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Abstract: This paper presents a new distributed agent-
based scheme to enhance the transient stability of power
systems by maintaining phase angle cohesiveness of
interconnected generators through proper relay coordina-
tion with critical clearing time (CCT) information. In this
distributed multi-agent infrastructure, intelligent agents
represent various physical device models to provide
dynamic information and energy flow among different
physical processes of power systems. The agents can
communicate with each other in a distributed manner
with a final aim to control circuit breakers (CBs) with
CCT information as this is the key issue for maintaining
and enhancing the transient stability of power systems.
The performance of the proposed scheme is evaluated on
a standard IEEE 39-bus New England benchmark system
under different large disturbances such as three-phase
short-circuit faults and changes in loads within the sys-
tems. From the simulation results, it is found that the
proposed scheme significantly enhances the transient
stability of power systems as compared to a conventional
scheme of static CB operation.
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1 Introduction

Power system stability, especially transient stability, has
increasingly become an area of concern from the early
days of operation as power systems over large geographi-
cal areas are interconnected using a complex array of
devices. Moreover, as they exhibit continuously changing
behaviors due to changes in loads or external distur-
bances, it is essential to balance the overall system
operation against these changes so that power system
stability is maintained. In such situations, it is essential
to settle a power system to either its original or new
operating states within the critical clearing time (CCT)
which is the maximum time by which a disturbance
must be cleared in order to preserve the stability of
power systems [1].

The CCT indicates robustness of power systems in
terms of transient stability enhancement and the process
of transient stability analysis with the CCT information is
indispensable as this type of stability is concerned with
severe disturbances [2, 3]. Thus, the calculation of accu-
rate CCT is a vital factor for faster transient stability
assessment. Some hybrid methods, which are the combi-
nation of direct or transient energy function and time-
domain simulations, have been proposed in [4–6] to
calculate the CCT for online transient stability improve-
ment. In fact, these methods for CCT calculation are
mainly based on the consideration of fixed nominal
loads connected to the generators though the CCT is
adversely affected through sudden changes in loads. In
[7, 8], the CCT has been calculated using a centralized
approach with time-domain simulation to enhance the
transient stability of power systems. But in practice,
power systems are interconnected systems and composed
of different utilities amongst which there is an agreement
on performance standards where each utility is free to
choose the way to prevent the system from possible dis-
astrous consequences.

With the advanced technologies, the centralized
structure has changed to distributed one for the distrib-
uted automation system to enhance the operating effi-
ciency [9]. The complexities in power systems and
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difficulties in centralized approaches have motivated the
application of distributed multi-agent systems (MASs)
which could be widely used in power systems for smarter
operation and better situational awareness through the
utilization of online information and communication
technologies [10]. The concept of MASs has gained sig-
nificant attention in power system protection and security
due to their distributed characteristics, dynamic adapt-
ability, and flexibility. An MAS provides a more flexible
way of increasing both the resiliency and efficiency
through the combination of top-down and bottom-up
autonomous decision-making intelligence in a distributed
environment. A hierarchical distributed multi-agent fra-
mework has the capability of maintaining interactions
among different physical operational processes and
agent activities through proper communication. The
agents in a distributed multi-agent framework use the
online information and energy flow to communicate
with each other and make a decision which could be
used in power systems for the coordination of protection
devices to enhance the transient stability.

Although transient stability assessment is an estab-
lished research area in power systems, there are a few
applications of MASs. A conventional time-domain simu-
lation approach in an agent-based framework, for super-
vision and control to analyze the transient stability of
power systems, is proposed in [11]. A real-time closed-
loop wide-area decentralized power system stabilizers
(WDPSSs) based on the reinforcement learning (RL)
method and multi-agent framework is discussed in [12].
In [13, 14], a combination of prediction and control agents
is used to developed a multi-agent framework where the
prediction agents predict the instability within the power
system and the control agents stabilize the system based
on the information provided by the prediction agents. A
multi-agent-based coordinated control scheme is pro-
posed in [15, 16] where multi-agent framework is devel-
oped through wide area measurements (WAMs). In [17,
18] an output tracking agent is used to track the output
where the output of the generator is considered as the
rotor angle of the generator and the control agent is used
to initiate the turbine valving control. In practice, the
rotor angle of generators may not be conveniently mea-
sured [19, 20]. The multi-agent frameworks so far pre-
sented in this paper are mainly based on the
assumption of a fixed trivial rather than variable CCT.
Since the CCT varies with disturbances within the system
such as changes in loads and faults within the system,
the consideration of varying CCT is of paramount impor-
tance for transient stability assessment in a multi-agent
environment. Recent works on transient stability

improvement in the light of variable CCT consideration
using multi-agent scheme can be seen in [21–23].

This paper aims to design a distributed multi-agent
architecture in which each intelligent agent represents a
specific physical device model with a particular definition
to enable information flow among themselves. The pro-
posed MAS helps to dynamically adapt any change in
versatile system conditions due to its distributed character-
istics. For example, if a fault occurs or the load changes
within the physical power system, the MAS adapts these
changes to calculate the CCT and assists protection devices
by providing a real-time coordination of circuit breaker
(CB) operation. Moreover, the implementation of distribu-
ted agent-based framework significantly reduces the com-
plexities in power system protection and its relevant
computational burdens. In this paper, the CCT is estimated
first using the direct method and then determined from the
time-domain simulations in order to ensure faster and
accurate CCT information. This CCT is computed under a
computing facility which has direct access to communicate
with the agents related to the protection relays. Since the
agents are capable of continuously monitoring the changes
in power systems, their dynamic adaptability provides a
continual streaming of CCT information to the agents
which initiate the operation of CBs. The superiority of the
proposed multi-agent scheme is investigated through simu-
lation results under different operating scenarios and it is
seen that the proposed scheme enhances the stability limits
as compared to the conventional approach [7, 8].

The rest of the paper is organized as follows: Section
2 presents the MAS architecture for power systems; indi-
vidual activity of distributed MAS is presented in Section
3; Section 4 discusses the performance evaluation with
illustrative examples and simulation results; and finally,
the paper is concluded with brief remarks in Section 5.

2 Proposed multi-agent framework
for power systems

The MAS is a group of multiple interacting distributed
intelligent agents within an environment where they can
respond to the events in the surrounding environment
with independent control actions. It provides an effective
platform for modeling autonomous decision-making enti-
ties for power grid operation [24]. An MAS is widely used
for advance management of the complex problems, such
as control and protection of electrical power networks in
a distributed way [25]. In power systems, all physical
devices such as generators, transformers, loads,
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protections relays (PRs), and CBs are installed in a dis-
tributed manner throughout the whole network.

Phasor measurement units (PMUs) along with the
global positioning system (GPS) technology have been
currently used in the automation of power systems, espe-
cially to provide breaker status signals for proper relay
coordinations [26]. Therefore, the advent of PMUs has
brought a new dimension to power system automation
systems in a multi-agent framework. Figure 1 shows an
architecture of a simple power system model where a
generator is connected to the utility grid and supplying
some loads though a transmission network equipped
with CBs and PRs in a multi-agent framework. In this
framework, different nodes within the physical model of
the power system such as the locations of the generators,
PRs with CBs, PMUs and loads have been considered as
different agents that have the flexibility to gather and
share information from each other. If disturbances occur
within the physical power system which is in operation,
the MAS is designed in such a way that the agents have
the capability to adapt these disturbances to implement
their autonomous control actions.

In the proposed multi-agent framework as shown in
Figure 1, each agent has been defined to represent parti-
cular physical device. The dynamic node (DN) agent
comprises the information of the generator connected to
the system, whereas the load information has been gath-
ered through ZIP (Z – impedance, I – constant current,
P – constant power) node (ZIPN) agent. The root node
(RN) agent comprises PMUs for monitoring, measuring
and providing breaker status signal as well as CCT com-
puting facility and lastly, the agent that is embedded
within the PR equipments is considered as the PR
agent. In this distributed multi-agent framework, the
group of node agents associated with the physical device

model are considered as an individual subsystem. Each
subsystem is connected physically with each other as
well as through communication provided by agents. In
this paper, it is assumed that the smart power system
already has necessary communication network superim-
posed on its physical layer which is also valid for prac-
tical implementation as a practical system has high-speed
wireless communication or fiber optic communication
facilities. The details of all agents along with their activ-
ities have been discussed in the following section with an
aim to enhance the transient stability of power systems.

3 Agent activities for transient
stability enhancement

Since the multi-agent framework is the collection of sev-
eral intelligent agents, each agent is responsible for per-
forming some specific or a set of specific activities,. In the
developed multi-agent framework for power systems, the
agent activities have been aimed to achieve a desired
goal which is transient stability enhancement of whole
power system. The activities of each agent are discussed
in the following subsections.

3.1 Activities of DN agent

In this paper, DN agent is designed to capture the
dynamics of the generator and the generators are consid-
ered as synchronous generators. The elements of the
system dynamics consists of constrained set of non-linear
differential equations in the form (1) using phasor vari-
ables [23]:
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Figure 1: Distributed multi-agent framework for power systems.
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_xs ¼ fs xs; ys; zð Þ
0 ¼ gs xs; ys; zð Þ ð1Þ

where x is the system state variable x 2 R
n, y is the

algebraic variable y 2 R
m, z is the vector of system para-

meters z 2 R
l, f is the function of the differential equa-

tions f :2 R
n� 2 R

m� 2 R
l !2 R

n and g is the function
of the algebraic equations g :2 R

n� 2 R
m� 2 R

l !2 R
m.

When a disturbance occurs in the power system, the
characteristics of the generator will change depending on
the nature of the disturbances. The dynamic models of
such generators are essential in order to adapt these
changing characteristics with DN agents. However, the
actual behaviors of a synchronous generator in real
power systems are very complex and difficult to model
unless some standard assumptions are considered. It is
well known that a third-order synchronous generator
model, represented as the voltage behind direct-axis tran-
sient reactance, is reliably suitable for transient stability
analysis which can be expressed as [20]
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where the subscript i represents the synchronous generator
connected to ith bus, δ is the power angle, ω is the rotor
speed, ω0 is the synchronous speed, H is the inertia con-
stant, Pm is the mechanical input power, D is the damping
constant, E

0
q is the quadrature-axis transient voltage, Eq is

the quadrature-axis voltage, Tdo is the direct-axis open-
circuit transient time constant, Ef is the equivalent voltage
in the excitation coil, xd is the direct-axis synchronous
reactance, x

0
d is the direct-axis transient reactance, Gii and

Bii are the self-conductance and self-susceptance of ith line,
respectively, Gij and Bij are the conductance and suscep-
tance between ith and jth lines, respectively, δi is the power
angle deviation between ith and jth lines, Id and Iq are the
direct-axis and quadrature-axis currents, respectively.

3.2 Activities of ZIPN agent

The ZIPN agent is designed to collect the aggregated load
data and share this information with other agents. Since

the loads in power systems continuously change, the
ZIPN agent is designed to incorporate all variations in
load conditions. The static load model is considered to
represent this agent which can be described by the fol-
lowing equations [27]:

PL ¼ P0
V
V0

� �α
QL ¼ Q0

V
V0

� �β ð3Þ

where P0 and Q0 are the real and reactive power con-
sumed at the reference voltage V0, respectively. The
exponents α and β depend on the type of loads, e.g.
α ¼ β ¼ 0 for constant power load models, α ¼ β ¼ 1 for
constant current load models, and α ¼ β ¼ 2 for constant
impedance load models. The real and reactive power
characteristics of composite ZIP load models are given
by [28, 29]

PL ¼ P0 ap
V
V0

� �2

þ bp
V
V0

� �
þ cp

" #

QL ¼ Q0 aq
V
V0

� �2

þ bq
V
V0

� �
þ cq

" # ð4Þ

where the coefficients ap, bp, cp, aq, bq and cq are the
parameters of the model that define the proportion of
each component, respectively.

3.3 Activities of RN agent

The RN agent is the heart of the proposed MAS as most of
the critical decision-making activities are performed by
this agent. The RN agent monitors the overall network
condition based on the information obtained from PMUs
and process all local information gathered from DN and
ZIPN agents to calculate the CCT. Finally, this RN agent
shares the decision to the PR agents by providing the
status signals for CB operation. The RN agents mainly
perform three major activities–fault detection, dynamic
adaptability, and CCT calculation. In the following, these
activities are discussed in detail.

3.3.1 Activity 1: Fault Detection

In power systems, faults and outages are likely to occur.
In such cases, an effective fault detection and diagnosis
algorithm is essential as this can improve the transient
stability and reliability of power systems. In the proposed
distributed multi-agent framework, the RN agent is used
to detect the fault along with its location. The current and
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voltage at the relay location can be obtained using poten-
tial and current transformer, respectively, and can be
written as [30]:

IR ¼ Vs � Vr

ZT

VR ¼ Vs � IRZs

ð5Þ

where IR is the current across the relay, VR is the voltage
at the relay, Vs is the sending end voltage, Vr is the
receiving end voltage and ZT is the total impedance of
the system. The fault is detected from the following rela-
tionship among fault current, relay current and threshold
value of relay current:

If ¼
IR > ITH; Fault detected

IR < ITH; No fault

(
ð6Þ

where If is the fault current, IR is the current flowing
through the relay, and ITH is the threshold of the relay
current which is set to each relay for precisely detecting
the fault. When a fault occurs within the power system,
RN agents measure fault currents and compare these
current values with the threshold values of relay currents.
If the fault current exceeds the threshold value, the RN
agent detects this as a fault and takes necessary steps to
trip the CBs through PR agents. Now if there are no faults
within the system, the current across the relay is less than
the threshold value that ensures the normal operation of
power systems. The following relationship has been used
in this paper in order to obtain the location of the fault
through RN agents [30]:

IkðFÞ ¼ Vk

Zkk þ Zf
ð7Þ

where k is the bus number where the fault occurs, Ik is
the fault current magnitude, Vk is the fault bus voltage,
Zkk is the element of the bus impedance matrix which is
indeed the Thevenin’s impedance as viewed from the
faulted bus and Zf is the fault impedance. Using the
above expression, the RN agent can determine the bus
which is affected by faults.

3.3.2 Activity 2: Dynamic Adaptability

The RN agent continuously monitors the load conditions
by taking information from DN agents and the same time
calculate CCT based on the information gathered from DN
agent. For example, if the nominal load PL changes, the
DN agent will adjust the mechanical power input Pm to
the generator to pick up the extra loads since stable

operation requires a continuous match between the
energy input to the prime movers and the new load P

0
L.

The RN agent receives this information from DN and ZIPN
agents and uses the following logic to adapt to the
changes in loads for the new input mechanical power:

Pm ¼ PL for normal operationÞð

if Pm 0PL ðPL �% load changeÞ

P
0
m ¼ P

0
L for new loadð Þ

else Pm ¼ PL for given loadð Þ
After gathering the new load information from ZIPN

agents and the new mechanical power input information
from DN agents, the RN agent calculates the new CCT
information which is discussed in the next activity.

3.3.3 Activity 3: CCT Calculation

To calculate the CCT, the combination of both direct and
time-domain simulation methods is used as each
approach has some limitations, as overshadowed earlier
in this paper. The expression for the transient energy
function for a third-order model can be written as [31, 32]
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where Mi ¼ 2Hi

ωs
, Pi ¼ Pmi � E

02
qiGii, δsi is the post-fault

stable equilibrium point (s.e.p) which can be written as
δsi ¼ sin�1 Pmi

Pmax
ei

� �
. The first part of the right-hand side of

eq. (8) is the transient kinetic energy (EKE), second part is
the potential energy (EPE) of the system and lastly, the
third part is the energy (EE0

q
) due to quadrature-axis tran-

sient voltage of the synchronous generator.
In this paper, the CCT is first estimated by the direct

method using the potential energy boundary surface (PEBS)
approach, which was first introduced in [33, 34]. It has
receivedwide attention from researchers as it avoids comput-
ing the controlling unstable equilibrium points (δui ¼ π � δsi )
[31, 35]. The critical energy (Ecr) can be obtained from
the PEBS, the crossing of which is the point at which
the function, fiðδiÞ:ðδi � δsi Þ ¼ fiðδiÞ:δ̂i ¼ 0, and is
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approximately the same point at which EPE is maximum
along the faulted trajectory. The following steps are used to
calculate the CCT.
1. Perform a load flow analysis to obtain the initial, pre

and post-fault conditions.
2. During the fault, solve eq. (1) to obtain the state

variables. Also compute the post-fault s.e.ps and
the fault on trajectory.

3. Observe the potential energy (EPE) at each time step
integration, where its parameters pertain to the post-
fault configuration.

4. Continue steps 2 and 3 until the function fiðδiÞ:δ̂i ¼ 0.
This is the PEBS crossing at which point the max-
imum value of EPE is obtained and is a good estima-
tion of Ecr for the applied fault.

5. Find when the total energy reaches the same value as
critical energy, i.e. ET ¼ Ecr and this instant of time
while ET crosses the maximum value of EPE or Ecr is
the estimated CCT ðtcrÞ of the system.

6. The fault start and end times, estimated minimum
(tmin
cr ) and maximum (tmax

cr ) fault clearing times, and
time-domain simulation step-size (D) are set up for
the time-domain approach.

7. A load flow analysis is conducted and the transient
stability obtained from the time-domain simulation
method is evaluated using the dynamic equations.

8. The minimum interval of the CCT is searched and
then the stability is checked based on the simulation
results.

9. The CCT calculation is successful when the system is
stable for the minimum fault clearing time and
unstable for the maximum.

The flowchart of the whole CCT calculation process is
shown in Figure 2. With the calculated CCT, the RN
agent communicates with PR agents to share this infor-
mation for proper relay coordination.

3.4 Activities of PR agent

The PR agents are designed to capture a set of protection
parameters and the equations related to the PR agents are
given as follows [36]:

_xp ¼ fp xs; ys; xp; yp; r
� �

yp ¼ gp xs; ys; xp; r
� �

zp ¼ hp xp; yp; r
� � ð9Þ

where xp and yp are the internal dynamics of the PR and CB
which follow a set of logic signals depend on the local state
variables, e.g. node voltage and current through PR, r is the

relay settings under various operating conditions, zp is the
output signal of PRs act as input to the CBs for their opera-
tion. The functions fp, gp and hp are discontinuous as they
provide CB operation at any instant of time. Usually, up, i.e.
the node voltage and the current across the relay are the
input to the PR. The output, zp, of the PR is the tripping logic
signal fed to the CB for opening and closing its contact.

The PR agents process the CCT information through
PRs to initiate the breaker operation. PR agents continu-
ously receive updated CCT information based on the
changes within the power system adapted through RN
agent and act accordingly. PR agents use a simple control
logic for the operation of CBs as well as to provide CB
status signals. The control logic with status signals for
opening and closing CBs can be written as:

zp ¼ CiðtÞ ¼ 0; for opening of CB at time t
1; for closing of CB at time t

�
ð10Þ

where Ci is the breaker signal for ith breaker and
i ¼ 1; 2; 3; . . . ; n. Under normal operating conditions, i.e.
where there are no faults within the system the breaker
signal status is 1. However, PR agents continuously

Power flow analysis

Solving dynamic equation to
obtain state variables 

Dynamic evaluation of CCT
using time-domain simulation 

Successful CCT
calculation

Final value of CCT

Yes

No

Observe EPE

No

Yes

f (δ).δ = 0

PEBS crossing
EPE = Ecr
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Find CCT (tcr)at
ET = EPE = Ecr
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Search CCT in time-domain
(tcr  – tcr   )>D

max min

Figure 2: Flowchart of the CCT calculation.
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collect the updated CCT information from RN agents if
any disturbance occurs in power systems. PR agents take
necessary action for the operation of CBs based on the
collected CCT information from RN agents and share their
activities with other agents. In practice, IEC61850 proto-
col is used to communicate status and commands
between the relays within the substations in which
IEC61850 GOOSE messages utilize multi-cast Ethernet to
provide a real-time support for protection mechanisms
and used for communication among relay equipments
[37]. However, failures in communication or added com-
plexity of the system due to latency of the CB operation
may cause malfunctioning of protection devices. A recent
work on the detection and identification of erroneous
data in the MAS-based protection framework can be
seen in [38]. In order to provide a real-time coordination
of protection devices, equivalent PR agents have also
been developed in Java Agent Development Framework
(JADE) platform.

Finally, the agent activities have been summarized
through a flowchart as shown in Figure 3 from where it
can be seen that each agent can access to the power
system model and communicate with each other for initi-
ating the PR coordination. The transient stability
enhancement of power systems, with the proposed dis-
tributed multi-agent scheme, is discussed in the follow-
ing section.

4 Performance evaluation of
distributed MAS

The IEEE 39-bus New England test system [39] as shown
in Figure 4 is considered to evaluate the effectiveness of

the proposed distributed MAS for enhancing the transient
stability of a large-scale power system. This system com-
prises 39 buses, with 10 generators and 19 loads totaling
6,150.1 MW and 1,233.9 MVAr of real and reactive powers,
respectively. Each generator is modeled as a third-order
synchronous generator with an IEEE type 2 exciter,
except that at bus-31 which is arbitrarily considered a
slack bus, and has a simple turbine governor, except
generator 1. For simplicity, the whole system is divided
into four zones, each of which provides independent CB
control operations regarding the buses.

The zoning of IEEE 39-bus system can be seen in
Figure 4 and summarized as follows:
– Zone 1: generators at bus-30 and bus-39, and loads at

bus-3, bus-4, bus-7, bus-8 and bus-39.
– Zone 2: generators at bus-31 and bus-32, and loads at

bus-11, bus-15 and bus-31.
– Zone 3: generators at bus-33, bus-34, bus-35 and bus-

36, and loads at bus-16, bus-20, bus-21, bus-23 and
bus-24.

– Zone 4: generators at bus-37 and bus-38, and loads at
bus-18, bus-25, bus-26, bus-27, bus-28 and bus-29.

These zones are interconnected through seven lines:
Zone 1 and Zone 2 through lines L-8 from bus-4 to bus-14,
L-10 from bus-5 to bus-6 and L-11 from bus-7 to bus-31;
Zone 2 and Zone 3 through line L-20 from bus-15 to bus-
16; Zone 3 and Zone 4 through line L-21 from bus-16 to
bus-17; and Zone 1 and Zone 4 through lines L-4 from
bus-2 to bus-25 and L-6 from bus-3 to bus-18.

In this paper, generators at bus-34 (G4) and bus-38
(G9) are considered to compare the results since they
have the highest participation in the system instability
as the eigenvalues of dominant unstable mode are
0:35031� 2:8725i [39]. Since the CCT is susceptible to
changes in power system configurations, the perfor-
mances of the developed MAS for different ones are
demonstrated. In this paper, the following two cases: (i)
short-circuit faults within the network, and (ii) the com-
bination of short-circuit faults and generator load varia-
tions; have considered to demonstrate the transient
stability of power systems in a multi-agent framework
along with a comparison to a conventional approach.

– Case 1: Performance evaluation under three-phase
short-circuit faults
During the normal operation of a power system, the
agents within the system do not take any action rather
than continuous monitoring activities. The agent activ-
ities start when the RN agent detects a fault. In this
simulation, a three-phase short-circuit fault, which is

Activity 1: Fault
detection

Activity 2: Dynamic
adaptability

Activity 3: CCT
calculation

PR agent

Protection relay coordination

DN agent
eqs (1)

Full power
system model

RN agent
ZIPN agent

eqs (2)
and (3)

Figure 3: Flowchart of agent activities.
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the most severe fault in power systems, is applied to
evaluate the performance of the designed scheme. This
fault is applied at bus-16 and the following fault
sequence is considered.
– Fault occurs at t ¼ 1 s
– Fault is cleared at t ¼ 1:2 s

When the fault is applied at bus-16, the behavior of the
current is changed across the relay, i.e. suddenly increases.
Since a predefined threshold value of fault current is set in
each relay protecting the corresponding line, the RN agent
detects that fault while its current flows above the threshold
value as shown in Figure 5. The generators are still supply-
ing the nominal loads, i.e. the loads within the system
remain unchanged. The ZIPN and DN agents send their
information to the RN agent which is required to detect
the fault, calculate the CCT and share this information with
the PR agent which initiates the operation of CBs with a
status signal, Ci ¼ 0, to isolate the faulty part from the rest

of the system. In this case, the transmission line connected
between bus-15 and bus-16, i.e. line 15–16 is tripped. For the
applied three-phase short-circuit fault at bus-16, the
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response of the total energy and the potential energy is
shown in Figure 6, in which it can be seen that Emax

PE is
reached at 0.473 s which is the critical energy (Ecr) of the
system. Also, the zero crossing of the function, fiðδiÞ:δ̂i,
occurs at approximately the same time as seen from
Figure 7.

In Figure 6, it is seen that the graph of total energy (ET)
crosses Emax

PE or Ecr at t ¼ tcr ¼ 258 ms, which is the CCT of
the system. This CCT is used to estimate the original CCT
calculation through the time-domain approach which is

found by the RN agent to be 264ms. At the instant of
transmission line isolation; an inter-agent communication
takes place to confirm operation of the PR agents with the
calculated CCT information with a communication delay of
0.3 cycle added to the CCT information, i.e. 269ms as final
value of CCT shown in Table 1. When the fault is cleared,
the RN agent shares this information with the PR agents
which initiate a reverse action, i.e. generates a status sig-
nal, Ci ¼ 1, in order to reclose the CBs. At this stage, the
transmission line 15–16 is reconnected to the system and
the system resumes its normal operation.

Now, if the system is simulated with a conventional
time-domain approach for the CCT calculation and a three-
phase short-circuit fault with the aforementioned fault
sequence is applied at bus-16, the CCT is 241ms which is
also shown in Table 1. The CCT from the time-domain
simulation is less than that from the proposed scheme
due to the lack of information being exchanged among
the different subsystems. In this case, the transient stability
limit of the system is also less as the maximum time during
which a fault can be applied is less as compared to the
designed distributed multi-agent framework. The proposed
scheme enhances the transient stability limit by 12.05% as
shown in Table 1 when a fault is applied at bus-16. The
corresponding rotor angles of the synchronous generators
(G4 and G9) are shown in Figures 8 and 9 for both con-
ventional (blue line) and proposed (green line) approaches
from which it can be seen that the rotor angle oscillations
are less with the developed multi-agent scheme. Figures 10
and 11 show the subsequent generator rotor speeds in
which it can be seen that their oscillations are less with
the proposed scheme and they return to their original
synchronous value, i.e. 1 pu, after successful relay coordi-
nation by agents.

– Case 2: Performance evaluation under three-phase
short-circuit faults and generator load changes
In this case study, the performance of the designed
scheme is evaluated by considering a different scenario,
a combination of a three-phase short-circuit fault and
changes in generator loads. The fault is applied at bus-
16 and the similar fault sequence, i.e. fault occurring at
t ¼ 1 s and clearing at t ¼ 1:2 s, is considered. The loads

0 0.1 0.2 0.3 0.4 0.5 0.6
1

2

3

4

5

6

7

8

9

Time (s)

E
ne

rg
y

Total energy
Potential energy

Critical clearing time (tcr)

E PE=  Ecr   
maxET

Figure 6: Total energy and potential energy when fault occurs at
bus-16.

Table 1: Comparison of transient stability limits for three-phase short-circuit fault.
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Figure 7: PEBS crossing by function f ðδÞ:δ̂.
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of generators G4 and G9 are increased to 5% from their
nominal values to meet the demand requirement assum-
ing that the system load increases. Due to these load

changes, the CCT will be different from the previous
case, with the new ones shown in Table 2 for both the
conventional and proposed approaches. In this scenario,
the agents communicate with each other to adapt the
changes through the RN agents and calculate the new
CCTs in a very similar way to that in the previous case
study. The PR agents initiate the breaker status signal,
Ci ¼ 0, at the instance of the fault and another status
signal, Ci ¼ 1, as soon as the fault is cleared. From this
case study, it can be seen that the CCT is more with the
proposed approach which can also be seen from Table 2.

During the faulted condition, the transmission line
15–16 is tripped and reconnected after the clearance of
fault by agents. Finally, inter-agent communication takes
place to update the final status of each agent. In this
case, the transient stability limit is enhanced by 11.46%
as shown in Table 2 using the proposed scheme com-
pared with that of the conventional time-domain simula-
tion method. Also, it can be seen that the CCT decreases
with the increase in generator loads which means that
the transient stability limit of the system is reduced.
Further validation of this point is evident from the rotor
angle responses of G4 and G9 as shown in Figures 12 and
13, respectively.

From both case studies, it is obvious that the
designed distributed MAS enhances the transient stability
of power systems in a more superior and smarter way
than the conventional method.

5 Conclusion

A hierarchical distributed multi-agent infrastructure, in
which an individual agent provides a powerful frame-
work through representing physical device models in
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Figure 8: Rotor angle of G4 when a fault occurs at bus-16 (green line,
proposed MAS approach; blue line, conventional approach).
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Figure 9: Rotor angle of G9 when a fault occurs at bus-16 (green line,
proposed MAS approach; blue line, conventional approach).
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Figure 11: Rotor speed of G9 when a fault occurs at bus-16 (green
line, proposed MAS approach; blue line, conventional approach).
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Figure 10: Rotor speed of G4 when a fault occurs at bus-16 (green
line, proposed MAS approach; blue line, conventional approach).
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power systems to enhance the transient stability, is devel-
oped. The agents cooperate and communicate with each
other in a distributed fashion to analyze and monitor the
condition of the power system. In the designed frame-
work, multiple agents communicate with each other to
adapt to changes and maintain a stable operation of a
power system by tripping CBs through proper relay coor-
dination based on the continually updated CCT informa-
tion. Simulation results clearly show that the proposed
MAS provides a robust environment for faster and

accurate transient stability assessment and a wider stabi-
lity margin for a large-scale power system as compared to
a static CB operation scheme. Future work will deal with
the incorporation of control agents within the proposed
multi-agent framework for increasing the stability margin
of power systems.

Appendix

Table 2: Comparison of transient stability limits for three-phase short-circuit fault and 5% changes in generators loads.

Fault
Location

Tripped
Line

Critical clearing time (CCT) information (s) Transient stability
Limit improvement (%)

Conventional PEBS Proposed
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Figure 12: Rotor angle of G4 for fault occurs at bus-16 with 5% load
change (green line, proposed MAS approach; blue line, conventional
approach).

0 5 10 15
26

27

28

29

30

31

32

33

Time (s)

R
ot

or
 a

ng
le

s 
(d

eg
)

 

 

G9 (Conventional approach)
G9 (Proposed MAS approach)

Figure 13: Rotor angle of G9 for fault occurs at bus-16 with 5% load
change (green line, proposed MAS approach; blue line, conventional
approach).

Table 3: Machine bus data of IEEE 39-bus New England power
system.

Machine Voltage (pu) Power generation (MW)

 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .
 . .

Table 4: Load bus data of IEEE 39-bus New England power system.

Bus number Real load (MW) Reactive load (MVAr)

  .
  .
 . 

  

 . 

  

 . 

  

  

  

  

 . –.
  .
  

  .
  .
 . .
 . .
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