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ABSTRACT

Stability enhancement in microgrid systems poses significant challenges, especially with high penetration
of inverter-based resources. This paper proposes the integration of Virtual Synchronous Generators
(VSGs) into microgrids to provide additional virtual inertia, thereby improving system stability during
disturbances. A quantitative transient stability assessment based on Critical Clearing Time (CCT) is
introduced to comprehensively evaluate system dynamics with VSG integration. CCT serves as a practical
metric for determining the maximum allowable fault-clearing time to maintain stability, with the CCT
value derived through fault trajectory analysis using the fourth-order Runge-Kutta numerical method.
Resulting trajectories are classified as Stable Trajectory (ST) or Unstable Trajectory (UT) based on post-
fault system response. The study is conducted on a modified IEEE 9-bus microgrid system comprising
three diesel generators, with VSG integration modeled under two penetration scenarios: 11% and 29 %.
Simulation results show that VSG integration significantly enhances transient stability margins. However,
system response is highly sensitive to fault location and duration, underscoring the need for careful system
planning.
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I INTRODUCTION VSGs’ ability to maintain

synchronism under

The integration of Renewable Energy Sources (RES)
remains a significant challenge in the development of
microgrid systems. Recent advancements in power converter
technologies have enabled RES to be integrated into microgrids
[1-5], and among the inverter technologies, Grid-Forming
Inverters (GFMI) have emerged as a reliable solution [6-9]. A
prominent GFMI approach is the Virtual Synchronous
Generator (VSG), which emulates the dynamic behavior of
conventional Synchronous Generators (SGs) through virtual
modeling [10, 11]. The VSG concept is particularly suitable for
hybrid systems where conventional SGs coexist with inverter-
based sources [4, 12-15]. Several studies have demonstrated

disturbances or gradual load variations [14-17].

Most existing studies rely on simplified system models
such as the Single Machine Infinite Bus (SMIB) and evaluate
transient stability using metrics like Critical Clearing Angle
(CCA) or Critical Clearing Time (CCT) [18-20]. CCT is
considered more relevant for practical applications, as it
defines the maximum fault-clearing time that ensures the
system returns to a stable condition following a disturbance
[21-23], providing a more realistic evaluation of system
stability during fault events.

The CCT value is determined via numerical integration of
the system’s nonlinear differential equations, representing
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behavior before, during, and after disturbances. Fault Microgrid
trajectories are simulated using the fourth-order Runge-Kutta " 5 V, Veccase System
method [24]. Then, each trajectory is evaluated to verify if the RES 4 V5Gabe abe §
system regains stability after fault clearance. If instability Ly §
persists, the fault-clearing time is iteratively adjusted until the C | PCC L
precise CCT is found. Table I presents a comparative overview 0,-0s T E | Tgabe
of previous studies and the proposed work on transient stability PWM Modulator Vo Power

: abe=#4===>  Calculation
enhancement in power systems. Vinod abcy p : :
Voltage  [«= Electromagnetic || Swing 0
TABLE L. COMPARISON OF RECENT STUDIES ON reference \% Equation Equation | [~
TRANSIENT STABILITY ENHANCEMENT STRATEGIES calculation 1€ d 4
USING VSG IN MICROGRID SYSTEMS VSG
Ref System Transient Stability Investigation and
i Model Strategy Enhancement evaluation Fig. 1. Representation of the VSG model.
2] SMIB GFEMI DG power sharing
4] Ml;ll'tlma VSG control Pre-synchroy}zatlon The' reference angle of the VSG, denot'ed a's Sref » ?s
cline : Process determined based on the voltage Vpcc£a as defined in (1). This
Multima Parallel operation VSG Low-frequency . . .
[12] . N e N reference angle is used in the inner loop control of the VSG to
chine and diesel SG oscillation evaluation : .
[16] Multima Parallel operation VSG Low-frequency regulate its power output:
chine and VSC oscillation evaluation _
Low-frequenc bref =0 +a M
[18] SMIB Inertia control lati f >t, . . . .
OSCL oa I?ezvaer‘ll: 1on The dynamic behavior of the VSG is governed by the swing
w-frequency .
[19] SMIB VSG control oscillation using CCT as equation:
a stability margin 428 p )
- - wl = _
[20] SMIB VSG penetration to grid Stability ugder varying J at? ref )
voltage disturbance )
. . Quantitative transient » ass _ p_. — VPccVvse i s
This Multima V.SG P enetr'fmon o qu stability assessment with J dt? ref XL G
. with three diesel SGs in .
paper chine the svstem CCT based on numerical . . . . .
sy trajectory-based approach | Where J represents the virtual inertia, within the inner loop

This paper proposes the VSG model as a means of
providing virtual inertia to microgrids, thereby improving
transient stability under large disturbances. A comprehensive
and quantitative approach is employed, using CCT to assess the
transient stability of microgrids with integrated VSGs. To
represent realistic operating conditions, transient stability
analysis is performed on a modified IEEE 9-bus microgrid
system comprising three diesel SGs. VSG integration is
modeled under two penetration levels, 11% and 29%, reflecting
scenarios of high VSG penetration [25]. The fourth-order
Runge-Kutta method numerical approach was adopted to
compute fault trajectories, enabling classification of system
responses into stable and unstable regions and accurate
determination of CCT.

II. SYSTEM MODELING

A. VSG Model

The VSG model employed is illustrated in Figure 1. In this
model, V;5; represents the output voltage of the VSG, while
Vpce denotes the voltage at the Point of Common Coupling
(PCC), which serves as the interface between the VSG and the
grid. The value of the V. is obtained through the power flow
iteration process. The output current of the VSG is denoted as
I, with its active component contributing to the generation of
active power P. The reactance X; represents the impedance of
the VSG’s output filter and is calculated as the product of the
filter inductance Ly and the system’s angular velocity w.

control of the VSG, and P, denotes the active power
reference used in the control scheme. Based on (3), the
parameters dé/dt and & are computed to determine the
system’s fault trajectory.

B. Fault Condition with VSG Integration

The transient stability of the system is evaluated based on
three operating conditions: the pre-fault condition, the fault-on
condition, and the post-fault condition after fault clearance with
a three-phase short circuit to ground. Figure 2 illustrates the
equivalent circuit representation of the system under each of
these conditions.

Point of fault

(b)

Fig. 2. System condition (a) equivalent circuit pre-fault, (b) equivalent
circuit during fault, (c) equivalent circuit post-fault.

In this model, V; represents the grid voltage, and X, denotes
the total reactance of the grid. Across the three operating
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cond'itions, variations in X, result in chapges to the current 8y = ML(E& L M8, + XM M8y, (10)
flowing through the system. The resulting current can be T

. . 1
calculated using (4): Wo = 31 (ity My + Ziss Mywy) (11)
[ = Tvsi Vg 4) . . . .
T XX Equations (10) and (11) are nonlinear functions derived

III. PROBLEM FORMULATION

A. Center of Inertia (COI) Reference in Microgrid System
with VSG

The virtual inertia provided by the VSG offers additional
damping during disturbances, thereby enhancing the
microgrid’s ability to maintain transient stability. In the VSG
interconnection scheme within the microgrid, the Center of
Inertia (COI) (Pgo;) reference is employed as a collective
reference point for the rotor angle § and angular velocity w of
all generating units in the system. This approach facilitates the
observation of the relative dynamics between SGs and the VSG
with respect to the overall system behavior. The Py is
expressed by the following equation:

Peor = (Z?=1 Py — Pe,l(5z)) +
(Z’;Zl=1 Pk — Pe,k(Sk)) )

where P,, denotes the mechanical power for SGs and the virtual
mechanical power for VSGs, while P, represents the
corresponding electrical output power. Subscripts [ and k refer
to the I* SG and the k" VSG, respectively. The electrical
power flows P, are determined from the bus network
considering the contributions of both SGs and VSGs as:

1
Z?:l Pm,l - Pe,l(Sl) = Z?:l,i=1,j=1:(Pm,l - Vi2 ;ij) -

1#i%]

1 1 .
i=1 2 =1, j2i (ViVj my; €08 5 +ViV; 7,5 5zj> (6)

1
Yie1 Pe = Pe(6)) = Xkt iz1,jm, (P — Vi ;ij) -

ki)
1 1 .
o X i (ViVj - cos &;; + V;V; Ty sin 5zj> 7

where r and [ are the resistance and inductance of the
transmission lines, with subscripts i and j indicating the line
segment connecting bus i to bus j. Applying the COI concept,
the swing equation can be reformulated as:

a%s

M= (Pt + Pkc)

M
—(Pey + Pey) — %Pcm 3

where M is the total inertia of the microgrid and M is the sum
of the moments of inertia from both SGs and VSGs:

My = (X1 M) + (Xkeq M) ©)
B. Iterative CCT Calculation

The numerical iteration process for determining the CCT
begins with initial rotor angle §, and angular velocity w, from
the pre-fault state, continuing through to the post-fault state.
These are computed as:

from the second-order differential equation:

x = f(x,%q,t) (12)

The fault trajectory is computed via the fourth-order
Runge-Kutta method:

ki = f(xn, tn)At
| k. =f(xn+%,tn+%)zlt
X1 ={ ks =f(xn+"2—2,tn+%)m (13)
[ ks = f Qo + ks, to + 2)At
Ut + < (g + 2k + 2kes + k)

The fault trajectory is obtained during the fault period,
defined over the interval [0, 7], and can be expressed by:

d
% =f(x);0 <t <;x(0) = XpreravLr (14)
0<t<rt (15)

When the fault is cleared att = 7, the dynamic trajectory
transitions as follows:

% =f(x), T<t<o;f:Ry— Ry (16)

After the fault is cleared, the post-fault trajectory is
expressed as follows:

x(t) =X(t;x0), T<t <0 X(:;x0:Ry = Ry) (17)

The CCT is determined based on the post-fault trajectory
when the fault is cleared at time 7, under the following
condition:

xo = Xp(T; Xpre ), T = CCT (18)

Figure 3 illustrates the dynamic behavior of the system
during and after a fault. Trajectory "1" represents the fault
trajectory occurring during the disturbance. After the fault is
cleared, two types of post-fault trajectories are observed.
Trajectory "2" corresponds to the Stable Trajectory (ST) when
the fault is cleared at §5, while Trajectory "3" represents the
Unstable Trajectory (UT) when the fault is cleared at §,,.

Figure 4 shows the frequency response following fault
clearance at 7, and 7,,. Using (13), the ST is obtained for g,
and the UT for 7,,. The time interval between ST and UT is
referred to as the CCT, which can be evaluated for different
fault locations.
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Fig. 3. Fault trajectory after fault clearance, with "1" indicating the fault

trajectory.
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Fig. 4. Dynamic behavior of w after fault clearance.

IV. SIMULATION RESULT AND ANALYSIS

A. Numerical Simulation for Transient Stability Analysis with
VSG Integration on Microgrid System

Numerical simulations are performed on the modified IEEE
9-bus microgrid model to comprehensively evaluate transient
stability under VSG integration. The system comprises three
Diesel-SGs with a total capacity of 44.8 MW, supplemented by
two VSG units. The microgrid configuration is shown in Figure
5. Two integration scenarios are analyzed:

e Scenario 1: VSG 1 with a capacity of 5 MW (11%
penetration) is integrated.

e Scenario 2: Both VSG 1 (5§ MW) and VSG 2 (8§ MW) are
integrated, resulting in 29% penetration.

e Fault trajectory analysis is conducted to distinguish the ST
and UT after a three-phase short circuit at location "A" with
different Clearing Times (CT). Figure 6 presents the
angular velocity versus rotor angle curves for each SG and
VSG under Scenario 2. The fault is cleared at two different
CT: CT =0.38 s and CT = 0.38 s. When the fault is cleared
at CT = 0.38 s, the fault trajectory of each generator and
VSG converges to the ST labeled as "1". Conversely, when
the fault is cleared at CT = 0.39 s, the trajectories diverge

toward the UT labeled as "2". Therefore, the ST is
identified at 0.38 s, and the UT is observed at 0.39 s.

Fig. 5.

Microgrid system with VSG integration.

Figure 7 illustrates the dynamic evolution of rotor angle and
angular velocity for generators 1-3 and VSGs 1-2. At CT =
0.38 s, § and w in all units display bounded oscillations, with
VSG 1 and VSG 2 exhibiting larger fluctuations but
maintaining synchronism with the SGs. In contrast, at CT =
0.39 s, § and w in all units grow unboundedly, indicating loss
of stability.

2 S5G1 0 VSG 2

—
(=)
(]
o
=

o

, Omega (radls
, Omega (radls)

=

o
=
(2]
(=]

20

10 0 10
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Fig. 6. Angular velocity (w) vs angle (8) curve of the SG 2 and the VSG 2
for fault in point "A" of IEEE 9 bus systems with scenario 2.

B. Stability Enhancement with VSG Integration on Microgrid
System

Figure 8 illustrates the dynamic response of the rotor angle
6 and angular velocity w of generator 2 during a fault at
location "A". As shown, generator 2 exhibits distinct changes
in the behavior of § and w under scenario 1 and scenario 2,
compared to the base case. In particular, the trajectories
labeled "2" and "3" display higher values of &; and lower
values of §, compared to condition "l1." Similarly, wg in
trajectories "2" and "3" is greater than in condition "1", while
w, is lower. These findings confirm that VSG integration
improves overall system stability during transient disturbances.
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Fig. 7. Dynamic behavior of the generator 1-3 and the VSG 1-2 for fault
in point "A" of IEEE 9 bus systems with scenario 2, (a) angle (6); (b) angular
velocity (w).
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Fig. 8. The difference dynamic behavior of generator 2 for fault in point

"A" of IEEE 9 bus systems, (a) Angle (6); (b) Angular velocity ().

Table II presents the differences in CCT values at various
fault locations in the IEEE 9-bus system under VSG integration
for scenario 1 and scenario 2. Based on the results in Table II,
scenario 1 integration yields increases in CCT values at fault
locations "A", "C", "D", "E", and "F", with improvements
ranging from 0.01 s to 0.03 s. In scenario 2, VSG integration
results in CCT increases at fault locations "A", "B", "C", "D",
and "E", with a broader improvement range of 0.02 s to 0.08 s.

TABLE IL CCT OF IEEE 9 BUS SYSTEMS

Fault Open CCT (s)

Point Line Without VSG Scenario 1 Scenario 2
A 2-7 0.34-0.35 0.35-0.36 0.38-0.39
B 3-9 0.21-0.22 0.21-0.22 0.24 - 0.25
C 4-5 0.25-0.26 0.28 -0.29 0.27-0.28
D 4-6 0.32-0.33 0.35-0.36 0.40-0.41
E 7-5 0.32-0.33 0.34-0.35 0.40-0.41
F 7-8 0.22-0.23 0.23-0.24 0.19 -0.20
G 9-6 0.23-0.24 0.23-0.24 0.19-0.20
H 9-8 0.25-0.26 0.20-0.21 0.22 -0.23
1 6-8 0.26 - 0.27 0.22-0.23 0.21-0.22

However, CCT reductions are observed at fault points
located near the VSG integration sites. In scenario 1, CCT
decreases by 0.04 s at fault locations "H" and "I". In scenario 2,
reductions of 0.03 s to 0.05 s occur at locations "F", "G", "H",
and "I". As shown in Figure 8, in scenario 1, VSG 1 is
connected at Bus 9, which is directly linked to fault locations
"H" and "I". In scenario 2, VSG 1 is connected at Bus 9 and
VSG 2 at Bus 7. Since Bus 7 is directly connected to fault
locations "F" and "G", and Bus 9 remains directly connected to
"H" and "I", these placements explain the observed CCT
reductions.

V. CONCLUSION

This study demonstrates that the integration of Virtual
Synchronous Generators (VSGs) can significantly enhance the
transient stability of microgrid systems. Simulation results for
two VSG penetration levels (11% and 29%) show that VSG
integration increases the Critical Clearing Time (CCT), thereby
extending the system’s stability margin. This improvement is
attributed to the additional virtual inertia provided by VSGs,
which enhances system resilience during transient disturbances.
Nevertheless, when faults occur in close proximity to VSG
connection points, the associated increase in fault current can
reduce the CCT, underscoring the importance of optimal VSG
placement within the microgrid. The CCT values, derived
quantitatively through fault trajectory analysis using the fourth-
order Runge-Kutta method, effectively characterize the
system’s dynamic response to faults. These results confirm that
the proposed approach offers a robust framework for assessing
transient stability and determining stability limits in microgrid
configurations.
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