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ABSTRACT Solar energy penetration in power grids helps to maintain power balance between generation
and demand, thus enhances power grid performance. However, these integrations reduce grids’ time margin
to respond against sudden frequency changes and re-establishing generation-demand equivalency. Thereby,
it poses challenges to the performance and stability of the power system. It therefore becomes increasingly
important to comprehend the real-time system data, identify and initiate necessary remedies to sustain
the healthy system’s operation. This article presents a data-driven unified methodology for enhancing grid
stability in solar energy-penetrated power network. The proposed method is a two-stage unified framework
that incorporates Prompt Instability Evaluation (PIE) to evaluate impending system transient instability in
first stage. In the second stage for a system unstable operation a Decision Assisted Adaptive Control (DAAC)
is developed and implemented for corrective emergency control. A novel PIE is presented to perform a
post-disturbance transient stability assessment using short-synchronized moving data. The PIE assesses the
upcoming transient instability within the first few cycles following fault inception. Next, a novel DAAC is
proposed to design an emergency remedial scheme for identifying location (where), magnitude, and type
in real-time for unstable operations. The DAAC utilizes a novel Decision Rule Based Inference (DRBI) to
evaluate suitable action sets that may be deployed by the DAAC to sustain system stability. The simulation
results demonstrate the suitability of the proposed study on the system’s performance in the absence/presence
of solar energy with topological variations.

INDEX TERMS Decision assisted adaptive control, exponentially weighted moving average, solar energy,
transient stability assessment.

I. INTRODUCTION
Globally, electricity demand is expanding at an unprece-
dented rate, and power networks have adapted by utilizing a
mix of various energy sources to meet this growing demand.

The associate editor coordinating the review of this manuscript and
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Renewable Energy Penetration (REP) to the existing power
grids has achieved enormous attention of utility engineers,
system operators and researchers in recent years. The REP
at the key and critical locations enhances the performance
of the power grid. Yet, integrating renewable sources to the
system pose severe challenges to the real-time system moni-
toring, operation, and control of the systems. The capability
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to self-heal from emergencies, greater grid resiliency, and
operating ease are critical characteristics for ensuring the
reliability and continuity of electric power in REP integrated
power systems [1]. This necessitates real-time network infor-
mation, effective situational awareness, and an appropriate
strategy for dealing with the emergent abnormal settings.
Synchrophasor technology [2] transfers time-stamped syn-
chronized wide-area network data. A suitable cluster of
Phasor Measurement Units (PMU) is used in the technology
to calculate the synchronized voltage and current phasor mea-
surements.

The appropriate analysis and assessment of this synchro-
nized data exhibits grid integrity and is becoming increas-
ingly crucial for Renewable Energy Penetration (REP).
REP not only diversifies the fuel utility but also con-
tributes to the conservation of natural resources and improves
energy security. Increased renewable penetration, on the other
hand, pose challenges in grid operation due to a variation
in system inertia. Any disturbance in the power network
upsets the generation-demand equilibrium and, subsequently,
changes the system frequency. The system inertia impacts
the synchronous operation of the machines and assists the
time-margin of power grids to respond to these arising imbal-
ances [3]; however, integration of REP with no inertia such
as solar energy with conventional grids decreases the sys-
tem inertia. In the scenario of hybrid power generation, the
synchronous generator’s response to system disturbances in
terms of rotor angles and speed deviations may degrade fur-
ther. Under such circumstances, a large disturbancemay drive
the generator angles to advance more rapidly against the rest
of the system. The fast advancement of the generatormay lead
its rotor to achieve an out-of-step statemore rapidly. This state
is generally described as transient instability. Therefore, post-
disturbance power system Transient Stability Assessment
(TSA), particularly incorporating solar energy integration,
is critical for grid smooth operation.

In conventional power grids, machine-learning models in
unison with wide area measurements are utilized to predict
the generator’s online dynamic behaviour [4]. The online
dynamic analysis is more important for post-fault online
system investigations and less feasible towards the real-
time framework. Reference [5] proposes the Wide Area
Transient Instability Severity Analyzer (WATISA) to early
predict the severity imposed by an ensuing event. Although
the assessment is timely, accurate, and model free, its suit-
ability is limited to only conventional power systems. The
transient potential and kinetic energy coupled with paramet-
ric space estimate the transient stability margins [6]. These
estimates evaluate the region of attraction (ROA) encom-
passing the equilibrium solution set. The ROA is inversely
proportional to system loading; therefore, it is not a suitable
instability indicator. To approximate the transient stability
boundary, literature also investigates critical clearing time
(CCT) estimates, which signify the maximum allowable
time to clear a fault. The mahalanobis-kernel regression [7]

and generator-based threshold computation [8] are a few
state-of-the-art methods to compute CCT for the genera-
tors. Cui et al. [9] present a combinational transfer learning
strategy to improve TS prediction using convolutional neural
networks.

A spatial distribution time adaptive methodology for pre-
dicting the transient stability status of the system is proposed
in [10]. The time-adaptive framework is developed using
several cycles of long-term memory classifiers, and a trust
score is proposed for the reliability index. A time-delay neural
network and bidirectional long short-term memory network-
based data-driven TSA methodology is presented in [11].
Reference [12] proposes an active transfer learning-based
approach that employs deep belief network maximum
mean discrepancy. An improved deep belief network-based
methodology incorporating structural characteristics of the
network is proposed in [13]. To interpret the transient sta-
bility predictor outcomes, local linear interpreter model is
also presented. A probabilistic transient stability assessment
for wind energy integrated power grid is proposed in [14].
The scheme estimates the transient stability criterion using
extreme learning machine and Gauss-Hermite integral based
point estimation.

The early transient instability estimates, calculation of
CCT/stability boundaries, and real-time stability assessments
augment the situational awareness and determines the time
instant to execute the emergency remedial strategy, if the
system tends to approach unstable settings. In this regard,
[15] presents an islanding and auto load shedding technique
to stabilize the system and prevent blackout. Methodology
utilizing voltage stability Index and load bus ranking [16]
presents dynamic adaptive load shedding to ensure frequency
resiliency in the power network. A unified approach to first
assess the transient stability status and subsequently, imple-
ment preventive and emergency control strategy is proposed
in [17]. The strategy utilizes synchronized voltage and angle
measurements to predict the system instability and formulate
the emergency actions: generator tripping and/or load shed-
ding. The adaptive load shedding scheme based on voltage
stability assessment [18], [19], combined frequency stability
assessment and power flow tracing methodology [20] are
utilized to enhance grid stability.

Unlike other power sources, solar energy integration has no
effect on frequency-power equivalency but however reduces
time margins and stability boundaries. Such power addi-
tions adversely impact grids’ stability and therefore, the
post-disturbance stability assessments are becoming more
significant in these grids [20]. Adetokun et al. [21] explores
P-V and Q-V based indices to improve voltage stability
and enhance grid resiliency of large solar energy integrated
power grid. The Quasi-Differential Search based SVC is
investigated in [22] to improve transient instability. The
approach enhances the oscillation damping, thereby decreas-
ing the steady state settling time. However, it does not suggest
the requisite strategy to augment the transient instability of
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the system if post-disturbance, the network is tending to
exceed the extreme settings. Wandhare et al. [23] show-
cases energy function assisted scheme to damp out low
frequency power swings. The low frequency oscillations are
system response to small or less severe disturbances. The
power imbalance due to small disturbances are effectively
damped out by power system stabilizers and other con-
trol schemes. These control schemes do not significantly
damp out power swings arisen due to large or severe dis-
turbance(s) and requires real-time remedial action schemes
to preserve grid stability. To augment transit stability in
renewable energy integrated power networks, fault current
limiters are also utilized to supress the fault current and
subsequently, improves of fault ride through capability [24].
Jawad et al. [25] proposes Battery Energy Storage System
(BESS) assisted frequency stability enhancement of solar
energy penetrated grid. Post-disturbance, BESS augments the
power generation and provide a brief-support in maintaining
system power balance. However, both the PV system and the
BESS do not provide frequency support or system inertia, that
otherwise further advances the already advanced generator
from the rest of the network and eventually leads to out-
of-step. Chandra et al. [26] recently presented synchronized
measurements and a voltage stability index-assisted adaptive
load shedding technique to maintain the steady-state fre-
quency of a power network with solar park.

From the review of the literature, it can be concluded that
the available methods and techniques for solar PV energy
and conventional synchronous generator-based hybrid power
generation either regain frequency stability through an emer-
gency strategy or validate the integration of solar energy to
the grid. To the author’s best of knowledge, literature on
improvement of power grid steadiness in terms of real-time
TSA and, subsequently, deploying the emergency remedial
strategy in real-time with solar energy penetration has not
been reported. Thus, the investigation in this paper focuses
on the effective monitoring, assessment and control of solar
energy integrated power grid. First, Real-time prognosis of
impending transient instability following the disturbance is
investigated. Next, if necessary, the methodology ensures
the transient stability of the PV integrated power system by
framing and deploying corrective actions in real-time. The
major contributions of this paper are summarized as:

1. First, Prompt Instability Evaluation (PIE) is developed
to accomplish early transient stability assessment of
the grid having high solar energy penetrations. The
highlight of PIE is its ability to identify time-instant of
the emergency strategy initiation (if required). The PIE
utilize short moving window of real power generated
(including power from solar PV) by the power sources
as input.

2. Next, subsequent to the PIE assessments, a novel Deci-
sion Assisted Adaptive Control (DAAC) is triggered
to assess the type, location (where), and magnitude of
actions for unstable operating scenarios of grid. The

proposed DAAC encompasses Decision Rule Based
Inference (DRBI) to identify and initiate set-of-actions
at a suitable location.

3. To maintain transient stability of solar integrated power
system and prevent the major portion of the system
from collapse, the proposed composite scheme is an
essentially response-based framework. Moreover, all
the actions are implemented in real-time using syn-
chrophasor measurements. Therefore, the proposed
scheme has a generalization capability which finds
application to any system (with or without solar energy
sources) in a wide range of operational scenarios.

The proposed composite methodology is evaluated using a
modified New England 39 Bus test system that incorporates
solar energy. Fig. 1 illustrates an overall summary of the
unified framework. The remainder of the paper is organized
as: Section II describes the Prompt Instability Evaluation of
impending transient system instability in presence/absence
of solar energy. Section III describes the Decision Assisted
Adaptive Control (DACC) strategy to control system stability
and enhance grid performance. The results and discussion
on the test system with/without solar energy penetration are
discussed in Section IV. The conclusions of the investigations
are presented in Section V. Fig. 2 illustrates the section wise
structure of the paper.

II. REAL-TIME POWER SYSTEM STABILITY ASSESSMENT
The post-disturbance power system severity can be assessed
by timely monitoring any one or more of bus voltage, fre-
quency, and angles. This section presents a novel real-time
transient stability assessment (TSA) of power systems
with/without solar energy penetration. First, themathematical
formulation of power system dynamics with/without solar
energy is detailed. Subsequently, the proposed methodology
of prompt instability evaluation for imminent transient insta-
bility is presented.

A. POWER SYSTEM DYNAMICS
The electric power delivered by synchronous machine is [19]:

Pej = Pmj −
(
2HjSj
fn

)
dfGj
dt

(1)

where, fn is nominal frequency, Pej (MW) is electric power
generated, Pmj (MW) is mechanical power, Hj (MW.s/MVA)
is inertia constant, Sj (MVA) is machine rating, and fGj is
frequency of jth machine. During equilibrium condition, elec-
trical power equals the mechanical power and Eq (1) is thus
modified as:

dfGj
dt

= 0 → Pej = Pmj (2)

In steady state condition, rate of change of frequency equals
zero. If the equilibrium is disturbed during transient con-
ditions, the rate of change in frequency can be either
positive, indicating a decrease in electrical output, or nega-
tive, suggesting an increase in real power output and is given
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FIGURE 1. Overall summary of the proposed unified scheme.

FIGURE 2. The section wise structure of the paper.

as:

dfGj
dt

> 0 ⇒ Pej ↓

dfGj
dt

< 0 ⇒ Pej ↑ (3)

The combined generated power (Pe) delivered by n machines
is:

Pe =

n∑
j=1

Pej (4)

The total system inertia based on the individual generator
inertia constant and rated MVA power is calculated as:

H =

n∑
i=1

HiSi

n∑
i=1

Si

(5)

The PV system does not use a spinning mechanism to gen-
erate electricity. Thus, the solar farm’s power does not have
power-frequency equivalency. Furthermore, this integration
adds no inertia to the system; rather, total inertia in the
network reduces [3]. The decreased inertia lowers the crit-
ical clearing time for machines, causing them to get out of
synchronism. Solar energy penetration can be incorporated
into the grid either by replacing conventional synchronous
machine plants or into the areas without conventional gener-
ators. In the first scenario, Eq. (6) with n′

=n, can be used to
determine the total power supplied. In contrast, in the second
case, the total power is calculated using Eq. (6) with n’ =n-
PV, where PV is the number of solar plants in the grid. The
power delivered by a power system with n′ power generating
sources is:

Pe =

n′∑
j=1

Pej + PPV (6)

where, PPV is power generated by the solar parks. The overall
system inertia is reduced with SE and a decreased SG-based
generation mix, and is computed as:

H ′
=

n′∑
i=1

HiSi

n′∑
i=1

Si + SPV

(7)

where, SPV is solar plants MVA from and H ′ reduced inertia.

B. PROMPT INSTABILITY EVALUATION (PIE)
One of the consequences of the ensuing event in the net-
work is an angular separation of rotor angles amongst the
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FIGURE 3. System power time series for transient stable and unstable operating scenario.

synchronous machines. In accordance with post-event system
dynamics, an increase in power produced by an advanced
generator tends to decrease the separation in rotor angles. At a
specific time-instant, the increase in rotor angle of the accel-
erated generator decreases power supply, which may further
lead the generator to fall out-of-step. The information of rotor
angle separation in crucial for power system secure operation
and is known as transient stability. Transient Stability is the
rotor angle stability of the system to regain synchronismwhen
subjected to large disturbance(s). Following the disturbance,
prompt TSA assessment ensures sufficient time margin to
formulate and deploy emergency control and augment grid
sustainability. In this regard, timely, effective interpretation
and valuation of short-synchronized data window is besought
to estimate early TSA before the system actually exceeds
the transient stability limits. Fig. 3 illustrates the variation
of the total system active power for ensuing transient stable
and unstable operating scenarios. This figure reflects that
the variation in electric power is different for stable and
unstable operating scenarios. Initially, the system is operating
in equilibrium state such that rate of change of frequency is
zero. At FAT, a severe fault (short circuit) occurs, resulting
in disturbance of equilibrium and decreased generated power
output from sources. Next, post-FCT, all the power sources
tend to recover from the fault. Situations where the system
power recovers and re-stablishes equipoise, results in tran-
sient stable system. Few scenarios where at certain instant of
time, the total system power starts decreasing, the systemwill
be moving to transiently unstable operations.

Thus, the total system power variations possess crucial
information of transient stability of the system and therefore
power variations can be utilized for identifying state of the
system. Henceforth, continuous investigation of total gener-

ated power short-data window can be utilized to assess the
estimations of awaiting instability. The short data window
ensures fast response of system’s instability status. How-
ever, long data window may provide more better estimation
but have a large response time; such that, the system will
already advance towards extreme settings leading to com-
plete collapse. Thus, there is a trade-off between accuracy
and response time, present short data length successfully
appraises TSA in adequate response time for real-time appli-
cations. Fig. 4 displays the procedure utilizing a time series
of generator rotor angle and total active power. The figure
exhibit’s fault initiation, clearance, three-cycle moving aver-
age of power data window, time-instant of no return T ,
early transient instability detection, time of detection (td ),
and available time margin to assess and deploy remedial
measures. The mathematical formulation of the proposed
PIE is detailed below. Let, PeDW be three-cycle window of
generated power in the power system through Eq (6) as:

PeDW = [Pe(ti)Pe(ti+1)Pe(ti+2)]

∀tε[FCT + 1cycle, td ] (8)

The moving data window of generated total power is
employed to acclimatize the power system dynamics in real-
time. Exponentially Weighted Moving Average (EWMA)
is used for this purpose. EWMA [27], [28] is a statistical
approach to remove noise (random fluctuations) and priori-
tizing recent measurements. Such that, recent measurements
are weighted substantially higher than the preceding data to
determine real-time system dynamics. For t th time sample,
the filtered data points can be calculated through Eq (9) and
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FIGURE 4. Proposed power system transient instability assessment.

weighing factor α is calculated through Eq (10) as:

Pe′ [t] = αPe [t] + (1 − α)Pe′ [t − 1] (9)

α =
2

span+ 1
(10)

In this work, span equals two data samples. The processed
three cycle data available from Eq (9) is applied to 2-Degree
polynomial fitting by minimizing the least squared error:

min (E) = min
3∑

m=1

|p (xm) − Pe′m|
2 (11)

The Eq (12) is utilized to validate themaximawithin 2-degree
polynomial of the form:

p (x) = c0 + c1x + c2x2 (12)

The maxima ensure the time of no return, that is, post-fault,
the system does not tend towards recovery mode. Alterna-
tively, within next few cycles, it will exceed transient unstable
settings. Hence, at this step we are able to identify viz. (a) sys-
tem is in-advance predicted to be transient stable or unstable,
(2) time of initiation of emergency control actions, as shown

in Fig. 5. The immediate detection of unstable operating state
of the system ensures sufficient time margin to assess and
deploy the wide area emergency remedial actions in real time.

III. REAL-TIME WIDE AREA EMERGENCY REMEDIAL
STRATEGY
This section details the proposed real-time emergency action
strategy appropriate for power systems with /without solar
farm. The approach incorporates Decision Assisted Adaptive
Control (DAAC) that leverages network real-time data to
develop appropriate procedures. To sustain system stability,
DAAC identifies action type (what), location (where), and
magnitude based on a set of inference rules.

A. DECISION ASSISTED ADAPTIVE CONTROL (DAAC)
The real-time instability detection in the last section by PIE
triggers the Decision Assisted Adaptive Control (DAAC).
The DAAC computes the decision variables utilized by infer-
ence rules to identify the action type, location, and magnitude
in the proposed strategy. These decision variables estimate
the individual generator and system power imbalance and
are based on real-time network information. As the DAAC
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FIGURE 5. Overall summary of prompt instability evaluation.

is network data-driven, it is adaptive to system’s topological
and functional variations. Subsequent to PIE assessment,
for jth machine and at the time instant of PIE assessment,
synchronized generator frequency along with MVA rating
(S) and generator inertia (H ), estimates the generator power
imbalance dPgj as:

dPgj =

(
2HjSj
fn

)
dfGj
dt

∀jεn (13)

Summation of Eq (13) for all the n machines (n′in case of
solar energy penetration) in power grid, estimates the total
system power imbalance delP as:

delP =
2
fn

n∑
j=1

HjSj
dfGj
dt

(14)

Although the generator frequency is qualitatively identical to
the frequency of the node to which it is connected, the effect
of interconnected nodes and local loads results in a small
numerical difference. These trivial differences are utilized to
estimate individual machine power imbalance. Thus, for jth

machine, estimated power imbalance due to frequency of the
node connected to the machine is:

dPgFj =

(
2HjSj
fn

) df FGj
dt

(15)

where, f FGj is frequency of generator node and dPgFj is
estimated power imbalance due to node frequency for jth

machine. The calculation of Eq (13) – (15) performed for
single time instant, not only facilitates the fast identification
of remedial solutions, but also decreases memory utilization
for the power data processors located at centralized control
centres. These power imbalances are taken as input to Deci-
sion Rule Based Inference (DRBI) to find the appropriate
‘‘type, location and magnitude’’ of the actions. The overall
implementation of DAAC is summarized in Fig. 6.

B. DECISION RULE BASED INFERENCE
To endure system synchronism under abnormal scenarios
a novel strategy Decision Rule Based Inference (DRBI) is
proposed. DRBI, in its initial step, determines the type of
action (What) to be employed. At time instant T , if any
generator in the network is supplying excess power such that
it is accelerating against the rest of the system, it is necessary
to reject that generator from the system. The rejection of
generation may cause other machines to share the power
imbalance in proportion to their respective inertias. However,
generator rejection has to be supplemented by load shedding,
as it may still give rise to a power imbalance in the system.
Therefore, relative load shedding is to be initiated to balance
the generation-load imbalance. In contrast, load shedding is
proposed if the load demand exceeds the power output from
generators, affecting one of the machines to slow down in
comparison to the rest of the system. The power imbalance
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FIGURE 6. Proposed real-time emergency control strategy.

FIGURE 7. Proposed decision rule based inference (DRBI).

estimate computed through Eq (15) serves the decision vari-
ables for deciding the control action type: generator tripping
and/or load shedding as:

dPgFjT →

{
< 0 → LoadShedding
> 0 → GeneratorRejection

}
(16)

The negative estimates of dPgFjT for any generator infer the
increased load demand. The set of actions corresponding to
load curtailment is necessary to sustain stability. Alternately,

positive estimates for all generators indicate excess power
generation and it necessitates generation rejection followed
by proportional load shedding. Fig. 7 highlights the suitable
action type (What), location (Where), and magnitude (How)
following the calculation of Eq (16). In the proposed DRBI,
the set of actions as a stepwise approach are labelled as
Action Set (AS) and are highlighted in Table 1. These Action
Sets indicate the step-by-step approach to be adopted among
each action type, the appropriate location and magnitude for
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TABLE 1. Action set in proposed DRBI.

necessary remedial measures. Each of these action set is
detailed in the following sub-sections.

1) GENERATOR TRIPPING: ACTION TYPE AS(1)
→AS(4)

a: LOCATION IDENTIFICATION
As the generator rejection decision is indicated, the location
of the generator to be tripped is assessed. Since generation
rejection is the consequence of increased generation in the
system, the generator with excessive power generation among
n machines is the candidate generator to be tripped. Appar-
ently, the machine with the maximum imbalance contributes
most to surplus generation. Its rejection will suitably ease the
imbalance in the system. Thus, at time instant T , Eq (17) is
sorted in descending order to identify the individual generator
maximum power imbalance. The candidate generator with
maximum imbalance (say jth generator) is to be rejected. The
process of identifying the candidate generator to be tripped,
is represented as,

sort(dPgj|T ) ⇒ max
[(

2HjSj
fn

)
dfGj
dt

|T

]
∀jεn (17)

b: MAGNITUDE AND LOCATION OF LOAD CURTAILMENT
The surplus power generation prior to generator rejection
indicates a low power demand at load sites at time-instant of
instability detection. Following the generator rejection, cur-
tailment of large load buses may manifest an increased power
demand from the system. Thus, it is imperative to identify the
buses with light loads and curtail the adequate magnitude in
real-time. Considering this fact, a new Load Sharing Index
(LSI) has been developed in this work to identify the percent-
age share of total system load being shared by individual load
bus. It basically calculates the share of individual load based
on frequency deviation against nominal frequency at T . The
deviation is then normalized by the cumulative deviation for
all the load sites to obtain the percentage share. After tripping
the identified generator, for the system with l loads, LSI for
k th load is calculated as,

LSIk =
fk |T − fn∑l

k=1 (fk |T − fn)
x100 ∀ k εl (18)

where, fk |T is k th load bus frequency at time T and fn is nom-
inal frequency. Following the generator trip, the numerical

FIGURE 8. IEEE 39 bus test system.

TABLE 2. Detailed data generation.

valuations from LSI are then utilized to estimate the location
of load sites for load curtailment.

c: ACTION SET AS (1)→ AS(4)→ AS(5)→ AS(7)

The LSI for all the loads is sorted to identify the least load
sharing node.

If the load bus is same as that of the tripped generator and
that the load pre-disturbance magnitude exceeds estimated
imbalance delP at T time-instant, the equivalent magnitude
LPj from this candidate load bus is curtailed. The electrical
loads are in general characterized into two components: real
and reactive. It is impractical to consider only real com-
ponent for load shedding. Therefore, it is essential to shed
the adequate quadrature component of the load. The reactive
component LQj to be shed is calculated in proportion to the
ratio of pre-disturbance reactive and real power component
and LPj. Overall, the set-of-actions for this strategy is labelled
as AS(1) →AS(4) →AS(5) →AS(7). Thus, the necessary
magnitude of candidate load to be shed is calculated as,

LPj
LQj

}
⇒

|delP|T[
Qj0

/
Pj0

]
LPj

}
∀ j ε l (19)

where, for jth location, LPj is active power and LQj is reactive
power of the candidate load to be shed, Pj0 is pre-disturbance
active power, Qj0 is pre-disturbance reactive power for jth

load.
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FIGURE 9. Proposed TSA for illustrative example I.

FIGURE 10. Outcome of three cycle delayed emergency remedial strategy for illustrative example I.

d: ACTION SET AS(1)→ AS(4) → AS(5) → AS(8) AND
ACTION SET AS(1) → AS(4) → AS(6)
Alternatively, if the identified LSI calculation suggest the load
bus that is not the same as of tripped generator (j /∈ l ) or,
if the pre-disturbance magnitude load at jth location is less
than that of the estimated power imbalance (Pj0 < delP );
each load in the network is considered as a candidate load for
load shedding. The magnitude LPk of the load to be curtailed

is decided based on frequency deviation of the candidate
load bus at T time-instant, pre-disturbance load amount, and
power imbalance. The load with smaller frequency devi-
ation from nominal frequency and a less pre-disturbance
loading shares the major component of load shedding. Sim-
ilarly, the reactive component LQk to be shed is calculated
in proportion to ratio of pre-disturbance reactive and real
power component, and LPk . Overall, the set-of-actions for the
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FIGURE 11. Impact of additional three cycle delayed Emergency Remedial Strategy for illustrative example I.

FIGURE 12. Modified new england 39 bus system with conventional
generator replaced by solar farm at Bus 32.

situation (j /∈ l ) is labelled as AS(1) →AS(4) →AS(6), while
the action strategy for the situation ( Pj0 < delP ) is labelled
as AS(1) →AS(4) →AS(5) →AS(8). In both instances, the
magnitude of load to be shed from all the load in the system
is calculated as,

LPk
LQk

}
⇒

 ((
Pk0
1fk

)
delP

)
/
∑n

k=1

(
Pk0
1fk

)[
Qk0
Pk0

]
LPk

∣∣∣∣∣∣
T

∀kεl (20)

where, for k th load, LPk is active power and LQk is reactive
power to be curtailed, Pk0 and Qk0 is pre-disturbance active
and reactive power, and1fk is the frequency deviation against
nominal frequency.

2) LOAD SHEDDING: ACTION TYPE AS(1)
→AS(2)

a: ACTION SET AS (1)→ AS (2)→ AS (3)

At the instant of instability detection, the negative power
imbalance depicted by Eq (16) showcases the excess power

demand. This additional power demand is numerically equiv-
alent to the estimated power imbalance. Under this scenario,
one or more generators may slow down. In the opera-
tional scenario of a single generator being slow down,
all loads in the network are labelled as candidate loads.
In proposed DRBI, these adopted set-of-actions are labelled
as AS(1) →AS(2) →AS(3). To distribute the imbalance
among the loads, frequency change methodology [19] is
utilized to calculate the magnitude of load shedding and is
calculated by:

LPk
LQk

}
⇒

[
(Pk0 · 1fk · delP) /

∑n
k=1 Pk0 · 1fk[

Qk0
Pk0

]
LPk

]∣∣∣∣∣
T

∀ k ε l

(21)

where, at k th location, 1fk is the frequency deviation
against nominal frequency, LPk is active power, LQk is reac-
tive power to be shed. The frequency dependent strategy
for load shedding distribution among the candidate loads,
depends on individual load pre-disturbance numeric value
and load bus frequency. Such that, a load with greater
frequency deviation from nominal frequency and more pre-
disturbance loading, shares the larger component of load
shedding.

C. ACTUAL TIME OF ACTION DEPLOYMENT
Although the instigation of emergency actions is signaled
at the time of instability detection, the actual initiation of
actions is delayed. The delay in deployment is due to various
associated delays for executing corrective actions [29] includ-
ing latency in communication to central logic, substations,
power plants, delays due to circuit breaker operating time,
and computer processing time. Thus, post T time instant,
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TABLE 3. Comparative evaluation of the proposed PIE with state -of-art learning techniques.

TABLE 4. Emergency remedial scheme for illustrative example I.

td1, td2, and td3 are time delays in the actual initiation of
control actions such that this delay corresponds to a specific
Action Set.

IV. RESULTS AND DISCUSSION
This section validates the implementation of the proposed
unified scheme on the IEEE 39Bus test systemwith andwith-
out solar energy integration. The DIgSILENT Power Factory
is utilized to perform the simulation of the test system. The
test system conventionally has 39 nodes, 34 lines, 12 trans-
formers, 19 loads, and 10 synchronous generator-based
power sources with a base 6266.82 MVA generation and
load of 6257.77 MVA and, as shown in Fig. 8 [5]. In this
paper, real-time data is available with 1 sample/cycle (60 Hz
sampling frequency). The performance of the proposed com-
posite scheme is tested on generated database consisting of
different faults with different system loading. The distur-
bances simulated are considered individually and in cascaded
scenario and are categorized in stable /unstable scenarios.
Table 2 illustrates the generated dataset comprising event cat-
egory, unstable/stable cases and total cases. In the subsequent
sections, first the performance scores of the proposed PIE
and DAAC implementation are discussed. Next, execution
of proposed strategy on test system in absence of solar farm
is showcased through illustrative example I. Subsequently,
to test suitability of the proposed scheme to enhance stability
and avoid grid collapse on SE penetrated power system, one
representative example with single SE penetration (illustra-
tive example II) and illustrative example III with multiple
bus SE penetration are employed. Finally, a comparative
assessment of the presented work against available state-of-
art is showcased. The proposed strategy is realized on a PC
with Intel i5 CPU 2.4 GHz processor and 16 GB RAM.

TABLE 5. Emergency remedial scheme for illustrative example II.

A. PERFORMANCE EVALUATION OF PROPOSED PIE AND
DAAC
A comparative evaluation of the proposed PIE scheme with
the data-mining techniques available in literature is accom-
plished and is detailed in Table 3. The Table presents statistics
regarding the count of cases that were incorrectly classified
as stable (referred to as ‘‘Missed Alarm’’) and the count of
cases that were incorrectly classified as unstable (referred to
as ‘‘False Alarm’’) for each type of event. As is apparent, the
proposed PIE for TSA provides multiple objectives, includ-
ing predicting future instability, reducing the occurrence of
false and missing alarms, and evaluating the time required
to execute emergency actions. A comparative analysis has
been performed to assess the effectiveness of machine learn-
ing approaches available in literature and the proposed PIE
methodology for different cases.

The data mining techniques, in comparison to the proposed
PIE, require training using 80% of the available data, while
the remaining 20% is utilized for testing themodels. However
contrary to these techniques, the PIE approach does not
employ learning models; instead, all the generated data is
subjected to testing. The results indicate that the performance
of the suggested PIE method in assessing the likelihood
of impending system transient instability is superior. Upon
identification of impending instability for the unstable cases
in Table 3, DAAC is deployed to sustain system stability
and augment power grid operation. The proposed control
action strategy successfully augments grid performance and
stability.

In the subsequent sub-sections, the performance of
DAAC is displayed by two illustrative examples in the
absence/presence of solar plant. Moreover, the performance
of the composite scheme is also showcased on solar plant
integration at multiple locations with an illustrative example.
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FIGURE 13. (a) The dynamic model of PV plant; (b) Electrical control model block diagram.

FIGURE 14. System inertia in presence and absence of solar energy
penetration.

B. TEST RESULTS OF THE PROPOSED FRAMEWORK ON
TEST POWER SYSTEM IN ABSENCE OF SE PENETRATION
In this section, the proposed scheme is employed on test sys-
tem in absence of solar energy integrations. For this purpose,
stepwise assessment on illustrative example I is showcased.

1) ILLUSTRATIVE EXAMPLE I: CASCADING EVENT SCENARIO

System loading: 101% of base case
Fault 1: Short Circuit near Bus 03
Fault 1 FAT=1s
Fault1 Cleared: FCT=1.2s by opening Line 03-18, and

subsequently,
Fault 2: Line 02-25 Outage
Fault 2 FAT=1.25s
Example I is an illustration of cascaded events intended to

comprehend the system response with and without the sug-
gested unifiedmethodology. Fig. 9 represents the generator(s)
bus angles response to the consecutive faults. At 2 seconds,
Generators G30 and G39 are clearly out-of-phase with the
event 1 post-fault clearance and the simultaneous onset of
event 2. This transient instability spreads to the remaining
generators, and G33-G38 are out of synchronization during
the following few cycles (about 2.6 seconds), the system
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FIGURE 15. Illustrative Example II: without emergency remedial strategy.

FIGURE 16. Illustrative Example II: load shedding.

collapses. To avert a blackout, it is critical to detect the
instability early, formulate, and execute emergency steps. The
PIEmodule is initiated to estimate the forthcoming instability
scenario. The PIE module identifies the impending transient
instability settings at 1.417 seconds, allowing approximately
0.6 seconds to schedule and deploy an emergency control
strategy. The proposed TSA indicate that (1) the system is
transiently unstable; (2) the time of control initiation; and (3)
DAAC implementation is flagged. The proposed Emergency
control strategy computes the action type, location, and mag-
nitude tabulated in Table 4. The action typeAS(1)→AS(4) that
is generator rejection followed by load shedding is suggested
with an appropriate magnitude of respective action. Due to

different delays associated with deploying the remedial con-
trol strategy, the actual time of initiating emergency control
is delayed.

The emergency control strategy effectively avoids grid
collapse even with a 3-cycle (0.05 s) time delay, as evident
from Fig. 10. The figure showcases the system average load
voltage profile, generator bus angles, and overall timeline of
the complete procedure. At times, due to network congestion,
the delay in deployment may be more. In this regard, the
remedial solution is deployed with an additional delay of
3 cycles (a total of 6 cycle delay) as shown in Fig. 11. The
figure elaborates: effect of delays in deployment for system
average load voltage, generator bus angle against no control
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FIGURE 17. Illustrative Example II: with emergency remedial strategy.

FIGURE 18. Modified new england 39 bus system with conventional
generator replaced by solar farm at bus 30, bus 32, and bus 36.

application, and overall timeline for the proposed composite
scheme for 6-cycle delayed deployment. The results highlight
that there is no significant variation in system voltage profile
and generator angle for an additional time delay. Evidently,
the results validate the applicability of the proposed unified
strategy to mitigate transient instability and avoid grid col-
lapse even under a series of faults.

C. TEST RESULTS FOR SOLAR ENERGY INTEGRATED
POWER SYSTEM (SINGLE LOCATION)
This section examines the applicability of the proposed
method on the test system that has been modified by solar

FIGURE 19. System inertia in absence and presence of solar energy
penetration at single and multiple locations.

energy integration. Fig. 12 demonstrates the modified test
system with a solar PV farm replacing a conventional gener-
ator at Bus 32. The 650 MW solar PV farm with 50 columns
and 20 rows, adding 1000 PV units; each unit has a 720 kVA
0.9 pf inverter that generates 650 kW of electricity. The
dynamic model of a solar PV plant utilized in the study
consists of (a) a plant controller, (b) electrical controls, and
(c) a grid interface module [30]. The Plant Controller utilizes
voltage and reactive power output to imitate var/volt control
and frequency and active power output to follow active power
control at the plant level. The power output acts as a refer-
ence to the electric control model to give real and reactive
current as output and terminal voltage and generated power
as feedback. The real/reactive currents are utilized by the grid
interface module to process and inject real/reactive current
into the grid. The overall layout of the dynamic model is
outlined in Fig. 13 (a). The faster active power recovery (fault
ride through capability) of PV inverters indicates the response
of PV inverter against voltage sags due to grid disturbances.
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FIGURE 20. Illustrative Example III: without emergency remedial strategy.

TABLE 6. Emergency remedial scheme for illustrative example III.

In this condition, the inverter remains connected to the power
grid and delivers the requisite amount of reactive current dur-
ing the time of grid faults with zero real current injection. The
control model as shown in Fig. 13 (b), which is considered
in this work, enhances the active power recovery capability
and other essential parameters, thus improving the fault ride
through capability.

Following the solar energy integration, the system oper-
ates within permissible frequency settings of about 60 Hz
nominal frequency (flow(norm) = 59.9 Hz, fhigh(norm) =

60.1 Hz) [26]. However, with solar energy penetration, the
system inertia decreases, and it is highlighted in Fig. 14. The
decreased inertia indicates a reduced time-margin to sustain
system frequency within operating limits until control set-
tings are initiated. The performance of the proposed strategy
enabling real-time emergency control of modified test system
is demonstrated with the following illustrative example.

1) ILLUSTRATIVE EXAMPLE II
At System Loading 98% of base case and 10.72%
solar energy penetration, Short Circuit fault occurred

near Bus 02, FAT=1s; Cleared by opening Line 02-25,
FCT=1.2s.=

This scenario reflects a response of the SE penetrated
test system when subjected to a disturbance as shown in
Fig. 15. The figure also displays the Bus 32 (solar energy
source) voltage magnitude and angle response for the consid-
ered disturbance. Subsequent to the fault clearance, within
one second, G37 and G38 generators are out-of-step. The
arisen instability is then propagated in whole system and
can be visualized via the system load voltage profile. The
proposed PIE assess the system to be unstable and time to
initiate remedial strategy. The application of DAAC suggests
load shedding equal to the estimated power imbalance in
the system, viz. 600.334 MW. The recommendations of the
strategy are tabulated in Table 5. The distribution of % load
shedding among different loads is calculated and illustrated
in Fig. 16 (a). Moreover, Fig. 16 (b) displays the total system
load for pre and post deployment of strategy with active
(MW) and quadrature (MVAr) components. The application
results in Fig. 17 showcase the successful implementation
of the proposed method in controlling system stability and
enhancing grid performance even in the presence of SE pen-
etration. The post-emergency control system performance is
shown via the average load profile, generator node angles,
and solar penetration site voltage profile.

D. TEST RESULTS OF THE MULTIPLE LOCATIONS SOLAR
ENERGY INTEGRATED POWER SYSTEM
The capability of the proposed composite scheme is further
tested on the New England 39 bus test system modified with
multiple solar plants replacing conventional generators at
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FIGURE 21. Illustrative Example III: load shedding post generation.

FIGURE 22. Illustrative Example III: with emergency remedial strategy.

Bus 30, Bus 32, and Bus 36, as shown in Fig. 18. A solar
PV farm rated at 330 MVA is located at Bus 30, 660 MVA
is located at Bus 32, and 550 MVA is located at Bus 36.
However, the multiple solar energy penetration decreases
system inertia further than that of single site penetration,
as shown in Fig. 19. The proposed strategy enabling real-time
emergency control of the modified test system with SE pen-
etration at multiple buses is demonstrated with Illustrative
Example III.

1) ILLUSTRATIVE EXAMPLE III
At 100% System Loading and 22.795 % solar energy
penetration, Short Circuit fault occurred at Line 26-28,

FAT=1s, Location= 50%; Cleared by opening Line 26-
28, FCT=1.2s.

The example III demonstrates another effective application
of the proposed scheme on increased solar energy integrated
test system when subjected to a disturbance. The network
response for ensuing event is shown in Fig. 20. Post-fault
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TABLE 7. Performance comparison of proposed work.

clearance, with course of time, initially, generator G38 is
most advanced against the rest of the system and is out-of-
step by around 1.55 seconds. Subsequently, this instability is
propagated to the rest of the system, and the grid collapses.
It is therefore important to assess the impending instability
state and apply remedial solutions to avert the grid failure.
The prompt TSA assessment, post-assessment action type
judgement, time of initiation, and action magnitude are tab-
ulated in Table 6. As generator G38 is accelerating more
than other generators and driving other machines to slow
down more, it is appropriate to trip the generator. As G38
tripping adds to the power imbalance, load shedding cor-
responding to the estimated imbalance is necessary. Load
Sharing Index estimates suggest an adequate magnitude of
load shedding from all the loads essentially in proportion to
the 682.049MWpower imbalance. The distribution of% load
shedding among different loads is calculated and illustrated
in Fig. 21 (a).

Moreover, Fig. 21 (b) displays the total system load for
pre and post deployment of a strategy with active (MW) and
quadrature (MVAr) components. A delay of 3 cycle in gener-
ator trip and 3 cycle delay (total 6 cycle) in subsequent load
shedding are considered to allow different associated delays.
The application results in Fig. 22 showcase the successful
implementation of the proposed methodology in controlling
system stability and enhancing the grid performance even
in the presence of SE penetration at multiple locations. The
post-emergency control system performance is shown via
the average load profile, generator node angles, and solar
penetration site voltage profile.

E. COMPARATIVE ASSESSMENT OF THE PROPOSED
FRAMEWORK
The performance of the proposed method has been further
validated through a comparison with the present state of
the art. Investigations on the transient stability assessment
and effective deployment of emergency control mechanisms
for these solar energy integrated systems is relatively rare.
Therefore, we have considered following references [17],
[26] and [31] for the comparisons which empirically con-
tributes similar to that of this article. Table 7 showcases the
superiority of the proposed scheme with respect to consid-

ered references. The attributes considered for the evaluation
are: (1) solar energy penetration in the grid, (2) false and
missed alarms of real-time stability assessment, (3) types
of emergency measures and their magnitude, (4) nature of
enhanced grid operation and (5) type of execution. Evidently,
the proposed scheme flags prompt TSA assessment with zero
missed alarms, very few false alarms, computes the action
type, location, and magnitude of emergency strategy in real
time with minimum computation burden. Additionally, the
presented method is suitable for both the power systems:
conventional grids and grids with solar energy penetration at
single and multiple buses.

V. CONCLUSION
In the scenario of increased power demand, the grid oper-
ators are poised to increase renewable energy penetration.
The increased generation combination impels the centralized
control centers to effectively monitor and perform vulnerabil-
ity assessment. Grid control centers are required to identify
and implement the intended emergency control measures
and improve grid sustainability based on the assessments.
Essentially, these measures are required to be insensitive
to renewable energy generation in the grid. In view of it
following contributions has been accomplished in this article:

1. A unified approach that ensures system synchronism
in a solar integrated power network by first assessing the
imminent susceptibility, then preparing and deploying the
emergency scheme is presented effectively.

2. To determine when corrective action should be taken and
to evaluate the impending transient instability of the system
in the presence of SE, the EWMA treated short-moving syn-
chronized data window of power generated from the sources
is employed.

3. A DAAC based emergency corrective technique is
implemented to maintain the system’s transient stability and
improve grid performance in real-time. The DAAC utilizes
DRBI to assess the action set comprising of action type,
location, and magnitude of actions.

The scheme is tested on New England 39 Bus test sys-
tem in the absence and presence of SE. The expediency
of the unified strategy in enhancing grid performance even
in the presence of single and multiple solar energy farms
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is highlighted. A comparative performance of the proposed
work with the available state-of-art establishes the utility of
the projected scheme.
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