fall below a threshold. However, capturing the UVLS
action in QSS models is very difficult, because most of the time
the model cannot generate an equilibrium below the voltage
threshold due to divergence. To address this problem, current
models have applied different variants of uniform load shedding
(ULS) till convergence is achieved, which differ from the ground
truth. In order to solve this, we propose a methodology that
leverages the post-ULS load flow as a starting point when
divergence occurs. In this condition, a sensitivity index coupled
with the voltage magnitudes of buses is used to recognize the
buses that are most prone to voltage collapse. The UVLS scheme
is then applied to these buses. To verify the accuracy of the
results, we also present a suitable dynamic cascade model with
appropriate limits and protection details that can selectively
capture UVLS action, thereby revealing the proximate ground
truth. Predictions of the proposed model are validated against
those of the dynamic model for representative cases in IEEE
118-bus system. In addition, results of the proposed model are
contrasted with two ULS schemes on the 2, 383-bus Polish system.

Index Terms—AC-QSS model, Cascading failure, Dynamic
model, Under Voltage Load Shedding, UVLS, Voltage collapse.

I. INTRODUCTION

UNDERVOLTAGE load shedding (UVLS) schemes play
an important role in saving the power grid from potential

voltage collapse during cascading failures. The UVLS relays
in a network typically shed a fixed fraction of noncritical loads
at buses where voltages have gone below a certain threshold
[1] for a pre-determined time. The most comprehensive UVLS
architectures involving local protection relays and centralized
remedial action schemes (RASs) are present in the US Western
Electricity Coordinating Council (WECC) system [2]–[4].
Models that do not consider such existing schemes end up
showing highly pessimistic results in terms of total demand
served at the end of cascade – an important measure of the
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severity of such events. In this context, we remark that AC-
Quasi-Steady-State (QSS) model [5]–[13], [27], [28] is the
only computationally manageable model that can capture the
voltage stability issues. However, incorporating existing UVLS
schemes in the AC-QSS cascading failure models remains an
open problem.

In absence of a UVLS scheme the AC-QSS model often
diverges during cascade propagation, which can be primarily
attributed to voltage instability. How often such divergence
will occur depends on the system characteristics. To the best
of our knowledge, current AC-QSS models [5]–[13], [27],
[28] cannot include pre-existing UVLS schemes that shed
loads only at those buses that go below a threshold. When
divergence is observed during cascade, such models typically
consider uniform load shedding (ULS) i.e., each bus sheds the
same pre-defined fraction of load irrespective of its voltage
magnitude [6], [9], [11], [12]. A stochastic cascade model is
proposed in [13] in which the divergence issue is addressed via
continuation power flow (CPF) [14]. However, authors have
not mentioned the potential problems regarding the choice of
initial point for CPF. Moreover, when Q-limits are considered,
depending on the initial point, CPF may lead to completely dif-
ferent P−V curves due to PV −PQ bus switching. Reference
[10] applies DC optimal power flow (OPF) for load shedding
when AC-QSS model diverges. Authors in [12] introduce a
model based on AC OPF considering frequency deviations to
simulate the remedial control when system collapse happens.

Typical AC-QSS models [5]–[13] fail to capture the volt-
age threshold-based UVLS relays in practical systems [1]–
[4] since most of the time the models cannot generate an
equilibrium below the voltage threshold due to divergence.
Therefore, such models may result in a cascade path that is
completely different from the ground truth.

The other challenge is to find a way to validate the results of
any proposed model that considers an existing UVLS scheme.
Dynamic cascading failure models like [15]–[17], [22]–[26]
can be used to generate the ground truth corresponding to the
post-UVLS equilibrium. Unlike QSS-type models, dynamic
models are capable of representing realistic UVLS schemes
as they output temporal evolution of voltages, and therefore
do not encounter the problem of divergence unless the UVLS
scheme fails to arrest the collapse. The problem however is that
they also reflect dynamic phenomena involving angle stability
and other nonlinearities that might arise due to controller limit
hitting, and so on. Therefore, one needs to be thoughtful
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in introducing certain modifications in the dynamic model
and consider scenarios that avoid these interactions before
validating the AC-QSS results.

The contribution of this paper is twofold – first, we propose
a methodology to represent the UVLS scheme in an AC-QSS
model that builds on our preliminary work [32], and second,
we present a suitable dynamic cascade model with appropriate
limits and protection details that can selectively capture UVLS
action, thereby revealing the proximate ground truth. To that
end, the post-ULS load flow [6], [9], [11], [12] is used as
a starting point when divergence occurs. In this condition, a
sensitivity index coupled with the voltage magnitudes of buses
are used to recognize the buses that are most prone to voltage
collapse. The UVLS scheme is then applied to these buses. In
order to impose Q limits in the dynamic model consistent with
the AC-QSS model, we propose a new field voltage limiting
scheme as a function of the machine current injection. We
validate results of the proposed AC-QSS model against a few
representative cases in the dynamic model of the IEEE 118-
bus test system. Finally, statistical analysis is performed to
compare the results of cascading failures obtained from the
proposed AC-QSS model and the traditional AC-QSS model
equipped with two ULS-type schemes for a large-scale 2, 383-
bus Polish network.

II. AC-QSS MODEL: CHALLENGES IN INCLUDING
PRE-EXISTING UVLS SCHEMES

We first look into AC-QSS cascading failure models in
literature and how they deal with the divergence issue. Next,
we elaborate on the challenge facing inclusion of local voltage
threshold-based UVLS relays in AC-QSS models.

A. State-of-the-art AC-QSS Cascading Failure Models

In this section, we provide an overview of AC-QSS models
proposed in [6], [9], [10], [12], [27] – a detailed benchmarking
analysis was done in [28]. The cascading failure are triggered
with a set of initial failures. Various islands might form due
to the initial outages. The load and the generation are first
balanced in each island by tripping excess generation/load,
and the cascade model is applied individually on each island,
thereby mimicking underfrequency relay action. In each tier
of cascade, the cascade propagates by tripping overloaded
branches using overcurrent relays. These trippings will change
the topology of each island and might result in new island
formation. Once the load flow diverges in an island, i.e. voltage
collapse is observed, the models proposed different variants of
uniform load shedding (ULS) until convergence is achieved. If
no convergence is obtained, a blackout is assumed to happen in
the island. The cascade is stopped when either no overloaded
line is observed or no more load is available to be served
in the island due to a complete blackout. For the sake of
comparison, a simple ULS-based AC-QSS model including
the above-mentioned steps is used as a first benchmark in this
paper.

As an intelligent variant of ULS, we also consider the
commonly-known Manchester model proposed in [6], [27],
where the authors assume that the system operators have

enough time to react to divergence of the power flow (PF).
This does not represent local autonomous UVLS relay action
– rather operator intervention-based action. Nevertheless, we
introduce an AC-QSS model as a second benchmark with a
smarter shedding strategy similar to the Manchester model. In
this model called ‘Manchester-type model’, if PF diverges in
an island, we divide the island into different subgraphs/areas
and we start load shedding in the subgraphs starting with the
highest absolute mismatch between active generation and load
until convergence is achieved. The mismatch is weighted by
the real power load in the subgraph normalized by the total
load in the island. To the best of our knowledge, [6], [27]
do not provide any specific definition of an ‘area’. Therefore,
we have formed an algorithm to create such areas as will be
described in Section V.

B. UVLS Schemes and Challenges of Including them in AC-
QSS Models

The UVLS relays in a network typically shed a fixed
fraction of loads at buses where voltages have gone below a
certain threshold and remain there for a predetermined period
of time – typically 3 − 5 s [1]–[4]. There are two types of
UVLS schemes: decentralized and centralized. The decentral-
ized scheme relies upon local relay actions at individual load
centers whereas the centralized schemes involve high speed
communication of sensor data to control center and more
complex rule-based tripping mechanisms – such schemes are
called RASs or special protection schemes. The focus of this
paper is on the decentralized UVLS schemes.

WECC guidelines [4] indicate that UVLS is designed based
on coordination between protection and planning engineers
to avoid tripping under faults and heavy loading conditions
that do not lead to voltage collapse. The schemes act when
voltage collapse is likely to occur – this is where AC-QSS
models face major issues since they represent “snapshot” of
steady state conditions. Therefore, the condition of voltage
collapse leads to divergence of load flow in the first place and
the UVLS shedding cannot be applied. Moreover, the idea of
applying CPF [14] to solve this issue is quite challenging since
it was not tailored for cascading failure application – more
specifically, we have observed that depending on the initial
point on the P − V curve and the PV − PQ bus switching,
one might end up in completely different trajectories.

Clearly, the current AC-QSS models [5]–[13] do not have
the means to include decentralized UVLS schemes, which lead
to a different cascade propagation path.

III. PROPOSED METHOD

In this section, we propose an improved AC-QSS model
enabled by new indices, which is capable of modeling de-
centralized UVLS schemes. This is one of the key contribu-
tions of the paper. The proposed AC-QSS model has been
implemented using MATPOWER [21]. Figure 1 depicts the
flowchart of the proposed model, which consists of three layers
– Lbody , Lconv , and Ldiv . The body-layer (Lbody) contains the
traditional AC-QSS model that includes overcurrent tripping,
island formation, and load balancing. The other layers (Lconv
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and Ldiv) deal with converged and diverged PFs in an island
for closely mimicking the behavior of UVLS relays. Variables
vi indicates the voltage magnitude of bus i and vth indicates a
pre-specified voltage magnitude below which the UVLS relay
is programmed to trip a fraction (1−r) of the pre-disturbance
load. Also, let kished and kmaxshed be integers denoting the number
of UVLS trippings at bus i and the maximum allowable
number of trippings at each bus, respectively. Note that vth, r,
and kmaxshed are pre-designed parameters of the UVLS scheme
used as input to our model – we are not proposing any new
design methodology in our paper. The UVLS action at bus i
would be in the following form:

Di
load = rk

i
shed(Di,pre

load ),

kished ∈ [0, 1, ..., kmaxshed]
(1)

where, Di,pre
load indicates the pre-disturbance load at node i,

and Di
load is load at bus i after load shedding is applied. We

note that for constant impedance load, D refers to the load
admittance, whereas it refers to real and reactive power for its
constant power counterpart.

The proposed AC-QSS model starts in the Lbody layer with
a set of initial node outages. In the next step, the model forms
the resulting islands (if any) due to initial node outages. Upon
formation, let Pmm = Pload + Ploss − Pgen > 0 in an island,
where Pload, Ploss, and Pgen are the total real power load,
loss, and generation, respectively in that island. In reality,
that island goes through governor action (RG being governor
droop coefficient) to increase generation and in parallel may
undergo underfrequency load shedding (UFLS), if frequency
falls below a threshold – Fig. 2 shows a typical primary
frequency response. To emulate this in the AC-QSS model,
we apply an iterative approach as shown in Fig. 2 that leads
to the post-disturbance equilibrium.

First, we assume that there is no UFLS action. So, mismatch
will solely be addressed by increasing active generation (PG)
of generators through governor action. In steady state we have
(with typical notations):

∆PG,i = − ∆f
RG,i

,∆f = − Pmm∑
i=1

1
RG,i

, f1 = f0 + ∆f,

PG,i = PG,i0 + ∆PG,i
(2)

As shown in Fig. 2, the value of f1 is updated iteratively and
if f1 is less than a threshold fth (59.5 Hz in this paper) plus
a tolerance ε (assumed 0.1 Hz), UFLS action takes place.

If Pmm < 0, there will be a surplus of active power genera-
tion. In this case, power mismatch will solely be compensated
by governor action by decreasing PG of generators.

For each island, PF is conducted – if convergence is
achieved, we move to the Lconv layer. If vi ≤ vth for at
least one bus, we proceed to find the ‘candidate buses’ for
load tripping as described in Section III-A.

On the other hand, if PF diverges in the island, the Ldiv
layer will be applied. First, the diverged network is saved as
Netintdiv . To identify the candidate buses for load shedding we
need a converged PF case. To that end, in an intermediate
step, we apply ULS on Netintdiv that trips a uniform fraction
of loads in all buses until convergence is achieved. Then,

we calculate our proposed Candidate Bus Identification (CBI)
index (described next), on the converged solution to identify
candidate buses for load shedding.

Finally, we apply UVLS in candidate buses in the pre-
ULS diverged network (Netintdiv) iteratively till convergence
is achieved. The process of checking bus voltages below
threshold and load shedding is repeated till all voltages come
above threshold or kmaxshed is reached. If no convergence is
achieved in the intermediate ULS stage or after kmaxshed is
reached in the candidate buses during UVLS, the island is
assumed to have a complete blackout.

A. Indices to Identify the Candidate Buses

We propose a two-step approach to determine the candidate
buses that are more likely to undergo UVLS. To that end, we
either directly use the converged solution of PF in an island,
or for the diverged PF case, obtain a converged PF using ULS
(if it exists). In the first step, we calculate a weakness index
of buses in this condition based upon V −Q sensitivity. Next,
we combine this information with the voltage magnitude of
buses to propose a composite CBI index.

1) Weakness index: For the converged cases, the process
described in this section to calculate weakness index uses the
converged PF. For the diverged cases, we argue that the PF
solution with ULS brings us close to the voltage collapse point,
which allows us to evaluate the bus voltages that are most
sensitive to loading. We hypothesize that these are the buses
whose voltages are more likely to dip below vth and undergo
load shedding. We use the Jacobian matrix to calculate the
most sensitive buses in the network [18]. The linearized
relationship between incremental change in bus active and
reactive power with incremental change in bus voltage angle
and magnitude is as follows:[

∆P
∆Q

]
=

[
JPθ JPv
JQθ JQv

] [
∆θ
∆v

]
(3)

In [18] authors proposed the sensitivity index, also called
weakness index in this paper, for buses based on Q − V
sensitivity, so ∆P = 0 is assumed. Using (3), ∆Q can be
written as follows:

∆Q = [JQv − JQθJ−1
Pθ JPv]∆v = JR∆v (4)

and,
∆v = J−1

R ∆Q (5)

where, the JR indicates the reduced Jacobian matrix of the
system:

JR = [JQv − JQθJ−1
Pθ JPv] (6)

By decomposition approach, JR can be written as:

JR = ξΛη (7)

where ξ, η, and Λ present the right eigenvector matrix, left
eigenvector matrix, and diagonal eigenvalue matrix of JR, and,

J−1
R = ξΛ−1η (8)

or,
∆v =

∑
k

ξkηk
λk

∆Q (9)
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Fig. 1: Flowchart of the proposed model.
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Fig. 2: Left: Iterative process of implementing governor action and
UFLS in AC-QSS model. Right: Typical primary frequency response.

where, ξk and ηk show the right and left eigenvector of
JR, respectively, and k indicates the mode number. We can
reformulate (9) as follows:

∆vi =
∑
k

ξkiηik
λk

∆Qi, ∀i (10)

with ξki and ηik the ith element of ξk and ηk, where i indicates
ith bus. So, we can formulate the V −Q sensitivity of bus i
as:

∂vi
∂Qi

=
∑
k

ξkiηik
λk

=
∑
k

Pik

λk
, ∀i (11)

where,
Pik = ξkiηik (12)

Pik is defined as participation factor/weakness index of bus
i to mode k. It indicates the contribution of kth eigenvalue,
pertinent to mode k, to the V −Q sensitivity at bus i.

The smaller eigenvalues are associated with the weak modes
of the system. So we can use m smallest eigenvalues to
identify the weakest buses in the system [18], [19]. A higher
value of Pik for bus i shows higher sensitivity for bus i in
mode k.

Remark: The weakness index calculation involves inversion
of Jacobian submatrix Jpθ, which is sparse and inversion of
reduced Jacobian JR, which is dense. Matlab [29] typically
uses LU factorization in this process, which is based on a
variant of Gaussian elimination. When inverting the n × n
dense matrix JR, the order of complexity in such algorithms,
e.g. recursive block LU algorithm is typically O(n3) [33]. For
the sparse matrix inversion, the complexity typically depends
upon the number of nonzero entries, rather than the matrix
dimension.

2) CBI index: At the converged solution (either obtained
directly from the converged PF or with ULS), the buses can
be categorized as (Fig. 3) –

1. Voltage: Low, Weaknesses index: High;
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2. Voltage: Low, Weakness index: Low;
3. Voltage: High, Weakness index: High;
4. Voltage: High, Weakness index: Low.
Clearly, buses in the last category have the lowest chance to

qualify as candidate buses, whereas the first has the highest,
and the remaining have moderate chances. Based upon these
logical arguments, we propose the CBI index as:

CBIi =
vth−vi

max
i
|vth−vi| + Pi

max
i

(Pi) (13)

where, Pi denotes the weakness index Pik in which the k is
the mode with smallest eigenvalue. As can be seen in (13), the
proposed index for bus i is the sum of the voltage deviation
from vth and it’s weakness index – each normalized with
respect to their maximum values.

Next, we sort the buses according to a descending order of
the CBI index. Now, it is time to finalize the list of candidate
buses for load shedding. To do so, we identify the last bus f
with vf−vth−γ ≤ 0 from the list of the ordered buses, where
γ is a user-defined parameter indicating conservatism in our
selection, i.e. higher the value of γ the lesser the chance of
misses. We select buses 1 to f as our final candidate buses
for load shedding.

v
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Fig. 3: Basis for proposing CBI index: Qualitative mapping of chance
of candidate buses to the ground truth set that have undergone UVLS
shedding.

Remarks: (1) In the flowchart in Fig. 1, the ‘Run PF’ block
takes into account governor action and UFLS (when appro-
priate), and distributes loss among generators in proportion to
their inverse governor droops during power flow.
(2) The impact of operation of UVLS on other protection
schemes can be quite complex depending on the operating
condition and the system configurations. For example, UVLS
schemes will reduce load consumption, which may lead to
reduction in line current that affect overcurrent protection, and
arrest frequency nadir, thereby impacting UFLS action.

IV. DYNAMIC MODEL FOR VALIDATING AC-QSS MODEL
WITH UVLS SCHEME

In the existing literature, a few papers including [15]–
[17], [22]–[26] discussed the details of the suitable model
required to perform cascading failure studies. These works
focused on different aspects of cascading simulation, like

models suitable for parallel computing [22], probabilistic risk
assessment [23], hybrid modeling and corrective action under
extreme weather [24], modeling protection relay behavior
during cascade [25], and optimal investment to improve grid
resilience and restoration following cascading failure [26].
Reference [15] built upon traditional dynamic models used
to study transient stability and added multiple protection
functionalities to perform cascading failure study. However,
in the context of UVLS, one of the main differences between
the AC-QSS model and the traditional dynamic models arises
because of the fact that the former uses explicit reactive
power limits Qmax and Qmin on generators, whereas the latter
employ field heating limits (FHL) instead of reactive power
limits. Since the reactive power capability of generators plays
a major role during analysis of UVLS phenomena, this aspect
needs significant attention. In this paper, we present a suitable
dynamic model with appropriate limits and protection details
to selectively capture UVLS action, as described next.

A. Dynamic Model Selectively Capturing UVLS Action

The proposed dynamic model has been developed using
the basic building blocks in Matlab/Simulink [29] from first
principles. In this model, a standard static constant impedance,
current, power, and exponential (ZIPE) load representation,
along with phasor modeling of transmission network is con-
sidered. To represent the generators, a sixth-order subtransient
model equipped with excitation systems and governors with
appropriate time constants is chosen. Both IEEE DC1A and
IEEE ST1A exciters were separately taken into account.
Details about the generator, exciter, and governor models can
be found in [20], and are not repeated here. However, magnetic
saturation and armature resistance were ignored in this model.
Also, a different d − q reference frame consistent with IEEE
standard modeling is considered where the d axis leads the q
axis.

Two main features were included in this dynamic model,
(i) protection relays and (ii) limits. The former includes line
overload tripping, over and underfrequency generator tripping,
UFLS, and UVLS – each with their corresponding time delay
units. As part of the second category, real power limits are
enforced by directly limiting the mechanical torque input to
the generator. However, in order to enable a comparative study
between the dynamic and the AC-QSS model, the excitation
limits are modified in a way such that the constant minimum
and maximum reactive power limits of the AC-QSS model can
be replicated.

Figure 4(a) shows how the capability curve of Generator
#5 in IEEE 118 bus system’s dynamic model, specifically
the overexcitation and underexcitation limits are different from
the constant maximum and minimum reactive power limits
of that generator in AC-QSS model, respectively. Assuming
1 pu voltage at the terminal, for various armature currents
at maximum and minimum reactive power, the limits of the
excitation voltage Efd are calculated using generator model
during the steady state conditions. Figure 4(b) shows how the
AC-QSS constant reactive power limits are reflected in the
field voltage and armature current plane, when compared to
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Fig. 4: Modified excitation limits to match the constant reactive power
limits of the AC-QSS model for a fair comparative study.

actual over and underexcitation limits. The AC-QSS model
based limits are linearly curve fitted as shown in 4(b) and
those lines are used as excitation limit in the dynamic model
to match the reactive characteristics of AC-QSS model.

Apart from the proposed approach to enforce explicit reac-
tive power limits, the salient features of the dynamic model
are as follows: (a) Load model – Although the model is
generic, i.e. it can handle any mixture of components in
the ZIPE load, we have simulated 100% constant Z and
100% restorative constant P loads. In the first case, the Ybus
subsumes the load admittance with zero current injection from
load buses. In the constant P load case, we have introduced a
delay reflecting the restorative characteristics [30] – the model
is shown in Fig. 5. Here, P0 and Q0 are the nominal real and
reactive power loads, and Pt(V ) = |V |α, Qt(V ) = |V |β .
(b) UVLS model – The UVLS relays apply a block-averaging
algorithm to measure the mean voltage in a moving window
that spans over duration same as the time delay of UVLS. If the
mean voltage goes below the threshold in a window filled with
samples, load shedding happens. Following each shedding, the
minimum time before the next allowed shedding is set at the
predefined delay.
(c) UFLS model – If the center of inertia (COI) frequency falls
and stays below 59.5 Hz for at least 1 s, then UFLS action
takes place.
(d) Load shedding implementation – For a constant Z case,
the Ybus is changed in a discrete manner during load shedding.
For the other load type, value of P0 + jQ0 is changed in Fig.
5 in a step-like manner that results in a smooth change in
current injection.
(e) Solver – We use solvers ode23tb for constant Z case
and ode23 (Bogacki-Shampine) for restorative load case.
These are proven off-the-shelf variable-step solvers from Mat-

lab/Simulink [29].

B. Validation of the Proposed AC-QSS Model

We validate the proposed AC-QSS model by comparing
results from the first tier of cascade with our proposed dynamic
model in the IEEE 118-bus network shown in Fig. 6. The
reason behind not going beyond the first tier is that the system
becomes more stressed and severe nonlinearities will impact
the response of the dynamic model, which can not be used
to validate the accuracy of the AC-QSS model. Both the
models are equipped with pre-designed UVLS relays with
the following parameters: vth = 0.91 × 0.95 = 0.8645 pu,
kmaxshed = 5, and r = 0.75. For the AC-QSS model with
UVLS scheme γ is assumed to be equal to 0.0 pu. For the
dynamic model, the UVLS scheme trip loads if voltage at
the corresponding buses stay below vth continuously for 5 s.
For the sake of fair comparison of AC-QSS model with the
dynamic one, we intentionally prevent the dynamic model to
trip overloaded lines during the simulation period.

Constant Impedance Load: First, 100% constant Z load is
considered in the dynamic model. For AC-QSS model, we
convert the nominal loads into equivalent admittances and
include them in the Ybus. We consider three representative
cases with 8%, 9%, and 10% initial node outage (based on
the fact that they have higher fraction of initial nodal outage
and that all of them lead to divergence of PF in the largest
island) for comparison.

1) Time-domain response from dynamic models: First, we
present simulation results to demonstrate the effectiveness of
the proposed dynamic model in the context of its suitability
for representing Q limits in AC-QSS model. Figure 7 shows
the variation in reactive power output of four synchronous
generators following 8% initial node outage at t = 5 s. It
can be seen that the proposed model respects the Q-limits of
the AC-QSS model under steady state, whereas the traditional
(FHL) model does not.

Figures 8 – 10 show the voltage variation in selected buses
following initial node outages at t = 5 s and subsequent
UVLS-based load trippings in the proposed dynamic model.
We consider these results to be the proximate ground truth.
The load tripping instances can be identified through jumps
in the voltage profile – trippings as low as two times in Case
3 and as high as five times in Case 2 can be observed. Note
that the trippings are not necessarily taking place at the buses
themselves, since such trippings elsewhere will also introduce
transients in each bus voltage.

Pt(v) + jQt(v)

1/s 1/T

P0 + jQ0

+
−

× P + jQ|V |

Fig. 5: Restorative constant power load model.
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Fig. 6: One-line diagram of IEEE 118-bus system.

Fig. 7: Case 1: Reactive power generation of selected generators
following 8% initial node outage at t = 5 s in traditional (FHL)
and proposed dynamic models (DC) – both with DC1A exciters.

All the previous cases considered a IEEE DC1A exciter
model. To see the effect of a static excitation system, we
simulated the cases with IEEE ST1A model – the voltage
variations for Case 1 is shown in Fig. 11. A comparison
with Fig. 8 show that the responses have minor differences in
transient behavior. Similar observations were made for other
cases, which are not reported here due to space constraints.

2) Comparison of UVLS results: Table I provides bus
location and number of load trippings in the following models:
(1) traditional dynamic model with DC1A exciter (kFHL),
(2) proposed dynamic model with DC1A exciter (kDC), (3)
proposed dynamic model with ST1A exciter (kST ), and (4)
proposed AC-QSS model (kAC). Table II summarizes the
number of misses and false trippings in the proposed AC-
QSS model with respect to different dynamic models. Table
III presents comparison of misses and false trippings of AC-
QSS model with UVLS when compared against 25 more
dynamic simulation cases with DC1A exciter for initial node
outages varying between 5−10%. In each case, the number of
misses and false alarms are calculated as a percentage of total
number of trippings in the dynamic model. The following is
the summary of observations:

Fig. 8: Case 1: Voltage variation in selected buses following 8%
initial node outage at t = 5 s and subsequent load tripping due to
UVLS relays: IEEE DC1A model for exciter.

Fig. 9: Case 2: Voltage variation in selected buses following 9%
initial node outage at t = 5 s and subsequent load tripping due to
UVLS relays: IEEE DC1A model for exciter.

Fig. 10: Case 3: Voltage variation in selected buses following 10%
initial node outage at t = 5 s and subsequent load tripping due to
UVLS relays: IEEE DC1A model for exciter.

Fig. 11: Case 1: Voltage variation in selected buses following 8%
initial node outage at t = 5 s and subsequent load tripping due to
UVLS relays: IEEE ST1A model for exciter.

• Table I indicates that the proposed dynamic models
equipped with IEEE DC1A and ST1A exciters produce
near identical results in terms of the location and number
of UVLS sheddings, whereas the traditional dynamic
model with FHL produces a different outcome. As also
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TABLE I: Location and Number of Load Trippings in Dynamic and AC-QSS Models: IEEE 118-Bus System

# case 1 case 2 case 3
bus kDC kST kFHL kQSS bus kDC kST kFHL kQSS bus kDC kST kFHL kQSS

1 1 2 2 5 2 77 4 4 2 5 1 2 2 3 2
2 2 2 2 5 2 78 4 4 2 5 2 2 2 3 2
3 3 2 2 5 2 79 4 4 2 5 3 2 2 3 2
4 6 2 2 5 1 82 5 5 5 5 6 1 1 2 1
5 7 2 2 5 1 83 5 5 5 5 7 1 1 2 1
6 11 2 2 5 2 84 5 5 5 5 11 2 2 3 2
7 12 2 2 5 1 85 5 5 5 5 12 2 1 3 1
8 13 2 2 5 2 13 2 2 3 2
9 14 2 2 5 2 14 2 2 3 2
10 15 2 2 5 2 15 2 2 3 2
11 16 2 2 5 2 16 2 2 3 2
12 18 2 2 5 2 18 2 2 2 2
13 19 2 2 5 2 19 2 2 2 2
14 20 2 2 5 2 20 2 2 2 2
15 33 2 2 5 2 21 2 2 2 2
16 34 0 0 2 0 22 1 1 1 0
17 117 2 2 5 2 33 2 2 2 2
18 117 2 2 3 2

TABLE II: Number of Misses and False Trippings in Proposed AC-
QSS Model w.r.t. Different Dynamic Models: IEEE 118-Bus System

Ground truth
DC1A ST1A FHL

case 1 miss 3 3 53
fauls trip 0 0 0

case 2 miss 0 0 0
fauls trip 3 3 9

case 3 miss 2 1 14
fauls trip 0 0 0

TABLE III: Number of Misses and False Trippings in 25 Separate
Cases with IEEE DC1A Exciter: IEEE 118-bus System

mean min max
miss, % 7.368262 0 25

false trippings, % 2.930844 0 18.18182

Fig. 12: Case 4: Voltage variation in selected buses following 7%
initial node outage at t = 5 s and subsequent load tripping due to
UVLS relays: IEEE DC1A exciter and restorative load model.

indicated by Table II, traditional FHL models are not
suitable for benchmarking the AC-QSS model’s UVLS
performance.

• Based on Tables I and II, when benchmarked w.r.t. the
proposed dynamic model, almost all the bus locations that
had undergone UVLS-based trippings have been correctly
identified by the AC-QSS model, except load at bus 22 in
Case 3 not being captured by the AC-QSS model. Only
3 false alarms are observed for Case 2.

• As observed from Tables I and II, the number of trippings
have some differences between the proposed AC-QSS
and the proposed dynamic models – nevertheless, they

TABLE IV: Location and Number of Load Trippings in Dynamic
Model with Restorative Load and AC-QSS Model: IEEE 118-Bus
System

# case 4 case 5 case 6
bus kDC kQSS bus kDC kQSS bus kDC kQSS

1 13 4 3 70 2 1 76 2 2
2 14 2 2 74 3 1 77 3 2
3 15 3 3 75 3 2 78 3 2
4 18 3 2 76 4 2 79 3 2
5 19 3 3 77 3 2 82 4 2
6 20 3 3 78 3 2 83 4 2
7 21 3 3 79 3 2 84 4 2
8 22 3 2 82 3 1 95 4 3
9 33 3 2 83 2 1 96 4 3

10 34 2 2 84 0 1 97 4 3
11 35 2 2 95 1 1 118 1 2
12 36 2 2 96 2 1
13 37 0 2 97 2 1
14 43 2 2 118 3 2
15 44 0 1

Fig. 13: Case 5: Voltage variation in selected buses following 5%
initial node outage at t = 5 s and subsequent load tripping due to
UVLS relays: IEEE DC1A exciter and restorative load model.

are reasonably close to each other. Table III shows that,
although in certain cases there can be as high as 25%
misses and 18% false trippings, the average total error
(misses plus false trippings) is around 10%.

Restorative Constant Power Load: Next, 100% constant
P load with restorative characteristics is considered in the
dynamic model, while the AC-QSS model assumes constant
power loads. For the restorative model α = 0.6, β = 3.0,
T = 3.0 s are assumed, and UVLS tripping delay of 5 s is
considered as before. Each case considers DC1A excitation
system in our proposed model. We take into account three
separate cases with 7% initial node outages in two (Cases 4
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Fig. 14: Case 6: Voltage variation in selected buses following 7%
initial node outage at t = 5 s and subsequent load tripping due to
UVLS relays: IEEE DC1A exciter and restorative load model.

and 6) and 5% outage in one (Case 5) – the largest island in
AC-QSS model without UVLS diverges in each case.

3) Time-domain response from dynamic models: Figures
12, 13, and 14 show the time-domain response following
initial node outages at t = 5 s. In absence of UVLS relays,
the system witnesses voltage collapse as indicated by Figs
12(a), 13(a), and 14(a). On the other hand, the presence of the
decentralized UVLS scheme saves the system from voltage
collapse as shown in 12(b), 13(b), and 14(b).

4) Comparison of UVLS results: Table IV shows the com-
parison of bus location and number of sheddings due to UVLS
relays between the AC-QSS and the dynamic model. It can
be observed that we obtain reasonably close match between
these results, given that all buses undergoing UVLS has been
captured by the AC-QSS model.

These extensive studies give us confidence in the proposed
model and allow us to perform exhaustive Monte-Carlo simu-
lations with the AC-QSS models based on ULS, Manchester-
type, and UVLS schemes.

V. CASE STUDIES

The IEEE 118-bus system and the Polish network during
winter 1999 − 2000 peak condition [21] are studied here to
contrast UVLS, ULS, and Manchester-type AC-QSS models.
To create subgraphs/areas in the Manchester-type model, we
first order the generators/loads in each island according to the
degree of the corresponding bus. Then we build subgraphs
around them consecutively, considering a predetermined num-
ber h of hops (4 for 118-bus and 30 for Polish system) from
the root node. We ignore the nodes that are already included
by an existing subgraph. This procedure is repeated until we
cover all the nodes. In this context, we use words ‘subgraph’
and ‘area’ interchangeably.

For the IEEE 118-bus system, different initial node outages
varying from 1%− 9% of total nodes are tested. Afterwards,
cases with initial node outages varying from 1% − 5% are
studied for the Polish system. For each case, 500 Monte Carlo
runs were performed with random selection of node outages.
When faced with divergence, the ULS scheme iteratively sheds
load in the fraction of 0.5% uniformly in all load buses
till convergence is achieved – no load is shed if we have
a converged PF. The shedding strategy in Manchester-type
model was discussed in Section II-A. For UVLS, the same
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Fig. 15: Boxplots of total load served at the end of cascade comparing
ULS, Manchester-type, and UVLS in IEEE 118-bus system: 500
Monte Carlo runs were conducted for each % of initial nodal outage.

ULS

Mch.-type

UVLS

Fig. 16: Cascade outcome comparison for ULS, Manchester-type, and
UVLS: IEEE 118-Bus System.

settings that were mentioned earlier are applied. For the IEEE
118-bus cases, γ = 0.02 pu and for the Polish network,
γ = 0.05 pu is assumed. A constant impedance load model is
considered in the studies.

In addition, we have performed probabilistic analysis using
two metrics: distribution of number of lines out and demand
loss [28]. Probability of outage of each bus is assumed to
be 5e − 4, based on [31]. The metrics help compare paths
for cascade propagation in ULS, Manchester-type model, and
UVLS.

A. IEEE 118-bus System

Figure 15 represents the box-whisker plots of total demand
served the end of cascade, which compares ULS, Machester-
type, and UVLS models. The line inside each box represents
the median, the bottom and the top edges of the box cover
data in the first (Q1) and the third (Q3) quartile, respectively;
whereas the corresponding whiskers indicate Q1− 1.5(Q3−
Q1) and Q3 + 1.5(Q3−Q1). The outliers are excluded from
whiskers, which are plotted using small dots. Finally, the mean
values are marked using big dots. It can be observed that the
mean value is slightly higher in the ULS model compared to
the proposed model – the median value, however is almost the
same. Moreover, the inter-quartile range is higher for UVLS.
For Manchester-type model, the mean value is the highest
and the inter-quartile range is the tightest among others. It is
expected, since the Manchester-type model represents more
intelligent shedding that presumes operator intervention as
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opposed to autonomous local shedding in a decentralized
UVLS scheme.

Figure 16 shows some additional variables comparing the
outcome of the cascading process, namely number of maxi-
mum islands and tiers normalized with respect to UVLS cases.
The following is the summary of observations:
• On a consistent basis, the normalized maximum number

of islands formed out of 500 runs is much higher for
UVLS cases.

• The maximum number of tiers are relatively close to each
other.

The distribution of number of lines out and total demand
served at the end of cascade are shown in Figs 17 and
18, respectively. In this analysis, we assume that the initial
node outages are independent events. These are indicators of
cascade propagation paths in different models under consider-
ation. Figure 17 indicates that from 30% or higher demand
loss, the cascade propagation paths of these models start
diverging – Manchester-type model gives highly optimistic
results followed by ULS. On the other hand, this effect can
be observed beyond approximately 75 line outages (Fig. 18),
albeit with less pronounced difference between Manchester-
type and ULS models.

B. Polish System

Figure 19 shows the comparison of maximum number of
islands formed and maximum number of tiers of cascade

Fig. 17: Distribution of demand loss: IEEE 118-bus system.

Fig. 18: Distribution of line outage: IEEE 118-bus system.

ULS

Mch.-type

UVLS

Fig. 19: Cascade outcome comparison for ULS, Manchester-type, and
UVLS: Polish System

across different initial outages for ULS, Manchester-type, and
UVLS models. These metrics are normalized with respect
to the UVLS model. It can be seen that UVLS leads to
many more islands compared to the other models, whereas
the maximum number of tiers of cascade are relatively similar
across the three models.

We have also compared the cascade propagation paths of
the three models considering distribution of demand loss and
distribution of line outages through probabilistic analysis [28].
As before, we assume that the initial node outages are indepen-
dent events. This leads to a significantly low probability even
for 1% node outage in the Polish system (assuming probability
of each node outage as 5e − 4). We plot the distribution of

Fig. 20: Distribution of demand loss: Polish system.

Fig. 21: Distribution of line outage: Polish system.
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demand loss in Fig. 20. This plot reveals that UVLS leads
to higher demand loss corresponding to the same cumulative
probability when compared with ULS and Manchester-type
shedding. Interestingly, the ULS and UVLS cases lead to
almost same distribution.

We have also compared the cumulative probability of line
outage for these three models. As shown in Fig. 21, the
propagation paths for ULS and Manchester-type model are
very similar. The propagation path of UVLS starts departing
beyond ≈ 70 or more line outages.

C. Average CPU Time for Cascade Simulation

The approximate average runtime for entire cascade process
of 1 Monte Carlo run for ULS and UVLS models are 2 s and 3
s for IEEE 118-bus network, and 21 s and 36 s for the Polish
system, respectively. In the proposed model, the process of
calculating CBI-index (3)− (12) is taking approximately 0.03
s for IEEE 118-bus network, and 1.6 s for Polish system on
average. We ran these simulations in MATLAB on an AMD
Ryzen 7 3800X CPU with 32 GB RAM.

VI. CONCLUSION

This paper proposed a new methodology for inclusion of
pre-existing UVLS relays in the AC-QSS model for cascading
failure and a new field voltage limiting approach in dynamic
model for validating its accuracy. A reasonably close match
was obtained between the results of these two models in IEEE
118-bus system at the end of first tier of cascade. Extensive
Monte Carlo simulations on IEEE 118-bus system and 2, 383-
bus Polish system indicate that in contrast with UVLS, the
ULS approach used in literature leads to a significantly dif-
ferent path of cascade propagation resulting in an optimistic
estimate of total demand served at the end of cascade. The
proposed models can be used to improve offline planning study
of cascading failure for a given UVLS scheme in the system.
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