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ABSTRACT Future power systems with a high penetration level of inverter-based renewable sources (IBRSs)
will be vulnerable to severe grid faults because of the noticeable reduction in the total system inertia.
Particularly, challenges will arise in securing the transient stability limits of synchronous generators in the
systems. Fortunately, the stability limits can be extended by utilizing the existing inverter-based units as
virtual damping devices. This paper proposes the utilization of an inverter-based supercapacitor (IBSC)
to extend the critical clearing time (CCT) of a power system with a high penetration level of IBRSs;
thus, it makes it possible to secure the transient stability limits of SGs. In order to utilize an IBSC, the
controllability of the IBSC is explored by considering two factors: control scheme and location of the
IBSC. First, to determine an effective control scheme for the IBSC, three control schemes, which are
power-damping control, speed-damping control, and power and speed-damping control, are tested under
severe fault conditions. Then, using each control scheme, the location of the IBSC is chosen in a certain
power system by the most extended CCT. The proposed utilization strategy was validated under various
scenarios in a modified IEEE 14-bus system using the PSCAD simulator.

INDEX TERMS Angle stability, critical clearing time, damping, fault location, oscillation, supercapacitor.

I. INTRODUCTION
Renewable energy resources have been increasing in an effort
to reduce fossil fuel consumption [1], [2]. In addition, the
accommodation of inverter-based renewable sources (IBRSs)
is increasing to enhance the generation efficiency of renew-
able sources. However, the increasing penetration level of
IBRSs will arise an issue in the transient stability by causing
noticeable reductions in the fault contribution and the total
system inertia [3]. The reduction in the fault contribution
will make it difficult to diagnose grid faults by detecting the
fault currents; therefore, there might be a failure to discern
the fault or a delay in the relay operation, and synchronous
generators (SGs) near the fault might exceed their stability

limits. In addition, the reduced system inertia will deteriorate
the system performance during a fault, and even after the fault
clearance by making the generators swing severely; in the
end, it can cause loss of synchronism. Loss of synchronism
can sufficiently lead to system blackout [4], [5]. In order to
secure stability limit of SGs in a power system with a high
penetration level of IBRSs, the critical clearing time (CCT),
the maximum time during which a disturbance can be applied
without the system losing its stability, has to be extended.

Regarding the issue mentioned above, many studies have
proposed control strategies [6]–[12] to improve the transient
stability limit of power systems. In [6], [7], a switching control
strategy for the power system stabilizer (PSS) was proposed
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to mitigate the oscillated operation of an applicable SG. This
control strategy needs to consider interactions among the SGs
to be applied to a power system consisting of multiple SGs.
In [8], a passive-resistive load was used to damp out the
oscillation of SGs in a power system. The performance of this
strategy was limited by the size of the load.

In [9]–[12], energy storage systems (ESSs) were utilized to
extend the stability limits of SGs in a power system. In [9], a
generic battery storage model was used to regulate the speed
of a SG at a constant by repeating charging and discharging
according to the speed after a grid fault. This strategy shows
the potential of ESSs in securing the angle stability of a SG.
In [10], a combination of superconducting magnetic energy
storages (SMESs) and superconducting fault current limiters
(SFCLs) was proposed to improve the angle stabilities of SGs
in a power system. The SFCL has a resistor that operates
during a fault to limit the fault current and reduces the voltage
dip at the SMES. Thus, SMES is able to provide a damping
control effectively. However, to achieve the strategy in [10], a
set of a SFCL and a SMES are required.

An inverter-based supercapacitor (IBSC) was utilized to
provide the damping control, and its performance was com-
pared with SMES [11]. It shows that an IBSC has a better
performance in damping the oscillation of a SG than that of
SMES. However, the control strategy in [11] need to be tested
by considering the interactions among the SGs. In [12], a
model predictive control was proposed to coordinate multiple
ESSs to damp out the rotor angles of multiple SGs. However,
the locations of the ESSs were assumed to be predetermined,
and thus various locations of the ESSs are needed to be ex-
plored to determine its locations for the damping control.

This paper proposes the utilization of an inverter-based
supercapacitor (IBSC) to extend the CCT of a power system
with a high penetration level of IBRSs; thus, it can secure the
transient stability limits of SGs. In order to utilize an IBSC,
the controllability of the IBSC is explored by considering
two factors: control scheme and location of the IBSC. First,
to determine an effective control scheme for the IBSC, three
control schemes, which are power-damping control, speed-
damping control, and power and speed-damping control, are
tested under severe fault conditions. Then, using each control
scheme, the location of the IBSC is chosen in a certain power
system by the most extended CCT. The proposed utilization
strategy was validated under various scenarios in a modified
IEEE system using PSCAD simulator [13].

The remainder of this paper is organized as follows. De-
termination and effect of extended CCT in power system in
Section II. Utilization of SCES is presented in Section III.
Simulation results of several cases studies are given in Sec-
tion IV, and conclusions are given in Section V.

II. DETERMINATION OF CCT & EFFECT OF EXTENDED CCT
IN POWER SYSTEMS
The high penetration of IBRSs is affecting the stability sys-
tem, especially the transient stability. The transient stability
index is measured through CCT. Furthermore, the effect of

FIGURE 1. Dynamics of a SG for a short circuit. (a) Rotor flux dynamics of
a SG. (b) P-δ curve of a SG.

IBSCs in the power system is studied to enhance transient
stability. This section describes the determination of CCT and
the effect of extended CCT in the power system.

In general, there are two methods in obtaining the system
CCT: direct method and indirect method [14]–[17]. From di-
rect methods, a specific value of the CCT can be obtained. In
the indirect method, the CCT can be found by a process of trial
and error in time domain simulation. In this paper, an indirect
method was used to determine the system CCT properly in a
dynamic simulation environment. The CCT is found by ad-
justing fault duration time with a several-millisecond interval
until the system is able to return to stable state. Thus, the CCT
can be obtained as the maximum value with milliseconds-
scale error.

A. DETERMINATION OF THE CCT
The CCT is defined as the time taken to reach critical clearing
angle, δc, from the power angle at a fault inception, δ0 [18].
It is considered as the fault clearing time at which the system
becomes stable after the fault clearance. Thus, faults should
be cleared before δ reaches δc; otherwise, the applicable gen-
erator becomes unstable.

Fig. 1 shows a P-δ curve and rotor flux dynamics of a SG for
a short circuit. During steady state, rotor flux and stator flux
rotates at a synchronous speed maintaining an initial power
angle, δ0, between them. During the fault: the section from
Point A to Point C in the P-δ curve, the angular velocity of
rotor flux, ωr, accelerates; thereby, δ increases from δ0 to δ1.
In this stage, the kinetic energy of the rotating mass increases.
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After the fault is cleared at δ1 the electrical output, Pe, is
restored and δ continues to increase until ωr becomes equal
to the angular velocity of stator flux, ωs. If ωr becomes equal
to ωs and Pe is equal to the mechanical input, Pm, then the SG
is critically stable. The power angle at Point C, δ1, is δc in this
case. If ωr becomes equal to ωs at Point E’ in the P-δ curve
where Pm is larger than Pe, then there is the acceleration that
makes δ increase and the SG never return to steady state.

From the definition of the CCT, it can be directly obtained
from δc [19]. δc can be calculated by equal area criterion
knowing Pm, the maximum electrical power, Pemax, and δ0.
δc is given by:

cos (δc) = Pm

Pemax
(180 − 2δ0) − cos (δ0) . (1)

The CCT, tc, can be obtained by:

tc =
√

2 M
Pacc

(δc − δ0) for δ0 < δ < δc (2)

where

Pacc = Pm − Pe − PIBSC (3)

Thus, tc can be rewritten by:

tc =
√

2 M
Pm−Pe−PIBSC

(δc − δ0) for δ0 < δ < δc (4)

where M and Pacc are moment of inertia of the machine and
accelerating power, respectively. For normal operations, Pacc

is definitely equal to zero. However, if there is a fault that
causes any mismatch between Pm and Pe, then Pacc (excluding
PIBSC) is not zero anymore and this changes position of δ.
Thus, with an IBSC, PIBSC in (4) reduces Pacc to extend
the CCT. PIBSC depends on system conditions and a control
scheme for the IBSC. Effectiveness of each control scheme
will be explored in Case Studies section.

B. EFFECT OF IBSCS ON THE CCT IN POWER SYSTEMS
WITH HIGH PENETRATION LEVEL OF IBRSS
There is a mismatch between Pm and Pe of the SG when the
SG experiences a fault. The mismatch causes the acceleration
of the SG, which is corresponding to Area1 in Fig. 1(a). Area1

is determined by the fault clearing time. If the fault is cleared
after clearing time, tc, then the SG becomes unstable and it
can cause loss of synchronism in the system. This instability
is likely to occur in the power system with a high penetration
level of IBRSs because of the difficulty in clearing the fault
before tc and the reduced system inertia. Thus, to compensate
for this vulnerability, fast-reacting devices such as an IBSC
can be deployed in the system.

IBSCs can be utilized to balance Area1 and Area2 by ex-
tending the CCT. To do this, an IBSC can be controlled as a
variable load near the SG to manipulate the output power of
the SG by:

2H
1

ωr

dωr

dt
= Pm − (Pe + PIBSC) (5)

where PIBSC and H are the output of the IBSC and the inertia
constant of the SG, respectively.

FIGURE 2. Modified P-δ curve of a SG with an IBSC for a short circuit.

In (5), PIBSC can provide two functions to extend the CCT.
During a fault, the IBSC can decrease Area1 by increasing the
total load in (5). After the fault clearance, the IBSC can in-
crease Area2 and reduce the oscillations of the SG by increas-
ing the total load with an anti-oscillation term in (5). Note
that the anti-oscillation term is used to mitigate the oscillations
caused by interactions among the SGs in the system with the
reduced inertia.

Fig. 2 shows the modified P-δ curve with the utilization
of an IBSC that helps the angle stability of a synchronous
generator by manipulating the electric output. Using clearing
fault at δ1, a system without IBSC shows that the area A-B-
C-D is much larger than area D-E-G. It means that there is
an imbalance area between acceleration and deceleration, and
as a result, the speed deviation is not equal to zero. Thus, the
rotor experiences an acceleration, and the generator will loss
of synchronism. However, the proposed method using IBSC
shows that the acceleration area A-B-C-D is equal to area
D-F-G, which make the system remain stable after clearing
at δ1. Furthermore, the power waveform without IBSC shows
that the generator will lose synchronism, which turns to zero.
However, the power waveform with IBSC is oscillated and
remain stable. So, it can be concluded that IBSC can extend
the critical clearing angle or critical clearing time. Moreover,
the power oscillation can be assumed in the time domain as
follows:

Poscillat ion = M cos (ωt ) (6)

where M and ω are certain magnitude and the frequency of
the oscillation, respectively. Thus, to mitigate Poscillation, an
IBSC system can employ a droop or speed damping control
considering Poscillation. If it uses a droop control, then the
IBSC system will generate compensating power which has
a phase difference of 180 degrees from Poscillation. Or, if the
IBSC system uses a speed damping control with a washout
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filter, then the compensating power will oscillate with a phase
difference of 90 degrees from Poscillation.

During the zero voltage it is difficult to deliver active power
into the power system. Thus, it might be better to inject reac-
tive power during this period to boost the voltage and active
power. The IBSC has the potential to reduce the gap between
Pe and Pm of a SG during a fault and after the fault clearance;
also, the oscillations among SGs can be reduced after the fault
clearance. Thus, the utilization of an IBSC can help extend the
CCT in a power system where the penetration level of IBRSs
is high. To figure out the utilization of an IBSC, proper control
schemes of an IBSC are explored in the next section.

Electrical Energy Storage can be stored in different energy
forms. According to the stored energy forms, energy storage
can be classified into electromagnetic, mechanical, chemical,
electro-chemical, thermal, etc. The example of electromag-
netic energy storage is supercapacitor energy storage (SC) and
superconducting magnetic energy storage (SMES). Mechani-
cal energy storage can be divided into pumped hydro storage,
compressed air energy storage, and flywheel energy storage.
The example of chemical energy storage is the fuel cell and
synthetic natural gas. The battery energy storage system, such
as secondary batteries and flow batteries are the example of
electro-chemical energy storage. The thermal energy storage,
such as cryogenic energy storage still under development
[20]–[22].

The response time and ramp rate capability are the main
issues in improving power quality. The storage with fast re-
sponse and small energy capacity is used to enhance system
stability. Supercapacitor energy storage is the potential option
because it has high power density storage for smoothing high-
frequency fluctuation [20]–[22]. Moreover, the supercapacitor
has a faster charging and discharging time than batteries in
general, which is in accordance with the transient stability
time. Thus, after a disturbance happens, the supercapacitor
will directly absorb or supply the required power.

The supercapacitor has an extremely high power density
rather than the superconducting magnetic energy storage. It
also has fast charging and discharging due to its extraordi-
narily low inner resistance. The supercapacitor has high reli-
ability, durability, long lifetime, no maintenance, and it can
be operated over a wide temperature range. Supercapacitor
would be effective for applications that reside in remote sites,
where maintenance is impractical or even impossible. A su-
percapacitor is easily recycled and environmentally friendly.
Moreover, the efficiency of the supercapacitor is around 75-
95%, and the discharge time is in the range of second to hours.
Table 1 shows the comparison of energy storage [20], [21].

III. UTILIZATION OF AN IBSC
The proposed utilization of an IBSC with the aim of extending
CCT if the power system can be explained as follows. Scheme
#1 is activated by comparing the output from a SG with its
rated power. When the power exceeds the rated power, the
IBSC activates a selected control scheme. Scheme #2 is ac-
tivated by comparing the rotor speed of a SG with its initial

TABLE 1. Comparison of Electromagnetic Energy Storage

FIGURE 3. Configuration of the simplified IBSC.

speed during the fault. When the frequency of the system
exceeds the rated frequency, the IBSC activates the Scheme
#2. Moreover, Scheme #3 is a combination between Schemes
#1 and #2. It activated when the power and the frequency
exceeds its rated value. To do this, the model of the IBSC
used in the paper, control scheme, and locations of the IBSC
are explained as follows.

A. MODEL OF IBSC
Fig. 3 shows the configuration of a simplified IBSC used in
the paper. The simplified IBSC was implemented based on the
models described in [23], [24]. The simplified IBSC consists
of a bank of SCs, a current-controlled source, and a control
system.

The bank of SCs can be represented by its equivalent ca-
pacitance, Ceq, and resistance, Req. Detailed descriptions for
SC dynamics are described in [24]. In the bank of SCs, the
current flow, iSC, is obtained by:

iSC = PSC

VSC
(7)
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FIGURE 4. Characteristics of the IBSC used in the paper. (a) Voltage rise for
a 20-F. (b) Voltage decay for a 20-F [24].

where PSC and VSC are the output power of the IBSC and the
voltage at the terminal of the bank, respectively. Fig. 4 shows
the characteristics of the SC used in the paper. It shows the
voltage rise and the voltage decay for a 20-F IBSC.

The control system of the IBSC processes the power
reference, PSC-ref, from a reference function through a
proportional-integral controller. Then a current reference is
obtained to meet PSC-ref at the terminal of the IBSC. In ad-
dition, the operation of the IBSC is terminated by an on-off
signal, Son. It is obtained by:

Son =
{

1, Vmax < VSC < Vmin

0, otherwise
(8)

where Vmax and Vmin are the maximum and minimum voltages
of the bank, respectively.

B. UTILIZATION OF IBSC
This subsection describes control schemes of an IBSC for
extending the CCT, as described in Fig. 2. To achieve this,
there are three schemes: Power-damping, speed-damping, and
power and speed damping controls.

The vulnerable main generator is apt to lose its synchronism
when a fault happens. Thus the IBSC will be located near it.
Then, the IBSC can be strongly coupled with an applicable SG
electrically, thereby helping extend the CCT with the control
schemes.

1) SCHEME #1: POWER-DAMPING CONTROL
The purpose of the scheme is to mitigate output oscillations
from a SG by providing the active power that is inverted from
the oscillations. This power damping reference, Pref-1, can be
obtained by:

Pref−1 = kp
(
Ppre − PSG

)
(9)

FIGURE 5. Control scheme used in this paper.

where kp, Ppre, and PSG are a proportional constant, pre-fault
power of a SG, and active power of a SG, respectively. In this
paper, kp is set to ‘1’.

Thus, with Scheme #1, the swing equation in (5) can be
rewritten by:

2H
1

ωr

dωr

dt
= Pm − (Pe + Pref−1) . (10)

2) SCHEME #2: SPEED-DAMPING CONTROL
The purpose of the scheme is to mitigate speed oscillations
from a SG by providing the active power that is inverted
from its frequency oscillations. This speed damping reference,
Pref-2, can be obtained by:

Pref−2 = ks ( fnom − fSG) − kD
d fSG

dt
(11)

where ks, kD, fSG, and fnom are a proportional constant, deriva-
tive constant, frequency of SG, and nominal frequency, re-
spectively.

Thus, with Scheme #2, (5) can be rewritten by:

2H
1

ωr

dωr

dt
= Pm − (Pe + Pref−2) . (12)

3) SCHEME #3: POWER AND SPEED DAMPING CONTROL
The purpose of the scheme is to mitigate the oscillations in
power and speed of a SG by combining Schemes #1 and #2.

This power and speed damping reference, Pref-3, can be
obtained by:

Pref−3 = Pref−1 + Pref−2. (13)

Thus, with Scheme #3, (5) can be rewritten by:

2H
1

ωr

dωr

dt
= Pm − (Pe + Pref−1 + Pref−2) . (14)

The best result of the IBSC power output will be examined
by implementing all of the schemes in the system. By using
the proper scheme, it will give a better performance of IBSC.
As a result, the system remains stable after a fault happens,
indicated by the extended CCT.

Fig. 5 shows Schemes #1 to #3. In Scheme #1, SG’s active
power is compared with the pre-fault power of the SG. After
that, the error will be multiplied with a proportional gain
and limit the power reference. Scheme #2 uses the difference
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FIGURE 6. Modified IEEE 14-Bus system.

between nominal frequency and the frequency obtained from
the SG’s angular speed. A washout filter and the derivative
controller are used in this process. Furthermore, Scheme #3 is
a combination of Scheme #1 and Scheme #2. An IBSC placed
at a certain bus detects the fault and activates a selected control
scheme among the three as an active damper.

IV. CASE STUDIES
To explore the utilization of an IBSC (indicated in red) in
extending the CCT, a test system, shown in Fig. 6, was mod-
eled. The line parameter values in the test system are taken
from the built-in governor and turbine models in PSCAD.
The test system consists of three synchronous power plants
(SPPs), static loads, and a 40-MVA IBSC. The specific series-
parallel arrangement of SCs cells and modules highly depend
on the specifications of the cells and modules, which might
be different among manufacturers. Hence, in this study, the
SC bank is simplified as a single capacitor as shown in the
Fig. 3. PSCAD is include the machine dynamics, such as
alternator and exciter, network dynamics, and the dynamic
converter controller. However, during the transient stability
study, the dynamics of the transmission network and the stator
of the synchronous machines will be neglected [25], [26]. In
this study, the case studies were conducted by considering a
symmetrical three-phase fault in the system with respect to
different system inertia, the control schemes for the IBSC
mentioned in Subsection III-B, and fault locations.

For the SPPs, a thermal power plant model was used, and
the corresponding thermal governor and turbine models are
shown in Figs. 7 and 8; also, the governor and the turbine’s
modeling parameters are provided in Table 2.

SG1 is the grid reference because it has the biggest capacity
and generation power. Furthermore, the fault is located at the
Bus SG1 because of the closer the fault from the main system,

FIGURE 7. Steam governor used in the paper.

FIGURE 8. Steam turbine used in the paper.

TABLE 2. Test System Parameters

the less the stability system. Therefore, to simulate severe
cases, a fault is located at Bus 1 in each case.

A. EFFECT OF POWER SYSTEM PARAMETERS
The system stability between with and without IBSC is com-
pared using the omega vs. delta, as depicted in Fig. 9. The
on-fault point represented by the black dot. From the result,
the system without IBSC goes unstable, which is indicated
using a red line. However, a system with IBSC represented by
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FIGURE 9. Stability system without IBSC vs. with IBSC.

FIGURE 10. System frequencies without IBSC vs with IBSC.

the blue line shows that it goes back to its stable equilibrium
point after a fault occurs at 30 s.

Fig. 10 shows the difference in frequency response between
the baseline system, which has no IBSC, and the system with
IBSC. The baseline system frequency indicated using a red
line, and the blue line shows the system with IBSC. The fault
occurs at 30 s and lasts for 0.29 s. The system without the
IBSC becomes unstable after the fault clearance. On the other
hand, the system with IBSC enables the system to secure its
stability for the fault.

To explore the effect of different levels of IBRSs’ pene-
tration into a power system on the CCT, the total inertia of
the test system of IBRS is reduced from the baseline inertia
in Table 2. Furthermore, the system parameter to check the
effect of different levels of IBRS’s penetration is the baseline
system, which has no IBSC in the system.

There are three groups of generators, which notated by SG1,
SG2, and SG3. The total inertia of each group is reduced to
evaluate the effect of different inertia constant on CCT. The
total inertia is reducing because of the lower power genera-
tion of IBRSs. Figs. 11 and 12 show the comparison of the
different inertia constant in the test system. There are five
cases with different inertia system, case A, case B, case C,
case D, and case E. Case A is the system with the highest
inertia system, and the inertia time constant is reduced until
case E. The inertia time constant of each system are shown in
Fig. 12.

FIGURE 11. System frequencies with different inertia constant.

FIGURE 12. Effect of different inertia constant on CCT.

Based on IEEE Std. C37.106-2003, the operational limits
for a steam turbine is between 58.5 Hz and 57.9 Hz. This
condition is permitted for ten minutes before the turbine blade
is damage. However, during the transient condition before 30
cycles, the frequency can operate under 56 Hz [27].

Along with the decrease of inertia constant, the CCT will
also decrease. It means the high penetration of IBRSs’ will
reduce the robustness of the system. The lower inertia system
will make the system more dynamic when a fault happens.
Extending the CCT can be one of the options to make the
system have more time to maintain its stability when a fault
happens.

B. EFFECT OF CONTROL SCHEMES OF IBSC
In order to evaluate the effect of IBSC with respect to the tran-
sient stability of the power system, the three control schemes
are studied here. Scheme #1 uses power as a damping ref-
erence, scheme #2 uses speed as a damping reference, and
scheme #3 is the combination of scheme #1 and #2. Three
control schemes are compared to know best-proposed control
schemes.

As studied in Section IV-A, the inertia constant of case C
with the clearing time is 0.285s is used to validate the control
schemes. A three-phase short circuit happens at t = 30 s, and
new CCT is obtained for each control scheme, as shown in
Table 3. It can be observed that Scheme #1 presents higher
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TABLE 3. CCT of Test System With Different Control Scheme

FIGURE 13. System frequencies for each control scheme.

CCT than the other control schemes, which have an average
increase of 60.23%.

The response of system frequencies for each scheme is
presented in Fig. 13. It can be concluded that Scheme #1 has
better frequency stability after a fault happens. The system
frequency back to its stability faster than the other schemes.
Moreover, the frequency nadir of the system using Scheme #1
is 54.66 Hz, while the frequency nadir using Scheme #2 and
Scheme #3 are 47.73 Hz and 47.04 Hz, respectively.

The location of the IBSC is studied in order to assess the
transient stability of the power system. The location of the
IBSC is varied at each generator bus, and it will be evaluated
using three control schemes. Table 3 also shows the result of
the effect of the IBSC location. It can be seen that the CCT
of the system using IBSC at Bus #2 or SG2 presents higher
CCT than other locations. The CCT is increased by 71.92%
when it located at Bus #2. It is in accordance with the system
condition, where SG2 is the vulnerable main generator when
a fault happens.

Fig. 14 shows the IBSC power output is compared with the
output power of SG using Scheme #1. During the fault, the
output power of SG is higher than the rated power. As a result,
there will be an acceleration of the rotor speed. The IBSC, a
fast response device, is absorbing the excess power from the
SG. The value absorbed by the IBSC is the same value that
inverted from the output of SG.

FIGURE 14. IBSC power output vs. SG power.

FIGURE 15. Modified IEEE 13-Bus system.

C. EFFECT OF CONTROL SCHEMES OF IBSC IN
DISTRIBUTION SYSTEM
Moreover, the modified IEEE 13 bus system is used to validate
the proposed control scheme in the distribution system. The
test system consists of the main grid with two synchronous
power plants (SPPs), loads, and a 40-MVA IBSC, which is
connected parallel with one of the power plants. The distribu-
tion test system is shown in Fig. 15. Furthermore, to simulate
severe cases, a three-phase short circuit is located at Bus
1. The baseline CCT of the system is 0.195s. To check the
proposed control scheme, a three-phase short circuit happens
at t=25s. The system without IBSC becomes unstable when
the fault lasts for 0.2s. However, the system with IBSC can
maintain its stability even the fault is cleared at 0.2s.

The response of system frequencies for each scheme is
depicted in Fig. 16. The system frequency is oscillated during
the fault and turn back to its initial condition. All of the
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FIGURE 16. System frequencies for each control scheme in distribution
system.

schemes show a good response when a fault happens. The IBS
is absorbing the excess power from the SG. The frequency
nadir of the system is different among each scheme. Scheme
#1 is 59.83 Hz, Scheme #2 is 59.14 Hz, and Scheme #3
59.67 Hz. Moreover, the highest frequency of the system using
Scheme #1 is 60.26 Hz, while Scheme #2 and Scheme #3 are
61.39 Hz and 60.49 Hz, respectively. From the simulation in
the distribution system, it can be concluded that the control
schemes are work properly not only in the transmission sys-
tem. Furthermore, control Scheme #1 shows a better result
more than Scheme #2 and Scheme #3.

V. CONCLUSION
Transient stability limit is one of the main aspects in the power
system. Furthermore, in the near future, the system will have
a high penetration level of IBRSs. In this paper, the effect
of high penetration of the IBRSs system is modeled as a
smaller inertia system. The result shows that more penetration
of IBRSs will reduce system stability.

Furthermore, this paper proposes the utilization of IBSC to
extend the CCT of the power system with a high penetration
level of IBRSs. Three control schemes are proposed to utilize
the IBSC, which are power-damping control, speed-damping
control, and a combination of power-damping control. Fur-
thermore, the proposed control schemes are validated in the
transmission system and the distribution system.

The simulation result shows that the IBSC with power-
damping control and located at the main generator, which
is vulnerable when a fault happens, provides better stability.
It is shown by the response of system frequency and the
extending of the CCT value. Thereby, the proposed method
can help secure the system stability of a power system with
high penetration of IBRSs. Although the proposed method can
perform well in the PSCAD with various cases, further study
is necessary to implement the proposed method in the power
network. Thus, the authors have invited all the researchers to
implement the proposed method in the near future.
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