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ABSTRACT

The increasing penetration of PhotoVoltaic (PV) generation in power systems has become a serious
concern regarding transient stability under severe fault conditions. In this study, the effect of fault location
on the transient stability of a PV-integrated IEEE 30-bus system was analyzed using the Critical Clearing
Time (CCT) as a stability index. A 50 MW PV unit was connected to the selected bus, and several three-
phase fault scenarios were simulated using MATLAB/Power System Analysis Toolbox (PSAT). To improve
system stability, three Flexible AC Transmission System (FACTS) devices, namely, Static Var
Compensator (SVC), Static Synchronous Compensator (STATCOM), and Unified Power Flow Controller
(UPFC), were implemented and compared. The obtained results show that transient stability is highly
sensitive to fault location, even in the absence of PV integration. The presence of PV generation decreases
the CCT and incurs high sensitivity to fault clearing time, especially at a weak bus. The application of
FACTS devices enhanced the transient stability and increased the CCT for all considered cases. UPFC is
the most effective and reliable device for enhancing system stability, followed by STATCOM, whereas SVC
has a limited effect, depending on the fault location.
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I.  INTRODUCTION

The integration of PV systems into power grids, driven by
advancements in control and power electronics, introduces
challenges to transient stability due to reduced system inertia
and altered damping characteristics [1, 2]. This affects the
CCT, with weaker grids experiencing more significant
reductions in stability margins [3-6]. High PV penetration leads
to lower CCT, influenced by PV integration location and grid
strength [7, 8]. To reduce the adverse effects of PV integration
on transient stability, various FACTS devices, like SVC,
STATCOM, and UPFC have been widely studied. These
devices provide fast reactive power support and dynamic
voltage control, improving stability during faults [9, 10].
Among them, UPFC has shown superior performance due to its
series—shunt control capability [11]. However, the combined
effect of fault location, PV placement, and FACTS
performance on transient stability remains insufficiently
explored, especially the sensitivity of CCT to fault location in
PV-integrated systems with FACTS devices. While fault
location impacts on CCT are well established in conventional
systems [12] and increasingly relevant in inverter-based grids
[6], FACTS devices, such as STATCOM and UPFC, have
mainly been studied independently for stability enhancement in
renewable-integrated power systems [9, 13, 14]. The critical
role of FACTS controllers in modern power system stability
has been further highlighted [15].

Despite these advancements, a distinct research gap
persists. Studies focusing on fault location sensitivity, such as
[16], often analyze conventional generation systems without
significant PV integration. However, research evaluating
FACTS devices for renewable energy integration [13, 14]
frequently considers a limited set of fault contingencies or a
single type of renewable source. Consequently, a systematic
investigation that explicitly evaluates CCT sensitivity across
multiple fault locations, under varying PV integration
scenarios, while conducting a direct performance comparison
of multiple FACTS devices (SVC, STATCOM, and UPFC) has
not been thoroughly conducted.

The main contribution of the current study resides in the
proposed integrated sensitivity analysis framework. This study
methodically investigates the impact of six different fault
locations on the transient stability (quantified by CCT) of the
IEEE 30-bus test system, while considering two distinct PV
integration points that represent different electrical strengths
within the network. Moreover, it provides a direct comparative
assessment of the efficacy of three different FACTS devices
(SVC, STATCOM, and UPFC) in mitigating stability
degradation under these combined conditions. The outcomes of
this work are intended to provide more definitive guidelines for
the coordinated planning of PV systems and FACTS devices to
bolster power grid resilience. Specifically, this study
contributes by (i) revealing the strong nonlinear sensitivity of
CCT to fault location in inverter-dominated networks, (ii)
demonstrating that the PV penetration level alone is insufficient
to characterize transient stability, and (iii) providing a direct
and quantitative comparison of SVC, STATCOM, and UPFC

under identical operating conditions. These contributions
extend existing literature by offering new insights into the
coordinated planning of renewable integration and dynamic
compensation for enhanced system resilience.

II. METHODOLOGY

The proposed methodology is based on time-domain
transient stability simulations performed on the IEEE 30-bus
test system using MATLAB/PSAT [17]. The IEEE 30-bus
system consists of 30 buses, 6 synchronous generators located
atbuses 1, 2, 5, 8, 11, and 13, 41 transmission lines, and 4 on-
load tap-changing transformers, with a system base power of
100 MVA and nominal voltage levels up to 132 kV. Owing to
its moderate size and popular application in stability studies,
the benchmark system can demonstrate the dynamic
performance under severe disturbance with acceptable
numerical burden.

A. PV System Modeling

In order to assess the impact of renewable energy
integration, a 50 MW PV unit was connected to the system at
two different bus locations (Bus 12 and Bus 18). The buses
were selected to represent different electrical strength and
sensitivity of the network. PV generator can be modeled by the
following single-diode equivalent model, which represents the
electrical behavior of a PV cell under various operating
conditions [18]. The output current-voltage relationship is
expressed by:

Loyt = Iph —Ip — I ey
lout =
AWVouttloutRse)
—_— o V, +1 R
sh

where L, is the photocurrent produced by the solar cell, I, is
the reverse saturation current, Ry, and Ry, are the series and
shunt resistances, respectively. Vou, ¢, #, T, and k indicate the
output voltage, electron charge, ideality factor, operational
temperature, and Boltzmann constant, respectively. D is the
cell photocurrent, and I is the current through the shunt
resistor. Ip denotes the current flowing through the diode.

The PV system inverter interface is modeled as a Voltage
Source Converter (VSC) with a Phase-Locked Loop (PLL) and
inner current control loops to regulate active and reactive
power exchange with the grid [19]. This modeling approach is
widely adopted for the transient stability studies of grid-
connected PV systems and provides a realistic representation of
inverter-based generation dynamics.

B. Transient Stability Assessment

Transient stability is assessed by imposing severe three-
phase symmetrical faults at selected critical bus locations,
namely, Bus 2, Bus 4, Bus 5, Bus 8, Bus 12, and Bus 18. Bus 2
is included as a critical generator bus in the base system to
assess the impact of faults near traditional generation. For each
fault case, the fault was gradually imposed for a longer
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duration until the system experienced a loss of synchronism,
and the corresponding fault clearing time was obtained as the
CCT, which is the main stability performance index of this
study. The CCT is related to the critical clearing angle which
can be estimated using the Equal Area Criterion (EAC).
Although the EAC is strictly applicable to Single-Machine
Infinite Bus (SMIB) systems, it provides physical insights to
the multi-machine system when some simplifying assumptions
are made. The EAC is described by the energy-based
formulation shown in [20]:

SCT‘

Smax
8o (Pn —P)dé = (P, — Bn) db (3)

Scr

where P, is the mechanical power input, P, is the electrical
power output, &, is the initial rotor angle, &, is the critical
rotor angle, and &, is the maximum rotor swing angle. The
approximate expression for CCT is given by:

2H
CCT = [—— (64 — 6 4
o Ber = 80) 4)
where H is the generator inertia constant, wg is the synchronous
speed, and P,.. = B, — P,is the accelerating power.

C. FACTS Devices Modeling

To improve transient stability, three FACTS devices (SVC,
STATCOM, and UPFC) were implemented and evaluated
within the PSAT environment, utilizing its standard dynamic
model library. Their core operational principles are
mathematically summarized below.

1) SvC

The SVC is modeled as a shunt-connected, thyristor-
controlled variable susceptance, Bg,. . It provides voltage
support by dynamically adjusting its reactive power
injection/absorption according to:

Qspe = _sz X Bgye )

where V}, is the voltage at the connected bus k. This SVC
representation  follows the standard dynamic model
implemented in the PSAT library and is widely adopted in
transient stability studies [21].

2) STATCOM

The STATCOM is modeled as a VSC connected in shunt.
Its primary function is to regulate the bus voltage by injecting
or absorbing reactive current. The fundamental steady-state
relationship for the reactive power exchange of an ideal
STATCOM can be expressed as [3, 13]:

Qstatcom = (Vi X ]/USC/X) X sin(8ysc — i) (6)

where V. 46,5 i the controllable output voltage of the
VSC, V26, is the bus voltage, and X is the coupling
transformer reactance. In this study’s simulations, a standard
PSAT VSC model with an inner current control loop and an
outer voltage/reactive power control loop was employed.

3) UPFC

The UPFC is the most versatile device, combining a shunt-
connected STATCOM and a series-connected static

synchronous series compensator via a common DC link [5, 14].
This configuration allows for simultaneous and independent
control of the voltage magnitude (via the shunt converter) and
active/reactive power flow (via the series converter). The
PSAT model implements this dual VSC structure, enabling
coordinated control of the bus voltage and line
impedance/power flow.

D. FACTS Device Implementation Assumptions

To enable a consistent and fair comparative analysis, the
following assumptions were made for the implementation of
the SVC, STATCOM, and UPFC:

e Number and placement: A single device of each type was
evaluated independently. All devices were connected to Bus
12, which is the point of common coupling for the PV
system in the primary study cases. This location was chosen
as a critical node requiring voltage support and reactive
power management following PV integration, allowing for
a direct comparison of device efficacy under identical
network conditions.

e Rated capacity and control parameters: The shunt devices
(SVC, STATCOM shunt converter) were assigned a
nominal dynamic range of +50 MVar, aligning with the
scale of the integrated 50 MW PV plant. The UPFC's series
and shunt converters were sized with similar MV A ratings.
The control parameters (e.g., proportional and integral
gains, time constants) were set to standard values proposed
in the PSAT documentation and aligned with those used in
comparable stability studies [14] to ensure stable and well-
damped dynamic performance.

e Impact on steady-state power flow: The incorporation of
each FACTS device modifies the network's admittance
matrix and/or bus voltage setpoints. Consequently, a fresh
AC power flow calculation was performed for each system
configuration (e.g., base case, PV integrated, PV integrated
with STATCOM) prior to transient stability simulation.
This step ensures that the pre-fault initial conditions
accurately reflect the altered power flows, voltage profiles,
and generator outputs resulting from the steady-state
operation of the FACTS device.

Using the proposed methodology, this work systematically
analyzed how transient stability is affected by fault location,
PV integration, and FACTS devices. Figure 1 illustrates the
IEEE 30-bus test system used in this study. The results are
presented and discussed in the following sequence: first, the
base case power flow (Table I), second, the sensitivity of the
CCT, third, the impact of PV integration, and finally, the
performance enhancement provided by different FACTS
devices.

Table I presents the voltage magnitude and angle phase, the
active and reactive power generated, and the active demand for
each bus. These results represent the steady-state operating
point of the power system without disturbances or PV
integration. They provide reference values to evaluate the
dynamic response of the system and to study its stability with
the impact of PV penetration and the use of FACTS devices.
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Fig. 1.
TABLE L. POWER FLOW RESULTS OF IEEE 30-BUS
SYSTEM
Bus | V (p.u) [Phase (p.u) Pgen (p.u) Qgen (p.u) | Pload (p.u)
1 1.06 0 2.115 -0.16383 0
2 1.045 -0.07733 0.4 0.37491 0.217
3 1.0316 -0.11333 0 0 0.024
4 1.0247 -0.13638 0 0 0.076
5 1.01 -0.20995 0.1 0.27731 0.942
6 1.0182 -0.1596 0 0 0
7 1.0071 -0.18942 0 0 0.228
8 1.01 -0.16614 0.1 0.15577 0.3
9 1.051 -0.1971 0 0 0
10 1.0384 -0.22864 0 0 0.058
11 1.082 -0.18549 0.12 0.30524 0
12 1.0375 -0.21557 0 0 0.112
13 1.071 -0.20045 0.12 0.2574 0
14 1.0275 -0.23042 0 0 0.062
15 1.0282 -0.23277 0 0 0.082
16 1.0348 -0.22274 0 0 0.035
17 1.0323 -0.23057 0 0 0.09
18 1.0196 -0.24364 0 0 0.032
19 1.0176 -0.2467 0 0 0.095
20 1.022 -0.24321 0 0 0.022
21 1.0251 -0.23679 0 0 0.175
22 1.0254 -0.23664 0 0 0
23 1.0172 -0.240438 0 0 0.032
24 1.01 -0.24408 0 0 0.087
25 0.99899 | -0.23984 0 0 0
26 | 0.98098 | -0.24744 0 0 0.035
27 1.0009 -0.23263 0 0 0
28 1.0136 -0.1686 0 0 0
29 0.9806 -0.25509 0 0 0.024
30 | 0.96884 | -0.27123 0 0 0.106

IEEE 30-bus test system.

III. RESULTS AND DISCUSSION

A. Effect of Fault Location on Transient Stability (Base Case)

The simulation results in Figure 2 show that the transient
stability of the IEEE 30-bus system is dependent on the fault
location. The CCT varied significantly from one bus to another,
indicating non-uniform strength across the network. Faults
occurring near electrically weak buses or close to generator
terminals result in lower CCT values, whereas faults at stronger
buses exhibit higher tolerance.

In the base case without PV integration, the lowest CCT
values are observed at Bus 2 (15 ms) and Bus 4 (19 ms),
whereas Bus 8 (40 ms) presents the highest stability margins.
Intermediate CCT values were obtained at Bus 20. These
results confirm that fault location alone has a major impact on
transient stability, even in conventional power systems.

%Tﬂﬂ H(

Bus2 Bus4 Bus5 Bus8 Bus12 Bus18

Buses Bus2 Bus4 Bus§ Bus8 Busi2 Busi8

CCT [ms] 15 19 20 @ 20 0

Fig. 2. CCT comparison without PV integration.
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B. Impact of PV Integration on Transient Stability

Figure 3 shows that at t = 3 ms, the rotor speeds exhibit
moderate, symmetrical variations ranging from 0.97 p.u. to
1.045 p.u., and the system clearly stabilizes after 0.65 s.

1.0151

Rotor speed [p.u]

1 | | . |
0 5 10 15 20

Time [s]

Fig. 3. Rotor speed of all generators for a three-phase fault at Bus
18, cleared at t = 3 ms (at the CCT).

It can be inferred that synchronism between the generators
was maintained and that the system was within the limits of the
CCT.

Figure 4 demonstrates that for = 4 ms, the oscillations are
more severe, with speeds of 1.08 and 0.92 p.u., damping is
reduced, and the system almost desynchronizes two generators
for about 0.8 s. Although the system does not become unstable,
it operates very close to the dynamic stability limit. This shows
the high sensitivity of the system to even a very small increase
in the fault clearing time.

Figure 5 provides a direct visual demonstration of/depicts
the CCT significance by contrasting the system voltage
response at Bus 2 when the same three-phase fault is cleared at
the CCT (3 ms) versus 1 ms beyond it (4 ms). When the fault is
cleared precisely at the CCT (red dashed curve), the system
operates at the brink of stability.

1.0012
“’Syn1
1.001H— wgnp
EX “syn3
210008H_ " zom
5 Syn4
8 — “syns
2. 1.0006 yn
: — Ysyne
2 L
5 10004 1.00108
10002 1.00106
: 1.00104
1
1 i \ ‘ ‘ ‘ |
0 0.2 0.4 0.6 0.8 1 1.2
Time [s]
Fig. 4. Rotor speed of all generators for a three-phase fault at Bus

18, cleared at f =4 ms (1 ms beyond the CCT).

The voltage recovers but exhibits sustained, poorly-damped
oscillations, indicating a very low stability margin. The system
eventually remains synchronized. Clearing the fault just 1 ms
later (at t = 4 ms, blue solid curve) pushes the system into an
unstable region. The voltage either fails to recover, collapsing

to a new low equilibrium, or enters a growing oscillatory mode,
both of which signify the loss of synchronism. This contrast
between the red and blue curves visually defines the CCT's
significance: an extra millisecond of fault duration can be the
difference between a stable, recoverable system and a blackout.
Figure 5 thus validates the proposed CCT measurement
methodology and underscores the extreme sensitivity of the
system, especially with PV integration to fault clearing speed,
justifying the need for fast support provided by FACTS
devices, as analyzed subsequently.

Bus

Fig. 5. Voltage profile at Bus 18 for a three-phase fault, comparing
clearance at the CCT = 3 ms and 1 ms beyond it (t =4 ms).

The CCTs obtained in this study, particularly in the range
of 3-9 ms for both the base and PV-integrated cases, are
notably short, primarily due to the severe fault assumption
adopted in the simulations, a bolted three-phase short-circuit
with zero impedance, which represents the most challenging
contingency for transient stability. These values reflect the
system’s critical stability threshold during the initial electrical
transient, before the inertial response of synchronous machines
and slower control loops can provide significant damping. Such
low CCTs are consistent with first-cycle stability analyses in
power systems with high penetration of inverter-based
resources, where the initial rate of change of frequency is
extremely high [6], underscoring the need for ultra-fast
protection schemes and dynamic voltage support in modern
grids.

In Table 1II, it is demonstrated that CCT is different at six
bus locations, with different levels of solar power or PV being
used. This shows that using solar power does not always mean
that the system will be more stable when something goes
wrong. For example, Bus 2 and Bus 4 both have 23% power,
but they have very low CCTs of 3 ms and 4 ms. This suggests
that if something goes wrong, the system may not be able to
handle it well when solar power does not work well with the
rest of the network. The solar power integration at Bus 2 and
Bus 4 is not properly coordinated with the network conditions,
which is why reduced fault tolerance is observed at these
locations, specifically at Bus 2 and Bus 4, with their respective
low CCTs. In contrast, Bus 5 and Bus 8, despite having only
6% PV penetration, achieved higher CCTs of 8§ ms and 9 ms,
highlighting the dominant role of network strength and local
system characteristics over PV penetration level alone.
Similarly, Bus 12 and Bus 18, both with 7% PV penetration,
show contrasting CCTs of 7 ms and 3 ms, respectively, where
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the lower value at Bus 18 reflects greater sensitivity to transient
disturbances, while the moderate CCT at Bus 12 suggests that
appropriately located and well-integrated PV resources can
positively contribute to transient stability.

TABLE II. VARIATION OF CCT ACCORDING TO PV
PENETRATION
Bus 2 4 5 8 12 18
Active power MW) | 0.2 | 0.2 | 0.05 | 0.05 0.06 | 0.06
PV penetration (%) | 23 23 6 6 7 7
CCT (ms) 3 4 8 9 7 3

Overall, the results indicate that the influence of solar PV
on system stability exhibits nonlinear characteristics and is
highly dependent on the integration point within the network.
Increasing the transient stability of the system with PV
integration requires not only increasing the renewable capacity,
but also placing it in the right location with good grid support
and inverter control to ensure a new and resilient power system
under faulted conditions. The integration of a 50 MW PV unit
led to a significant reduction in the CCT across most fault

locations. This reduction was attributed to the inverter-based
nature of PV generation and the associated decrease in
effective system inertia. The system becomes highly sensitive
to fault clearing time, where a small increase beyond the
critical threshold may cause loss of synchronism.

Figure 6 compares the CCT at various bus positions under
two cases: with and without PV integration. The results
indicate that PV does not always enhance transient stability. At
buses such as Bus2, Bus4, and Bus5, CCT increases, reflecting
an improved system capability to withstand faults and respond
dynamically. In contrast, at Bus8, CCT drops, probably
because of poor grid conditions and restrictions in inverter
control, whereas at Bus12 and Bus18, the rise in CCT is slight.
These results indicate that the effects of PV integration are
greatly influenced by location, system features, and control
methods. Buses with lower electrical strength exhibit more
significant effects, while those with greater strength display
comparatively minor changes. Therefore, the stability benefits
of PV penetration are not directly proportional to the installed
capacity but are largely determined by the connection location.

T T
[ IwithoutPV

40| @mwin Py

Bus2

Bus4

Bus8

Bus12

Bus18

Buses

Bus2

Busé

Bus8

Bus12

Bus18

CCT without PV [ms]

20

40

CCT with PV [ms]

Fig. 6.

CCT comparison with and without PV integration.

400

T
Il CCT with PV without FACTS

I CCT with PV+SVC

[ cCT with PV+STATCOM

] CCT with Pv+UPFC

300~

L

il

L

Bus2 Bus4 Bus5 Bus8 Bus12 Bus18
Bus
Bus No FACTS sve STATCOM UPFC
Bus2 3 89 90 149
Bus4 4 ) 100 150
Bus5 8 60 123 142
Bus8 9 130 140 154
Bus12 7 419 421 427
Bus18 3 89 90 149

Fig. 7.

CCT comparison for different FACTS devices in PV-integrated system.
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C. Effect of FACTS Devices on Stability Enhancement

The simulation results, as shown in Figure 7, indicate that
the integration of any of the FACTS devices significantly
increases the CCT value at all bus places compared to the base
case (PV only). The higher CCT values (e.g., CCT values
greater than 400 ms) realized in the presence of FACTS
devices are due to the fast dynamic response and additional
voltage support provided by VSC-based compensators [11].
Unlike the base case or PV-only case, the presence of the
STATCOM and UPFC improved the post-fault voltage
recovery and reduced the accelerating power during fault
clearing time, which resulted in a significant increase in the
CCT beyond the typical values found in uncompensated
systems.

The data show that there is a significant increase in the
CCT of all buses when compensating devices are added to the
PV source. STATCOM significantly improves the CCT values,
especially in the weakest buses, such as Bus 12 and Bus 8§,
(from 7 to 421, and from 9 to 140, respectively), indicating the
good capability of STATCOM in voltage support and transient
fault tolerance. SVC results are mixed; while for most buses it
increases the CCT significantly, on Bus 5 it has poor
performance, indicating a specific site issue or control
problems. For most buses, UPFC improves the CCT the most
compared to STATCOM and SVC, with the highest values at
Bus 12 and Bus 8 (427 and 154, respectively) indicating the
highest power flow and voltage control capability of all. All
CCT values above 100 ms occurred only in the FACTS device
cases, whereas the base and PV-only values were in the normal
millisecond range. In the weakest buses, with the least CCT for
PV only (Bus 2 and Bus 18 at 3 ms), the effect of the
compensators on the CCT was substantial for all compensators,
but again, the UPFC provided the greatest benefit. These
results indicate the important role of FACTS devices in
improving the transient stability of PV-integrated power
systems and the importance of selecting the right device (and
location) based on the network characteristics and penetration
point of the PV. The use of FACTS devices significantly
enhances the transient stability of systems integrated with PV.
Each device considered increased the CCT values compared to
systems with only PV, demonstrating their effectiveness in
counteracting the stability issues introduced by renewable
integration.

Among the devices assessed, the SVC offers limited
improvement, with its effectiveness varying based on where it
is installed. The STATCOM provides a greater increase in
CCT due to its rapid dynamic voltage support capabilities. The
UPFC consistently delivers the most significant enhancement
in stability margins across all fault locations, thanks to its
combined control over voltage, phase angle, and power flow.

In summary, although all FACTS devices improve transient
stability, the UPFC stands out for its robust and consistent
performance in PV-integrated systems.

IV. CONCLUSIONS

This study presents a novel integrated sensitivity analysis of
transient stability in a PhotoVoltaic (PV)-integrated IEEE 30-
bus system by simultaneously considering multiple fault

locations, different PV integration points, and a direct
comparative assessment of three Flexible AC Transmission
System (FACTS) devices. Unlike most existing studies that
analyze these factors separately, the proposed framework
reveals the strong nonlinear dependence of Critical Clearing
Time (CCT) on both fault location and PV siting.

The results demonstrate that the PV penetration level alone
is not a reliable indicator of transient stability and that fault
location and network strength remain dominant factors even in
inverter-dominated systems. The comparative analysis further
provides new quantitative evidence on the relative
effectiveness of FACTS devices, confirming the superior and
more consistent performance of the Unified Power Flow
Controller (UPFC), followed by the Static Synchronous
Compensator (STATCOM), whereas the Static Var
Compensator (SVC) exhibits a more location-dependent
behavior.

These findings offer a unified and practical methodology
for stability-oriented planning of renewable-rich power systems
and provide engineering guidelines for the coordinated
deployment of PV generation and FACTS controllers under
severe fault conditions.

Future studies should examine coordinated control schemes
and advanced control methods to further improve resilience
during major disturbances.
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