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Abstract- VSG penetration can affect transient stability in power systems. CCT is the time limit set in OCR to isolate faults
and serves as the boundary for power system stability during disturbances. VSG penetration may alter the CCT value,
necessitating careful consideration of whether the OCR settings align with system stability boundary. This paper proposes a
CCT calculation using the CT method due to VSG penetration. CT is determined through a numerical iteration process based
on critical synchronization conditions due to VSG penetration in the power system. This method is sufficiently accurate for
CCT calculation in complex systems. VSG penetration is modeled into a multi-machine system to provide a comprehensive
view of transient stability. Subsequently, CCT is used as a boundary redefinition for OCR settings. Finally, an investigation is
conducted on a modified IEEE 30-bus system, showing changes in transient stability boundary due to VSG penetration,
indicating that OCR settings must be adjusted according to stability requirements to ensure the system remains stable after
fault clearance. Quantitative validation shows that the proposed modified CT-based approach achieves an accuracy of 99.98%
when compared with time-domain simulation—based reference results, demonstrating its high reliability in estimating the
transient stability boundary.
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1. Introduction particularly when the system is subjected to large and
sudden disturbances such as short circuits, transmission

Authors should any word processing software that is line outages, or protection device failures [1]. Transient
Transient stability is a fundamental aspect that must be stability refers to the ability of a power system to maintain
ensured in the operation of modern power systems, rotor angle synchronism following the clearance of a large
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disturbance within a specified time interval. In
conventional power systems dominated by synchronous
generators (SGs), transient stability studies primarily focus
on the electromechanical interactions among synchronous
machines through the transmission network.

However, the ongoing transition toward power systems
with high penetration of renewable energy sources (RESSs)
has significantly altered system dynamic characteristics [2].
Large-scale integration of inverter-based RESs introduces
increased uncertainty, reduced natural inertia, and control
dynamics that differ fundamentally from those of
conventional synchronous machines [3], [4]. Recent studies
have shown that increasing RES penetration requires power
systems to exhibit enhanced flexibility and resilience
against large disturbances, particularly with respect to
transient stability and protection coordination in modern
power systems [5]-[7].

In response to these challenges, grid-forming inverters
(GFMIs) have been developed to enable inverter-based
resources to actively contribute to system stability. Among
various GFMI approaches, the virtual synchronous
generator (VSG) concept has attracted significant attention
due to its capability to emulate the dynamic behavior of
synchronous generators through the implementation of
virtual inertia, a virtual governor, and a virtual automatic
voltage regulator (AVR) [8]-[10]. This approach has been
reported to improve frequency stability, voltage stability,
and overall dynamic performance of power systems under
various disturbance scenarios [11]-[13].

Despite these advancements, the majority of existing
VSG-related studies primarily focus on small-signal
stability, load fluctuations, or frequency stability, whereas
comprehensive investigations of transient stability under
large disturbances remain relatively limited [14]-[17].
Several recent works have begun to examine the impact of
VSG penetration on transient stability using metrics such as
the critical clearing angle (CCA) and the critical clearing
time (CCT) [18]-[21]. Among these metrics, CCT is of
particular practical relevance, as it directly relates to the
allowable operating time of protection devices especially
overcurrent relays (OCRs) and therefore plays a crucial
role in real-world power system implementation and
protection design [22].

Nevertheless, two major limitations can be identified in
the existing literature. First, most CCT analyses associated
with VSG penetration are conducted using single-machine
infinite bus (SMIB) models, which are insufficient to
capture the complex interactions among multiple machines
and realistic network configurations. In practice, the impact
of VSG penetration on transient stability strongly depends
on the penetration location, network topology, and inter-
machine interactions. Second, variations in CCT resulting
from VSG penetration are rarely linked quantitatively to

adjustments of OCR settings, leaving the practical
implications  for  protection  coordination largely
unexplored.

In practical studies, CCT is commonly determined
through time-domain simulations based on trial-and-error
procedures or numerical fitting, which only provide
approximate stability margins without yielding a precise
stability boundary [23]. To address this limitation, several
direct methods for CCT computation have been proposed,
including the boundary controlling unstable equilibrium
point (BCU) method and the critical trajectory (CT)
method [24]-[27]. The BCU method, which is based on
transient energy functions, enables direct computation of
CCT but is applicable only to limited classes of power
system models. In contrast, the CT method offers greater
flexibility and can be applied to more detailed power
system models, including multi-machine systems [28]-[30].
However, conventional CT formulations are not designed
to accommodate the nonlinear control dynamics and
operational characteristics of VSGs, necessitating further
modifications to ensure applicability to modern power
systems with significant GFMI penetration.

Motivated by these research gaps, this paper aims to
develop and apply a modified CT-based approach to
quantitatively analyze the impact of VSG penetration on
the transient stability of multi-machine power systems. The
CCT is computed through numerical integration of the
nonlinear  differential equations governing system
dynamics before, during, and after fault clearance. The
transient stability boundary is identified using a loss-of-
synchronization (LOS) criterion defined with respect to the
center of inertia (COI), enabling critical trajectory analysis
for both SGs and VSGs within a unified multi-machine
framework. The resulting CCT values are subsequently
employed as quantitative stability limits for the
determination and optimization of OCR settings with
inverse definite minimum time (IDMT) characteristics,
which are well suited for complex power systems with high
levels of RES penetration [31].

As summarized in Table 1, existing studies either
investigate VSG dynamic behavior without providing
quantitative critical clearing time boundaries or address
CCT estimation without explicitly considering grid-
forming inverter dynamics and protection coordination.
This paper uniquely integrates these aspects by establishing
a CCT-based transient stability boundary for overcurrent
relay settings in multi-machine power systems with virtual
synchronous generator penetration.

The main contributions of this paper can be
summarized as follows:

1. Providing guidelines for OCR settings based on the
transient stability boundary of power systems under

VSG penetration.
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2. CCT calculation and system analysis due to VSG
penetration are performed using the CT method to
determine the system's stability boundary during faults.

3. The transient stability analysis mechanism of power
systems due to VSG penetration is modeled using a
multi-machine model, taking into account the network
configuration with reference to the COI.

This paper is organized as follows. Section 2 describes
the VSG penetration model in a multi-machine system.
Section 3 explains the problem formulation for the
quantitative calculation of CCT and transient stability
boundary redefinition for OCR settings. Section 4 presents
the simulation results with several test cases on the modified
IEEE 30-bus system. Finally, Section 5 provides the
conclusion of the paper.

2. System Modelling
2.1. VSG System Modelling

The topology of the VSG system is shown in Fig. 1. The
active current in the VSG generates active power P, while the
reactive current in the VSG generates reactive power Q. In
this study, the transient stability analysis is confined to the
inertial response time frame immediately following a large
disturbance, during which the system dynamics are
dominated by pure virtual inertia emulation of the VSG,
while the effects of current limiting, converter saturation,
control mode transitions, and primary or higher-level control
actions are not considered due to their inherently slower
response times [32]. Table 2 presents the VSG parameters
used.

Table 1. Comparison of existing studies and the proposed approach

. . - CCT Protection
Ref Power System Model VSG Penetratlon Transient SFab'“ty Determination System
Analysis Evaluation :
Method Integration
Weak grid, inverter- Yes (IBR-based Small-signal and .
[1] dominated system RES) dynamic stability Not considered No
2] Hybrid system (SG + Yes Time-domain Not explicitly No
grid-forming devices) transient stability addressed
Inverter-intensive . - .
[3] hybrid power plant Yes Small-signal stability Not considered No
Power system with Yes (VSG-based - .
[4] AGC RES) Frequency stability Not considered No
Parallel SG-VSG Transient voltage
[8] system with induction Yes - g Not considered No
stability
motor loads
[9] | Review of VSG models Yes Not specifically Not considered No
evaluated
[10] Single VSG-based Yes Transient sta_blllty Not considered No
system (controller-oriented)
[14] Single-machine VSG Yes Frequency stability Not considered No
system
[15] SG-VSG system Yes Low-frequency Not considered No
oscillation analysis
] . - Not explicitly
[16] Multi-VSG system Yes Transient stability addressed No
Parallel current- Transient stability Not exolicitl
[19] controlled VSCs and Yes and current injection ad dret)sse q y No
VSGs behavior
[20] Single VSG-based Yes Transient stability Not considered No
system
Grid-forming . .
[21] converter-based system Yes (GFMI) Transient stability Yes (CCT) No
Active distribution - Stability-constrained . Yes (OCR
[22] network with DERs Not VSG-specific analysis Not considered setting)
In . . Yes (penetration Transient stability . Yes (OCR
this Mult n;aggrr:]e POWET | Jevel and location under large Trai?:io(rcr:::gg:od) IDMT setting
paper Y considered) disturbances ) y based on CCT)
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The active power and reactive power generated by the
VSG can be formulated according to equations (1) and (2).

V.V,
P=-—"Csins 1)
XL
:VVSG (VVSG _Vg 0055)
XL

Q (2)

The VSG control system consists of the swing equation
and the electromagnetic equation, which can be expressed by
equations (3).

2
w% _p )

rated

J

PCC
Vi |
RES > — Ve s I N
f l .
VSG Ct I Grid =
PWM Modulator VSG Controller Ig—»  Power
Vinod t Vg Calculation
i . :
r:/f‘;'rt:r?se = Electromagnetic Swing | i P Q
calculation (V Equation Eauation

Fig. 1. VSG system topology.

By substituting equation (1) into equation (3), equation (4) is
obtained.

2 V.V,
a9 _ Poes ——=—28inS %

Ja)iz =
dt X,

Table 2. Main Parameters of VSG Used in Simulation

Parameter | Unit V?G VEG VgG ViG
Prated MW 30 20 25 20
Qrated MVAR 25 20 15 20
Vvse p.u. 1.082 | 1.082 | 1.082 | 1.082

XL p.u. 0.184 | 0.184 | 0.184 | 0.184
J p.u. 25 2.5 25 25

2.2. Fault Condition of VSG

The transient stability of the system is assessed based
on the conditions before the fault occurs, during the fault,
and after the fault is cleared. Fig. 2 shows the equivalent
circuit of the system for these three conditions. V. is the
voltage drop across the network, with Vi= Vysg —Vg. Xg

consisting of Xg1 and Xg2. The superscripts “and “ represent
the during-fault and post-fault conditions, respectively.
Based on Fig. 3(a), there is a difference in the value of Xg in
the pre-fault, during-fault, and post-fault conditions (Xg” < Xq
< Xg”), which affects the voltage and current in the system,
as shown in the phasor diagram in Fig. 3(b). From Fig. 3,
Vvse and | can be formulated according to equations (5) and

(6).

Vige = (X +X,)+V, (5)
Ve =V

| = VSG g (6)
X+ X,

vsedd Vgl
prefault during fault postfault
(@)
\Y ’VSG
,L
10pu

(b)
Fig 2. System condition (a) equivalent circuit for prefault,
during fault, and postfault; (b) phasor diagram for prefault,
during fault, and postfault.

2.3. Multi-machine Models

The equivalent circuit model of the generation
system, network, and load is shown in Fig. 3. The rotor angle
of each machine, including the VSG, depends on the terminal
voltage and internal reactance. The machine terminal voltage
and the PCC VSG voltage are obtained through the power
flow iteration process.

To reduce complexity, a reduction is performed to
simplify the analysis and mathematical calculations. In this
research, Kron reduction is used to eliminate the load bus
from the admittance matrix. The subscript n denotes the bus
number, while the subscripts i and p represent the generator
bus and the location of VSG penetration, respectively.
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Fig. 3. Representation of multimachines system.

Thus, a complex multi-machine system is simplified
according to the following equations:

Y11 o Yl(n—l) Ylk Ylp
: ’ : : yields Yuoo Vi
Yoan Yooy Yu Y [T ¢ T : (7)
Ykl o Ykn Ykk Ykp Y(n—l)l : Y(n—l)(n—l)
Y Y Y Y

pl o pn pk pp

3. Problem Formulation of Proposed Method

CCT is the system stability boundary to be determined in
this research. Quantitatively, CCT is calculated through a
numerical iteration process based on CT with an end point at
LOS. CCT lies between the ST and UT after the fault is cleared.
The steps involved in the CCT calculation process are shown in
Fig. 4. The procedure starts with system data initialization,
including generator, network, and load parameters, followed by
steady-state power flow calculation. Kron matrix reduction is
then applied to obtain the reduced network model for transient
analysis. The initial state variables before fault occurrence are
determined, and a three-phase fault is introduced to evaluate
system dynamics. The critical clearing time (CCT) is computed
using a modified Critical Trajectory (CT) method by
numerically integrating the nonlinear differential equations and
identifying the loss-of-synchronization (LOS) condition based
on the center-of-inertia reference. Finally, the obtained CCT is
employed as a quantitative stability boundary for redefining
overcurrent relay (OCR) settings, ensuring that relay operation
time does not exceed the transient stability limit.

The proposed CT-based approach requires numerical
integration of system differential equations combined with a
limited number of trajectory iterations to identify the critical
clearing time. Compared to conventional trial-and-error time-
domain  scanning, the method significantly reduces
computational effort by directly converging toward the stability
boundary.

|
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Calculation :

L 2 |

|

|

|

Data Input (initial Vg, Vi, Prated,
Qrateds Xd XL, X, €tc.)

Determine CCT and plotting

¥ Fee - S 1
’ Calculate power flow
v

Initial setting of OCR and CCT as
stability contrain

Kron Matrix Reduction
Prefault, During Fault, Post Fault

|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
| v
|
|
|
|
|
|
|
|
|
|
|
|
|

Update T and Ip

Initial value pO to pip.1 with end
point condition LOS

—

Numerical iteration using Newton
Raphson Method

FINISH

Transient Stability Boundary
Redefinition for OCR Settings

Fig. 4. Procedure of transient stability boundary redefinition
for OCR settings.

The convergence behavior is robust, as the iteration
process terminates once the LOS criterion is reached, and no
sensitivity to initial guesses was observed in the conducted
studies. Furthermore, the proposed approach is well suited for
protection setting, as individual fault scenarios can be evaluated
independently and executed in parallel, making the method
scalable for larger power systems and multiple contingency
assessments as demonstrated in [29] and [30].

3.1. COI Reference with VSG Penetration

The concept of COI is employed in this study to
represent the collective behavior of all generators in the
system as a single inertia mass, providing a more realistic
approach to analyzing the dynamic interactions between
generators during transient conditions. P. in the bus network
must be calculated first. This electrical power flow is based
on the power generated by the SG and VSG. To prevent the
SG and VSG from losing synchronization in the multi-
machine system, the angles 6 of the SG and VSG must
follow the Pco) reference. Pco is expressed according to the
following equation:

PCOI = (zn: Pmi - Pei (5| )j + (Zn: I:>mp - Pep (5p)J (8)

Using the COI concept, the swing equation with respect to
the COI reference is as follows:

d?s, M .
(i+p) ﬁ = (Pmi + Pmp )_ (Pei + Pep )_ l\;ll:p) I:)(:OI (9)

M is the constant inertia of both the SG and VSG, which is
the product of the moment of inertia J and the angular
velocity . My is the total moment of inertia, calculated
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using the following equation:
My =[ 3™, 4] S (10)
T~ i + Z M p
i=1 p=1

3.2. Critical Condition of the System

The CT method end point condition is LOS. According
to reference [29], the LOS in a multi-machine system can be
expressed by the following equation:

B
o6 | (11)

v£0

v is the eigenvector associated with the zero eigenvalue
of the matrix [OP/0d]. As shown in Fig. 5, u represents the
end point based on LOS. By maintaining the value of u, as
the end point condition, numerical iteration is then performed
with the initialization of do and wo, starting from the pre-fault
condition to the post-fault condition, as the network
configuration changes during the fault. do and wo can be
calculated using equations (12) and (13).

1 n n 12
50:M [ZMié‘i-"szé‘p] 12
T i=1 p=1

1 n n
[ :M(ZMia)i +ZMpa)pJ (13)
T i=1 p=1

Ho

€ U

Fault Trajectory

Mo~ My : Critical Trajectory LOS

Fig. 5. Fault trajectory after fault clearing.

The pair do and wo in equations (12) and (13) are
nonlinear functions of a second-order differential equation.
This function can be expressed by the following equation:

14

= (i, 11, 1) (14)
Represented as a matrix with dimensions (2n+1),

y=[51,a)1,é‘2,a)2, ...... ,§n,a)n] (15)

Numerical iteration is performed until the end point
condition is reached, as shown in the following equation:

My + 1y e

He = B — By :
‘/uk+1 +,Uk‘

(16)

Where £is the distance between the two points of u.
3.3. Iterative CCT Calculation Based on CT

The fault trajectory is obtained during the disturbance
period [0,z]. The fault trajectory can be expressed by the
following equation:

fo=F(u)0<t<z;u(0)= p 17)

u(t)= y(t; u)0<t<z (18)

When the fault is cleared at time z, the dynamic change in the
trajectory becomes:

p:f(y),rStSw;f:RN—)RN (19)

After the fault is cleared, the post-fault trajectory can be
expressed by the following equation:

/1('[)=}((t;,uo),rﬁtSoo;)((ﬁ,uoZRN _)RN) (20)
CCT is determined based on the post-fault trajectory when
the fault is cleared at time 7 under the following conditions:

Ho = 72¢ (73 pye ) 7 = CCT 1)

3.4. Transient Stability Boundary Redefinition for OCR
Settings Based on CCT

The settings are configured by combining the standard
inverse curve and the definite time curve. The key
parameters in OCR settings are Ip and TSM [33]. In the
IDMT characteristic, I» and TSM are interrelated for OCR
configuration, thus the transient stability boundary
redefinition problem is represented by the following
equation:

froax (N
Minimize — Z(ZT,) (22)

f=1\i=1

Ip can be determined according to the following constraints:

1A, <1y <clay (23)

FLi

with,

(24)

a=06—0.6l,, 2111,
a = 0.8 - otherwise
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Meanwhile, TSM is determined based on the following
equation;

T, . 014 TSM,

T

To solve the transient stability boundary redefinition
problem in equation (24), CCT is used as the constraint for
the settings. Thus, the OCR operating time can be expressed
by the following equation:

(25)

T <CCT (26)

4. Case Study, Result, and Analysis

The test case system is conducted on the modified IEEE
30-bus system with VSG penetration [34]. The penetration
locations are shown in Fig. 6. There are ten three-phase
ground fault points (A, B, C, D, E, F, G, H, |, and J) for
investigation and analysis. The faults occur on transmission
lines located near buses. For example, fault point "E" occurs
on the line between bus 2 and bus 6, with the fault location
near bus 2. Subsequently, transient stability boundary
redefinition for OCR settings are applied to the OCR closest
to the fault point on the transmission line, as illustrated in
Fig. 7.

ToBus7, }

" optimal
OCR

I

I

I

I

I
il
|

i Setting }
I
I
I
I
I
I

Fig. 6. Modified IEEE 30 bus systems with VVSG penetration.

Based on Fig. 7, five test cases are used for VSG
penetration as follows:
e Test case 1: VSG 1, VSG 2, VSG 3, and VSG 4 are
penetrated.
e Testcase 2: VSG 2, VSG 3, and VSG 4 are penetrated.
e Testcase 3: VSG 1, VSG 3, and VSG 4 are penetrated.
e Testcase 4: VSG 1, VSG 2, and VSG 4 are penetrated.
e Testcase5: VSG 1, VSG 2, and VSG 3 are penetrated.

CCT and transient stability boundary redefinition for
OCR settings are provided in Tables II-VI. The proposed
modified CT method for CCT calculation is compared with
the TDS method, based on numerical fitting of z. For
example, the CCT value "0.84-0.85" at fault point "I" in
Table Il indicates that the system will remain stable if ST
with zs = 0.84s and will become unstable if UT with 7, =
0.85s. This serves as a reference for determining whether the
CCT obtained through the CT method is accurate in
determining CCT. Subsequently, the CCT is used as a
boundary for setting the OCR to achieve the transient
stability boundary redefinition for OCR setting.

4.1. Existing Condition Without VSG Penetration

In the existing condition without VSG penetration, CCT
values and OCR settings with transient stability limits for
each fault point are obtained, as shown in Table 3. Based on
the data in Table 1, the average accuracy of the CCT
calculated using the proposed method is 99.93%. The CCT
obtained for each fault point is used for OCR settings. These
OCR settings serve as the initial OCR configuration before
redefinition is performed due to VSG penetration.

Table 3. CCT and OCR setting of modified IEEE 30 bus
system without VSG penetration

CCT Calculation Existing OCR Setting

Fault | ST-UT CT Accuracy T

© © | o |™|" | e
A 0.50-0.51 | 0.5011 100% 44 8.80 | 0.425
B 0.51-0.52 | 0.5129 100% 25 3.15 | 0.475
C 0.62-0.63 | 0.6281 100% 3.2 2.35 | 0.550
D 0.62-0.63 | 0.6238 100% 34 | 266 | 0.550
E 0.62-0.63 | 0.6289 100% 3.8 2.78 | 0.550
F 1.33-1.34 1.3423 99.83% 11 477 | 1.250
G 1.43-1.44 1.4473 99.49% 16 8.07 | 1.300
H 1.67-1.68 1.6780 100% 0.4 1.37 | 1525
| 0.97-0.98 | 0.9764 100% 17 5.07 | 0.850
J 1.03-1.04 | 1.0388 100% 19 541 | 0.950

4.2. Transient Stability Analysis and Redefinition OCR
Setting due to VSG Penetratition
VSG penetration impacts the system's stability

boundary, which will change depending on the location of
VSG penetration. The study conducted on test cases 1-5
shows changes in CCT as a stability boundary. The CCT at
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fault points "A", "B", and "H" in test cases 1, 3, 4, and 5 is
greater than the CCT in the existing condition at the same
fault points. Meanwhile, in test case 2, the CCT at fault
points "A", "B", "G", and "H" is greater than the CCT in the
existing condition at the same fault points. Thus, the transient
stability boundary redefinition for OCR setting can remain
the same as in the existing condition when the CCT due to
VSG penetration is larger, as the system stability becomes
greater than in the existing condition. However, at other fault
points, redefinition is required because the CCT changes
with stability limits lower than those in the existing
condition.
e TestCasel

In test case 1, there is a penetration of VSG 1 with a
capacity of 30 MW, VSG 2 with a capacity of 20 MW, VSG
3 with a capacity of 25 MW, and VSG 4 with a capacity of
20 MW, resulting in a total VSG penetration capacity of 27%
in the system. The CCT and redefinition for OCR settings are
shown in Table 4. The average accuracy of the proposed
method for CCT calculation in test case 1 is 100%.

Table 4. CCT and redefinition OCR setting of modified
IEEE 30 bus system in Test Case 1

accuracy of the proposed method for CCT calculation in test
case 3 is 100%.

E 1 3 5 10 %\Dﬁﬁ 100‘\0\?"]5*2 300 500 1K 3K 5K 10K
1K 3 1K
{ LOAD
500 | B 500
300 | 300
100 | CCT-P 100
t CCT=0628s
50 OCR_New_Setting - P 50
[ Standard Inverse
0| Pickup = 1,2 (0,3 - 2.4 xCT Sec) 3

Time Dial = 8,9

3x=188s,5¢=128s 8x=985s
3 Inst=4,78 (1-24 xCT Sec) I
510} Time Delay=0,5s 103
3 | a
w @

3t b CCT New-P 3
CCT=06235s

{ OCR-P_
5| Standard Inverse 5
| Pickup=1,2(0,3-24 xCT Sec)
3l Time Dial = 3.4 3
3x=7,195,5x=4885 Bx=3765 | lmm

I Inst=235(1-24 xCT Sec)
Time Delay = 0,55 s |F‘M

a

E-] 1 3 5 10 300 500 1K K 5K 10K

30 50 100
Amps X 100 Bus_2

Fig. 7. Transient stability boundary redefinition for OCR

CCT Calculation Redefinition OCR Setting Setting with VSG penetration in test case 2 at fault location
Fault | ST-UT CT Accuracy T point “C”.
© © | o |[™M] " ©
A 0.84-085 | 0.8437 100% 24 .80 0.425 Table 5. CCT and redefinition OCR setting of modified
B 0.85-0.86 | 0.8567 100% 25 3.15 0.475 IEEE 30 bus system in Test Case 2
C | 062-063 | 0.6251 100% 89 | 522 0.55 CCT Calculation Redefinition OCR Setting
D | 0.62-0.63 | 0.6229 100% 52 | 5.02 0.5 Fault DS cT Accuracy | oy, o T
E | 062-0.63 | 0.6256 100% 52 | 6.38 0.5 ©) ) (%) (s)
F | 097-098 | 09711 | 100% 37 | 1015 09 A | 070071 | 07087 100% 44 | 880 0.425
G | 080081 | 0.8063 100% 3.7 | 18.08 0.775 B 070071 | 07095 100% 25 | 315 0.475
H 1.74-1.75 | 1.7400 100% 0.4 137 1525 C 0.62-0.63 0.6227 100% 8.9 4.78 0.50
I 0.84-0.85 | 0.8419 | 100% 23 | 1094 0.75 D | 062-063 | 06203 100% 52 | 4.9 0.50
] 0.85-0.86 | 0.8589 100% 27 11.53 0.775 E 0.62-0.63 | 0.6227 100% 5.2 5.67 0.50
F 1.02-1.03 | 1.0290 100% 3.7 | 940 0.95
e Test Case 2 G | 207208 | 20850 | 99.76% | 3.7 | 16.12 1.95
. . . H 1.84-1.85 | 1.8440 100% 04 | 137 1.525
I.n test case 2, there is a.penetratlorT of VSG 2 with a | 084:085 | 08453 100% >3 1 1052 07E
capacity of 20 MW, VSG 3 with a capacity of 25 MW, and 3 085086 | 08530 100% 57 | 1110 0775

VSG 4 with a capacity of 20 MW, resulting in a total VSG
penetration capacity of 19% in the system. The CCT and
redefinition OCR settings are shown in Table 5. The average
accuracy of the proposed method for CCT calculation in test
case 2 is 99.98%. Fig. 7 illustrates the difference in
redefinition OCR settings with VVSG penetration in test case
2 at fault location point "C" compared to the existing
condition.

e TestCase 3

In test case 3, there is a penetration of VSG 1 with a
capacity of 30 MW, VSG 3 with a capacity of 25 MW, and
VSG 4 with a capacity of 20 MW, resulting in a total VSG
penetration capacity of 21% in the system. The CCT and
redefinition OCR settings are shown in Table 6. The average

Table 6. CCT and redefinition OCR setting of modified
IEEE 30 bus system in Test Case 3

CCT Calculation Redefinition OCR Setting
Fault TDS CT Accuracy T
© | o | w ["M "] g
A 0.75-0.76 | 0.7561 100% 4.4 8.80 0.425
B 0.75-0.76 | 0.7513 100% 25 3.15 0.475
C 0.59-0.60 | 0.5975 100% 8.9 4.98 0.5
D 0.62-0.63 | 0.6203 100% 5.2 4.88 0.5
E 0.61-0.62 | 0.6155 100% 5.2 6.10 0.55
F 1.01-1.02 | 1.0126 100% 3.7 9.75 0.95
G 0.81-0.82 | 0.8110 100% 3.7 | 17.28 0.75
H 1.81-1.82 | 1.8162 100% 0.4 1.37 1.525
| 0.89-0.90 | 0.8980 100% 23 | 10.05 0.8
J 0.91-0.92 | 0.9165 100% 2.7 | 10.75 0.875
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e TestCase 4

In test case 4, there is a penetration of VSG 1 with a
capacity of 30 MW, VSG 2 with a capacity of 20 MW, and
VSG 4 with a capacity of 20 MW, resulting in a total VSG
penetration capacity of 20% in the system. The CCT and
redefinition OCR settings are shown in Table 7. The average
accuracy of the proposed method for CCT calculation in test
case 4 is 99.999%.

e TestCase5

In test case 5, there is a penetration of VSG 1 with a
capacity of 30 MW, VSG 2 with a capacity of 20 MW, and
VSG 3 with a capacity of 25 MW, resulting in a total VSG
penetration capacity of 21% in the system. The CCT and
redefinition OCR settings are shown in Table 8. The average
accuracy of the proposed method for CCT calculation in test
case 5 is 100%. Fig. 8 illustrates the difference in transient
stability boundary redefinition for OCR settings with VSG
penetration in test case 5 at fault location point "G"
compared to the existing condition.

Table 7. CCT and redefinition OCR setting of modified
IEEE 30 bus system in Test Case 4

CCT Calculation Redefinition OCR Setting
Fault DS (5) cT ) Accuracy TSM I T(s)
(%)
A 0.67-0.68 | 0.6784 100% 4.4 8.80 0.425
B 0.68-0.69 | 0.6850 100% 25 3.15 0.475
Cc 0.59-0.60 | 0.5900 100% 8.9 5.03 05
D 0.59-0.60 | 0.5915 100% 5.2 4.86 0.5
E 0.59-0.60 | 0.5902 100% 5.2 6.15 0.5
F 0.98-0.99 | 0.9880 100% 3.7 9.79 0.92
G 0.81-0.82 | 0.8200 100% 3.7 | 1745 0.75
H 1.79-1.80 | 1.7899 | 99.99% 0.4 1.37 1.525
| 0.86-0.87 | 0.8602 100% 21 | 10.55 0.75
J 0.87-0.88 | 0.8784 100% 22 | 11.09 0.8

Table 8. CCT and redefinition OCR setting of modified
IEEE 30 bus system in Test Case 5

CCT Calculation Redefinition OCR Setting
Fault 1 rose) | et | A9 | 1sm | 1 | Te)
(%)

A 0.69-0.70 | 0.6994 100% 4.4 8.80 0.425

B 0.70-0.71 | 0.7042 100% 25 3.15 0.475
C 0.59-0.60 | 0.5912 100% 7.4 4.40 0.5
D 0.58-0.59 | 0.5892 100% 5.2 4.99 0.5
E 0.58-0.59 | 0.5896 100% 5.2 521 0.55
F 0.96-0.97 | 0.9640 100% 37 8.95 0.9
G 0.78-0.79 | 0.7896 100% 39 15.13 17

H 1.75-1.76 | 1.7557 100% 04 1.37 1.525
I 0.85-0.86 | 0.8565 100% 2.0 9.51 0.75

J 0.85-0.86 | 0.8589 100% 1.9 10.14 | 0.775

The radar diagram in Fig. 9 shows the changes in CCT
due to VSG penetration in the modified IEEE 30-bus system.
At certain fault locations, the CCT values increase, providing

better stability boundary. However, at different fault
locations, the CCT values decrease, leading to worse stability
boundary. A closer examination reveals that the reduction in
CCT wvalues occurs at fault locations near the VSG
penetration point. For instance, at fault location G in Test
Case 2, where no VSGL1 penetration is present, the CCT
value increases compared to Test Cases 1, 3, 4, and 5 with
VSG1 penetration. This phenomenon is attributed to the
increased short-circuit current contribution at locations close
to the VSG penetration, which consequently reduces the
CCT as the transient stability boundary. This indicates that
redefinition of the OCR settings is necessary to ensure the
system remains stable after the fault is cleared.

5 1 3 s 10 AP 100,08us 8 50 500 1k I sk 10K
1K 1K
LOAD
500 Aa 500
300 300
100 T-P 100

CCT=1447s

8
-

R_New tting - P
Standard Inverse
B Pickup = 1,3 (0,3 - 2,4 xCT Sec) @
S0 Time Dial = 3,9 103
3 3
] &

3x=8,2585x=56s 8x=432s
Inst=15,13 (1 - 24 xCT Sec)

5 Time Delay = 1,7 s 5
3 . CCT New-P 3
CCT=079s
OCR-P
1 Standard Inverse 1
Pickup =1,3(0,3- 2.4 xCT Sec)
Time Dial = 1,6
S 3x=339s,5x=23s,8x=177s 5
Inst=8,07 (1-24 xCT Sec)
3 Time Delay = 1,3 s 3

lem
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Fig. 8. Transient stability boundary redefinition for OCR
Setting with VSG penetration in test case 5 at fault location

point “G”.
A
3 2 B
15
1
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G° E
F

—e— Without VSG Test Case 1 e TestCase 2
® TestCase 3 ® TestCase 4 Test Case 5

Fig. 9. CCT comparison of modified IEEE 30 bus systems
with VSG penetration using Test Case 1-5 in “A” — “J” fault
point.
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Fig. 10 shows the angular velocity () vs. angle (5)
curve for SG and VSG, which forms the trajectory. When the
fault is cleared by opening the CB through OCR settings at T
= 15, the fault trajectory of each SG and VSG follows the
stable trajectory "2." Conversely, when the fault is cleared by
opening the CB through OCR settings at T = 1y, the fault
trajectory of each SG and VSG follows the unstable
trajectory "3." Trajectory "4" represents the stability
boundary for SG and VSG, calculated based on the proposed
modified CT method for redefinition OCR settings due to
VSG penetration in the system. The proposed CT method
lies between the stable trajectory and the unstable trajectory.
Based on the data in Tables 3-8, the average accuracy of the
proposed method is 99.98%. This indicates that the proposed
method is accurate in assessing the impact of VSG
penetration on system stability.

15 2r ]
SG2 TN vses /
© 1 (2] 7
5 = '
2o A g | ‘u J
= - 3 I
350\ -1 ‘\/_
&
10 \\ / 2 JBITT .
S \_/
15
2 0 zé(rad) 4 8 8 15 s (rad) 05 0
(a) (b)
‘oot DreeT p ~
al o | /
- ~ . /o[BI
.0 B~ / \\ J o 1//‘\}‘_ AN
i g / [ W/
Sor [l 4 | S \ /
2 A . \ /
-08 -0.6 -Dg(rad)-DZ o 02 -400 5 5 (rad) 10 15
(© (d)

Fig. 10. Angular velocity (w) vs angle (J) curve of the SG
and the VSG which representation trajectory of Modified
IEEE 30 bus systems with Test Case 1 (a) SG 2 when fault
occur in point “D”, (b) VSG 3 when fault occur in point “D”,
(¢) SG 5 when fault occur in point “G”, (d) VSG 1 when
fault occur in point “G”.

The dynamic behavior of SG and VSG when the fault is
cleared by the CB with redefinition OCR settings based on
CCT calculation using the CT method can be seen in Fig. 11.
The dynamic behavior of angle 6 for SG 1-6 and VSG 1-4
during the fault at point "I" until the fault is cleared in test
case 1 is shown in Fig. 11(a). When the fault is cleared with
T < CCT, the 6 of each SG and VSG fluctuates but still
demonstrates stable behavior, as the ¢ values for both SG and
VSG fluctuate within certain limits. Similarly, the dynamic
behavior of w for SG and VSG in Fig. 11(b) shows that the »
fluctuations remain stable, as the dynamic behavior of « for
all generators and VSGs is within certain bounds. Fig. 11(c)
shows the behavior of ¢ in SG 3 and VSG 1 when the fault is
cleared at T= CCT and T = uy. When the fault is cleared at T

= CCT, the ¢ of SG 3 and VSG 1 demonstrates stable
behavior. However, when the fault is cleared at T = u, the 6
of SG 3 and VSG 1 increasingly moves in the negative
direction. This indicates unstable behavior when the fault is
cleared at T = uu.

3 T

VSG, SGs SG,
VG, J er4 l l S

BN
| 56 VSG,
|
} <CCT G
5
During Fault }/ Postfault
I | 1 Il 1 Il 1
15 t (s) ) 25 3 35 4
(b)
1.5
Stable Condition
' whenT=CCT | VSG, G,
|
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=) N,
B \ / \ [
= /
05 \\_\ \7’ J‘Z — . \\ \//
A5 N\
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2 .
) 05 1 Bt * 5 3 35 4
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Fig. 11. Dynamic behavior of the SG 1-6 and the VSG 1-4
for fault in point “I” of Modified IEEE 30 bus systems with
Test Case 1 when fault cleared in T < CCT, (a) Angle (9)
behavior, (b) Angular velocity (w) behavior, (c) Stable and
unstable condition of the SG 3 and the VSG 1.

5. Conclusion

This study demonstrates that the CT method provides
an accurate approach for determining the CCT in power
systems with VSG penetration. Based on the data in Tables
3-8, the average accuracy of the proposed method is 99.98%.
This indicates that the proposed method is accurate in
assessing the impact of VSG penetration on system stability.
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Changes in the system's stability boundary are evaluated
based on variations in the CCT value due to VSG
penetration, which are subsequently used as the basis for
redefinition OCR settings. Simulation results have confirmed
that the proposed method successfully achieves the primary
objectives of analyzing transient stability and redefinition
OCR settings in the presence of VSG penetration in power
systems. If a fault is cleared within the CCT, the fault
trajectory will oscillate around the stable equilibrium point,
allowing the system to regain stability. However, if the fault
is cleared beyond the CCT, the fault trajectory will exceed
the stability limit, causing the system to become unstable.
Therefore, this work provides a novel framework for
assessing the impact of VSG integration, offering system
stability analysis for modern power systems and paving the
way for more resilient and sustainable grid operations.

Despite these contributions, several limitations should
be acknowledged. The analysis is conducted under
predefined VSG parameters and assumes idealized protection
operation without considering delays, relay coordination, or
adaptive protection schemes. Moreover, nonlinear effects
such as converter saturation, detailed current-limiting
behavior, and control mode transitions under severe faults
are not explicitly modeled, which may influence the transient
stability boundary in practical implementations. Future
research will focus on extending the proposed framework to
incorporate detailed VSG control nonlinearities, adaptive and
communication-assisted protection strategies, and validation
using larger-scale power systems and real-time simulation or
hardware-in-the-loop platforms.
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