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Abstract

This paper investigates the influence of fault location on the transient stability of the
IEEE 30-bus transmission system under the mtegration of photovoltaic (PV) sources. The
Critical Clearing Time (CCT) is adopted as the primary performance indicator. Several fault
scenarios were analyzed, both before and after the mtegration of a 50 MW PV unit at selected
buses. Additionally, the study provides a comparative evaluation of three FACTS devices—
Static Var Compensator (SVC), Static Synchronous Compensator (STATCOM), and Unified
Power Flow Controller (UPFC)—to assess their effectiveness in enhancing system stability.
Dynamic simulations were carried out using PSAT in MATLAB. The results demonstrate that
fault location has a substantial impact on system behavior, and the incorporation of FACTS
devices significantly improves the CCT. Among the three, UPFC consistently delivers
superior performance, followed by STATCOM and then SVC.

Keywords: Transient Stability, Critical Clearing Time (CCT), Photovoltaic Integration,
FACTS, IEEE 30-Bus System
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Résumé

Cet article étudie I'influence de I'emplacement du défaut sur la stabilit¢ transitoire du
systtme de transport d’énergie IEEE a 30 nceuds mtégrant des sources photovoltaiques (PV).
Le temps critique d’élimination du défaut (CCT) est adopté comme principal indicateur de
performance. Plusieurs scénarios de défaut ont été analysés avant et aprés I'intégration d’une
unit¢ photovoltaique de 50 MW sur certains nceuds sélectionnés. En outre, I'étude présente
une ¢évaluation comparative de trois dispositifs FACTS : le Compensateur Statique de
Puissance Réactive (SVC), le Compensateur Statique Synchrone (STATCOM) et le
Controleur Unifié de Flux de Puissance (UPFC), afin d’évaluer leur eflicacit¢ dans
I'amélioration de la stabilit¢ du systeme. Des simulations dynamiques ont été réalisées a
l'aide du logiciel PSAT sous MATLAB. Les résultats montrent que 'emplacement du défaut
a un impact significatif sur le comportement du systeme et que l'intégration des dispositifs
FACTS angliore considérablement le CCT. Parmi les trois dispositifs étudiés, 'UPFC offre
systématiquement les meilleures performances, suivi du STATCOM, puis du SVC.

Mots-clés: Stabilit¢ transitoire, Temps critique d’élimination du défaut (CCT),
Intégration photovoltaique, FACTS, Systeme IEEE a 30 nceuds.
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General Introduction

The global transition toward sustainable energy systems has driven the large-scale
mtegration of renewable energy sources, particularly photovoltaic (PV) systems, into modern
power grids [1,2]. While this transition contributes significantly to decarbonization objectives
and energy autonomy, it also presents notable technical challenges—foremost among them is
the preservation of power system stability [3,4].

Within the various dimensions of system stability, transient stability holds critical
mmportance, as it pertains to the system’s ability to maintain synchronism among generators in
response to severe disturbances such as short-circuit faults [5,6]. The Critical Clearing Time
(CCT) is widely employed as a key indicator in this context, signifying the maximum
allowable fault duration beyond which system mstability becomes inevitable [7,8].

Due to their inverter-based nature and absence of mherent rotational inertia, PV systems
often compromise transient stability, especially under conditions of high penetration or in
weak grid environments [9,10]. Consequently, enhancing transient stability in PV-integrated
power systems has become a pressing concern in both academic and industrial domains
[11,12].

To address these challenges, various Flexible AC Transmission Systems (FACTS)—
notably the Static Var Compensator (SVC), Static Synchronous Compensator (STATCOM),
and Unified Power Flow Controller (UPFC)—have been proposed and implemented for their
fast dynamic reactive power support and voltage regulation capabilities [13,14]. Each device
exhibits distinct structural and operational features that influence its effectiveness under
different grid conditions and fault scenarios [15,16].

This study conducts a comparative evaluation of SVC, STATCOM, and UPFC for
enhancing the transient stability of the IEEE 30-bus test system incorporatng a 50 MW PV
unit [17,18]. The analysis focuses on the mmpact of various fault locations, with CCT serving
as the primary performance metric. Time-domain simulations are executed using the Power
System Analysis Toolbox (PSAT) withn MATLAB to assess the stabilizing contribution of
each FACTS device under uniform fault conditions [19,20].

The remainder of this paper is organized as follows: Section 2 describes the system
configuration and modeling methodology. Section 3 provides an overview of the power
system components. Section 4 presents the base case analysis of transient stability under
three-phase faults without PV integration and further examines the impact of incorporating
PV on system behavior. Section 5 offers a comparative evaluation of SVC, STATCOM, and
UPFC in enhancing transient stability. Finally, Section 6 concludes the study and outlines

future research directions.
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Chapter 1 Power System Studies

A power system is an mterconnected network designed to generate, transmit, distribute,
and utilize electrical energy efficiently and reliably. It consists of power generation units,
high-voltage transmission lines, substations, and distribution networks that deliver electricity
to end users. With the increasing integration of renewable energy sources and the growing
demand for electricity, maintaning system stability, power quality, and operational security
has become a major challenge. Therefore, advanced control and compensation techniques are
mncreasingly employed to enhance the performance, reliability, and efficiency of modern

power systems.

1.1 Power System:

Now m developed and developing nations, the availability of electrical power is
necessary for economic growth. The many mmportant items cannot be produced without
energy. Without electricity, which is a necessary component of modern life, individuals find it
challenging to do their tasks.

The generating system, transmission system, and distribution system are the three main
parts of the electrical power system. The distribution system delivers electricity to the end
user through substations that are connected to the generating units by a high voltage (HV)

transmission system. Any breaks in these connecting cables have the potential to stop the

system's power supply [1].
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Figure 1 Typical electric power system single-line diagram [2]

1.2 The structure of the power system:

An iterconnected power system is a complex enterprise that may be subdivided into

the following major subsystems:

e Generation Subsystem
e Transmission and Sub transmission Subsystem
e Distribution Subsystem

e Utilization Subsystem

1.2.1 Génération Subsystem:

This includes generators and transformers.

Generators: The three-phase ac generator, an alternator or synchronous generator, is a
fundamental and essential part of power systems.

Two synchronous rotating fields are included in generators. One field is created by a
rotor that is rotated at synchronous speed and activated by dc current. The three-phase
armature currents in the stator windings create the other field. Excitation systems provide the
rotor windings with dc current. Older machines have dc generators located on the same shaft
as the exciters, which excite slip rings. Asynchronous excitation systems, which are now used
in systems, utilize ac generators with revolving rectifiers. Generator voltage is maintained and
reactive power flow is managed by the excitation system. Ac generators are able to produce
high power at high voltage, often 30 kV, since they do not use a commutator [3].

The source of the mechanical power, also known as the prime mover, may be internal
combustion engines, gas turbines, steam turbines powered by the combustion of coal, gas, and
nuclear fuel, or even hydraulic turbines.

1.2.1.1 Transformers: From one voltage level to another, the transformer efficiently
transmits electricity. With the exception of losses in the secondary, the power transferred from
the primary is extremely similar. transformer Power transmission across long distances is
made possible by the use of a step-up transformer, which reduces line losses [3].

"The generation subsystem may be called GENCO'[4], responsible for generating

electric power as per the predicted load requirements

1.2.2 Transmission and Sub transmission Subsystem :
Electricity from producing units is transferred via an overhead transmission network to

the distribution network, which in turn feeds the load. Transmission lines also link nearby

5
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utilities, allowing the dispatch of electricity within regions under natural conditions and the

transfer of electricity across areas in times of emergency [3].
The transmission subsystem may be called" TRANSCO" [4].

Figure 2 Traditional Transmission line.[1]

1.2.3 Distribution Subsystem:

The distribution system links the equipment at the consumers' service entrances to the
distribution substations. The load is supplied by the primary distribution lnes, which have a
voltage range of 4 to 34.5 kV and cover a certain geographic region [3].

The distribution subsystem may be called "DISCOM"[4]

1.3 Power flow studies:

Power flow studies are conducted to calculate voltages, active and reactive power, etc.

at various locations i the network for different operating possibilities. These
calculations are based on restrictions on generator capacities, specified net interchange across
operating systems, and a number of other factors. Power flow or load flow solutions are
essential for a contnuous evaluation of the performance of the power systems and for
adopting suitable control measures when necessary. In practice, various power flow solutions

will need to be used under different conditions [5].

1.3.1 Necessity for power flow studies
The necessity for power flow studies
There are several reasons why power flow studies are carried out, some of which

nclude the following:

— The line flows.
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— The system voltage profile and bus voltages

— How does adding additional circuits and changing the setup affect system loads

— The impact on system loads and corresponding effects of a temporary loss of
transmission capacity and (or) generation.

— System loading and in-phase and quadrative boost voltages

— How the economy is run

— Minimization of system loss

— Setting the transformer tap for economical operation

— Changing conductor sizes and system voltages may be able to improve an existing

system[5].

1.3.2 Bus classification:

There is a bus connecting each node to a generator. In power, each bus has 4 quantities
of is voltage magnitude, voltage angle, active power, and reactive power. In the system, two
quantities are given and two quantities are determmed. Depending on the calculation of the
quantities the buses are classified into three types. The loads used in load flow studies are
constant and defined for both real and reactive power consumption. Determining the voltage
angle and voltage magnitude of each bus when the power is generated is the primary goal of a

load analysis. For that classify different busses shown in the following figure[6]:

Classification of
Buses

Load Bus (Generator Bus Slack Bus

Figure 3 Classification of buses

1.3.2.1 Load Buses: Load buses are connected to the load side of the system. Which is known
quantities are active power(P) and reactive power (Q). And the determined quantities
are voltage magnitude(|V|) and the voltage angle(d). In the system 20% of load buses

are present.

1.3.2.2 Voltage Controlled Buses: The generator bus is connected to the generator of the
system. The system's active power (V) and voltage magnitude (|V]) are known

quantities.
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Reactive power (Q) and voltage angle (6)are further unknowns. The primary mover of
the bus controls the generator, and the voltage is controlled by the voltage. 70% of the

system's generator buses are present[7].

1.3.2.3 Slack or Swing Bus: Because it serves as a reference for all other buses, the bus
known as No. 1 is also known as the reference bus. All other buses are measured
against it as the reference. This bus has a 0" degree angle. Voltage magnitude (|V|) and
voltage angle (0)are the bus's two well-known parameters. There is a 10% slack bus in

the system.
1.3.2.4 Bus Admittance M atrix:

— The first step is to number all the nodes of the system from O to n. Node 0 is the
reference node (or ground node).

— Replace all generators by equivalent current sources in parallel with an admittance.

— Replace all lines, transformers, loads to equivalent admittances whenever possible.

— The bus admittance matrix Y is then formed by inspection as follows (this is similar to
what we learned in circuit theory): sum of admittances connected to node ily = i and
yij =y ji = -sum of admittances connected from node i to node

— The current vector is next found from the sources connected to nodes 0 to n. If no
source is connected, the mjected current would be 0.

— The current vector is next found from the sources connected to nodes 0 to n. If no

source is connected, the mjected current would be 0.

- -\-\-\""-\.
i e
- i .
() ()
g SH ~ i

Figure 4 one line diagram of 6 bus system
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1.3.3 The power flow methods:

1.3.3.1 Gauss-Siedel (GS) load flow method:
With the slack bus voltage assumed (usually V1 = 110° p.u.), the remaining (n-1) bus

voltages are found through iterative process as follows

Pi= Ynj=1 |Vi||Vj||Yij|cos@i(8ij — &i+ &)) (1.1)
Qi=—Ynj=1 |Vi||Vj||Yij |sin&i(0ij — 8i+ &j) (1.2)

The equation 1 and 2 are called static load flow equations.

Ii= Pi~yij, @ (1.3)

Vi -ii ni=1  YiyVj)i = 23,4..n (1.4)

Jj#1

For (k+1) ™" iteration, the voltage equation becomes

ey TR . o, o s

1.3.3.2 Newton-Raphson (NR) load flow method:

Because of the quadratic convergence, the Newton-Raphson method is mathematically
superior to the Gauss-Siedel method[9]. It is found to be a more efficient method for large
power systems. The Jacobian matrix gives the linearized relationship between small changes
in voltage angle A6 and voltage magnitude AV with the small changes in active and reactive
power AP and AQ.

APAS[]=[IT]

AQAV

J1 ]2

here [J] = [ ]
J3 J4

The matrix of partial differentials is called the Jacobian matrix [J]. The elements of the
Jacobian are calculated by differentiating the active power and reactive power Egs.1 & 2 and

substituting the estimated values of voltage magnitude and phase angle.

Element |  Order of J matrix

of I Diagonal elements Off-diagonal elements

9
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matrix elements
dP;
@ - 1 oP; a1y
1 x @ = 2 = vl
Ty as jZ ViVl Yij ||| sinfi(8y
| sin {2i(6; — Oi+ &) - 6i+ §))
: J
* k
dP;
(@ o awv,|
— xn-| T 2l = vy
J2 1 0|Vi| ii|cosiifli Ico g,dg(b” !
_ ) fol+Zj+1 | Vi |Yit | cos®i(01y — _ P Y 5)
Si+ &) ! !
* i
m - 1 90 90
. v d|6;
J3 ) awsil  JFL|VI||V) — _||]j/|||V||y
X (n — I Yij|cosi(0;— &4 ‘77‘19 S
1 N 5) | cosizi(
J - &+ 5
(n _ 1 %, 0Q:
oM™ — @m= 2w % EVA
4 ) AVi| i |sin@i6i! — VY |sinE
X (n - o] PO e
1 o= [Vi||Y ju | sinii(8y — oi+ 0ij _
_ n ) 61) - 8i+ 5])]
" # i

Table 1 Description of Jacobian matrix

Where npy is the number of PV buses.

The terms AP; © and AQ; are the difference between the scheduled and calculated

valued, known as mismatch vector or power residuals, given by
P; (scheduled) — P;' calculated = AP{
Qi (scheduled) — Qj calculated = AQ;'

Qi (scheduled) — Q;' calculated = AQ;" (1) to update voltage magnitude and angles:

[V]Cr+D = [V + AV
S(r+1)=6r+Adér

where r=no. of iteration.
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1.4 Faults in electrical power systems:

The fault n the power system is defined as the defect in the power system due to which
the current is distracted from the intended path. The fault creates the abnormal condition
which reduces the insulation strength between the conductors. The reduction in insulation

causes excessive damage to the system.

Figure 7 Electrical Faults [11]

1.4.1 Types of faults in power system:
The fault n the power system is mainly categorized mnto two types they are

e Open Circuit Fault
e Short Circuit Fault

One Conductor
Open

Open Circuit Two Conductor
Faulit Open

Three Conductor
Open

Three Phase
Short Circuit

Symmetrical Fault
Fault
Three Phase to

Ground Fault

Short-Circuit

Fault Single Line-to-

Ground-fault

Urnsymmetrical Double Line -to-
Fault Ground Fault

Line-to-Line

Fault

Figure 8 The different types of power system fault [12]
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Many physical factors, like lightning, strong winds, earthquakes, etc., can cause faults
in the electricity system. It could also happen as a result of accidents lke falling from a tree,
hitting a support structure with a car, an airplane crashing, etc[12].

% Open Circuit Fault:

One or two conductors failing is the primary source of the open circuit failure. The
name series fault also knows as the open circuit fault because it happens in series with the
line. These faults have an impact on the system's reliability [12].

Asymmetrical or unbalanced faults are two other forms of faults in addition to
threephase open circuits. So, keep in mind that the transmission line is operating under the
mitial balanced load of the open-circuit fault. The alternator's load reduces if one of the three
phases' spreads, and because of the low load, the alternator's speed rises, causing it to move a
bit faster than synchronous speed. This over-alternator speed results in overvoltage in the
transmission line [11].

The open circuit fault is categorized as:

e Open Conductor Fault
e Two conductors Open Fault

e Three conductors Open Fault.

R R

B B

Y Y

Single-phase Open Conductor Two-phase Open Conductor
R
B
Y

Three-phase Open Conductor

Figure 9 The open circuit fault

¢ Short-Circuit Fault:

A short circuit can be defined as an abnormal connection of very low impedance
between two pomts of different potential, whether made intentionally or accidentally.

These faults are the most common and dangerous ones, causing abnormally high
currents to flow through the device or transmission lines. The equipment suffers extensive
damage if these faults are allowed to contnue, even for a small period. Shunt faults are
another name for short circuit faults. These problems are caused on by a failure in the

12
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msulation between the phase conductors, the ground, or both.[11]—[13] The short-circuit fault

is divided into the

e Symmetrical
— lmne-line-line line
—  line-line- ground
o Unsymmetrical fault.
— Line-ground
— Line-line

— Line-line-ground

Short-circuit Faules

eLecizorics BINE)

(a). Three-phase clear of earth (b). Three-phase-to-earth
I ErECcT20NICS BE)
(c). Phase-to-phase

Figure 10 Short-Circuit Faults

1.5 Power-system architecture:

A power system's many parts can be configured in a variety of ways. The cost of the
mvestment and the amount of electrical energy available depend on the complexity of the
eventual design. So, choosing an architecture for a particular application depends on finding
the right balance between technical requirements and cost [14].

1.5.1. Architectures include the following:

1.5.1.1 Radial systems:
e Single-feeder

e Double-feeder

e Parallel- feeder

e Dual supply with double busbars.

1.5.1.2 Loop systems:
e Open loop,
e (losed loop.

13
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1.5.2 Systems with internal power generation:

e Normal source generation,

e Replacement source generation.

Architecture

Radial

Single- feeder radial

Double-feeder radial

Double busbars

Use

Processes not
requiring continuous
supply E.g., a cement
works

Continuous processes:

steel, petrochemicals

Processes requiring
high continuity of
service Processes
with major load
changes

Advantages

Most simple
architecture Easy
to protect
Mmnimum

cost

Good continuity
of supply
Maintenance
possible on
busbars of main
switchboard
Good continuity
of supply Flexible
operation: no-
break transfers
Flexible
maintenance

Power System Studies

Drawbacks

Low availability
Downtime due to
faults may be long A
single fault interrupts
supply to the entire
feeder

Expensive solution
Partial operation of
busbars during
maintenance

Expensive solution
Requires automatic
control functions

Loop systems

Open loop

Very large power
systems

Major future
expansion Loads
concentrated in
different zones of a

site

Less expensive
than closed loop
Simple protection

Faulty segment can be
isolated during

loop reconfiguration
Requires automatic
control functions

Closed loop

Power system
offering high
continuity of service
Very large power
systems Loads
concentrated in
different zones of a
site

Good continuity
of supply Does
not require
automatic control
functions

Expensive solution
Complex protection
system

Internal power
generation
Industrial process Good continuity
. . ) of supply Cost of
Normal source = sites producing their . .
: energy (energy Expensive solution
generation own energy E.g.,

paper plants, steel

recovered from
process
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Replacement source Industrial and

(source changeover) hospitals

commercial sites E.g.,

Good continuity of
supply for priority

4 control functions
outgoing feeders

Table 2 the main characteristics of each architecture for comparison.[14]
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: T
AN

(-
33 3101

(ESEN
50
|/

g
:
{
:

NC
r
MNO

ENEN

Requires automatic

A &
5 0
&
AP
o
A

g
z
5}

z
§
L/

MG ELNO NG, jl

2

Q

F 4

Q
o

2)—

(8]

Closed loop

BN

(ELEEN
w b |
z
00

C

DEZETEN
 —
4
0

rMNC é
T

MNO MO \ \

3 3

I o J
SRS
3 &

L

Replacement source generation (source changeowver)

A

MNC

e
™

H

ak\lz N
YY)y

<
&
"
e
T
&'

Figure 11 Examples of architectures [14]

1.6 Transmission line parameters:

Leger
NGo
NOCn

Linles

is NC.

One of the key parts of an electric power system is the power transmission line. Its

major task is to move electric energy efficiently between distribution substations that are

typically far off from the power sources [15].

A transmission line's design is influenced by four electrical parameters:

e Series resistance
e Series inductance
e Shunt capacitance

e Shunt conductance
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Quantity Symbol Unit
Resistance R Ohm (Q)
Inductance L Henry (H)

Capacitance C Farad (F)
Conductance G Siemens (S or Q™)

Table 3 Symbols and Units for Transmission Line Parameters

1.6.1 Series resistance :
The resistance of the conductor is the most important cause of power loss in a power

line. Direct-current resistance is given by the familiar formula:
pl
Rdc= _aohms (1.6)
where p is the conductor resistivity at a given temperature (2 m) | is the conductor

length (m) A is the conductor cross-section area (m°)

1.6.2 Series inductance :
The inductance of a magnetic circuit that has a constant permeability m can be obtained

by determmning the following:

e Magnetic field mtensity H, from Ampere’s law

e Magnetic flux density B (B=pH)

e Flux linkages A

e Inductance from flux linkages per ampere (L=M\/1)

1.6.3 Shunt capacitance :
Gauss' law is used to determine the electric field strength between the conductors that
compose the transmission line in order to calculate capacitance. The conductor bundling and
spacing both have an impact on the electric field strength. The impact of the earth is taken

mto account in various capacitance calculations.

q q
Density 9, = 4= 27x (C) —
Pensity P =—g— (V/m) a.7
EP = 2m Ox

Where
Density P is the electric flux density at point P (C)
Ep is the electric field mtensity at pomt P (V/m)

16
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A is the surface of a concentric cylinder with 1m length and radius x (m?) & = €0 =
107°/36m is the permittivity of fiee space assumed for the conductor (F/m)

The potential difference or voltage difference between two outside points P; and P, with
corresponding distances x; and X, from the conductor center.

q 2m 0 (1.8)
CP1-P2 =VP1—p2 = In[x2/x1] (F/m)

1.6.4 Shunt conductance:

Shunt conductance is a shunt parameter of transmission line parameters. It is the flow of
leakage current between conductors or between a conductor and earth at the insulators of the
transmission line. This flow of leakage current depends upon the condition of the air between
transmission lines. Generally, the value of shunt conductance on account of leakage current is

very small and can be neglected.

1.7 Conclusion :
This chapter introduces the basic concepts of power systems, such as the basic structure
of power distribution stations, the basic concepts of energy flow, as well as the types of faults

that occur in the system in addition to the parameter of transmission lines.
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2.1. Introduction

MODERN, power systems are prone to widespread failures. With increased loading of
existing power transmission systems, operation of power system becomes more complex and
power system will become less secure. Operating environment, conventional planning and
operating methods can leave systems exposed to instabilities. Voltage instability is one of the
phenomena which have result n a major blackout. Besides, with the electricity market
deregulation, number of unplanned power exchanges increases due to the competition among
utilities and direct contracts concluded between generation companies and costumers. If these
exchanges are not controlled, some lines may become overloaded. Because many of the
existing transmission lines could not cope with increasing power demand, the problem of
voltage stability and voltage collapse has also become a major concern in planning and
operation of deregulated power systems. So control of power flow in order to have more
efficient, reliable, and secure system is in the interest of the transmission system operator
(TSO). To overcome this problem, FACTS devices are mtroduced. FACTS devices can
regulate the active and reactive power control as well as adaptive to voltage magnitude
control simultaneously by theirr fast control characteristics and their continuous compensating
capability and so reduce flow of heavily loaded lines and maintain voltages in desired level
Besides, FACTS devices can improve both transient and small signal stability margins.
Controlling the power flows in the network, under normal and abnormal conditions of the
network, can help to reduce flows in heavily loaded lines, reduce system power loss, and so
mprove the stability and performance of the system without generation rescheduling or
topological changes in the network. Because of the considerable costs of the FACTS devices,
it is so mementos to find out the optimal location for placement of these devices to improve
voltage stability margins and enhance network security. Effect of FACTS devices on power
system security, relability and loadability has been studied according to proper control

objectives.

2.2. Generalities on facts devices

In a power system, FACTS devices may be used to achieve several goals. In steady-
state, for a meshed network, they can permit to operate transmission lines close to their
thermal limits and to reduce the loop flows. In this respect, they act by supplying or absorbing
reactive power, increasing or reducing voltage and controlling series impedance or phase-
angle. Theirr high-speed command gives them several qualities in dynamic stability. In

particular, they are capable to increase synchronizing torque, damp oscillations at various
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frequencies below the rated frequency (0.2 to 1.5 Hz), support dynamic voltage or control
power flows. Moreover, FACTS devices may have benefits in case of short circuits, by
limiting short-circuit current . Another advantage of FACTS devices consists n the fact that
the technology give the opportunity to expand the current transmission line limits in a step-
by-step manner with incremental nvestment when required. Furthermore, it offers the
possibility to move an installation when it becomes not useful anymore. Different types of
devices have been developed and there is various ways to class them:

the technology of the used semiconductor, the possible benefits of the controllers, the
type of compensation.

According to the last classification, we may distinguish three categories of FACTS

controllers:

e series controllers
e shunt controllers
e combined series-shunt controllers

Inside a category, several FACTS devices exist and each one has its own proprieties and
may be used in specification texts. The choice of the appropriate device is important since it
depends on FACTS Devices. In this paper, four different FACTS devices have been desribe to
improve voltage stability margins in power system. These are: TCSC (Thyristor Controlled
Series Capacitor), SVC (Static VAR Compensator),SSSC(Static Synchronous Series
compensator) and UPFC (Unified Power Flow Controller). These are shown in Fig. 1.

Types of FACTS Controllers
FACTS

Series- Series-
Saries H St >_| Shunt I'_I Series

+ Thyristor « Static Var
Controlled Compensator + Unified Power + Interline Power
Series (sve) Flow Controller Flow Controller
?;’g;‘g“" o Static (UPFC) (IPFC)
Synchronous
* Static Compensator
Synchronous {STATCOM)
Series
Compensator
{555C) * +
Thyristor-based FACTS VSC-based FACTS Controllers

Controllers: TCSC, SVC ect. $S5C, STATCOM, UPFC, IPFC
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Figl: types of FACTS Controller

2.2.1 Static Var Componsator (SVC)

Static var systems are applied by utilities in transmission applications for several
purposes. The primary purpose is usually for rapid control of voltage at weak pomts in a
network. Installations may be at the midpomnt of transmission interconnections or at the line
ends. Static Var Compensators are shunt connected static generators absorbers whose outputs
are varied so as to control voltage of the electric power systems. In its simple form, SVC is
connected as Fixed Capacitor-Thyristor Controlled Reactor (FC-TCR) configuration as shown
mn Fig. 2. The SVC is connected to a coupling transformer that is connected directly to the ac
bus whose voltage is to be regulated. The effective reactance of the FC-TCR is varied by
firmg angle control of the antiparalle]l thyristors. The firing angle can be controlled through a
PI (Proportional + Integral) controller n such a way that the voltage of the bus, where the

SVC is connected, is maintained at the reference value.

e ol

CapacCi oy m———

Static WVAR Compensator

Fig2: Static VAR Compensator

2.2.2 Thyristor Controller Series Capacitor (Tcsc)

TCSC is one of the most important and best-known FACTS devices, which has been in
use for manyyears to increase thepower transfer as well as to enhance system stability. The
main circuit of a TCSC is shown in Fig. 3. The TCSC consists of three main components:
capacitor bank C, bypass inductor L and bidirectional thyristors SCR1 and SCR2. The firing
angles of the thyristors are controlled to adjust the TCSC reactance in accordance with a
system control algorithm, normally in response to some system parameter variations.
According to the variation of the thyristor firimg angle or conduction angle, this process can

be modeled as a fast switch between corresponding reactances offered to the powersystem.
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L g Line
i Nt |
TCSR f TSSR
i1 Lins
=]

s
TS F TSSO

Fig 3: Thyristor Controlled Series Capacitor

2.2.3 Static Syncronous Series Compensator (SSSC)

The SSSC is one of the most recent FACTS devices for power transmission series

compensation. It can be considered as a synchronous voltage source as it can inject an almost

sinusoidal voltage of variable and controllable amplitude and phase angle, in series with a

transmission line. The injected voltage is almost n quadrature with the line current. A small

part of the injected voltage that is in phase with the lne current provides the losses in the

mverter. Most of the ijected voltage, which is in quadrature with the line current, provides

the effect of inserting an inductive or capacitive reactance in series with the transmission line.

The variable reactance influences the electric power flow i the transmission line.

Vs

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

A
of

4

Load

s

Load

|
|
|
|
|
|
|
|
|
|
Converter :
|
|
|
|
|
|
|
|
|

Fig 4: Static Synchronous Series Compensator
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2.2.4 Unified Power Flow Controller (UPFC)

Among the available FACTS devices, the Unified Power Flow Controller (UPFC) is the
most versatile one that can be used to enhance steady state stability, dynamic stability and
transient stability. The basic configuration of a UPFC is shown in Fig.5.The UPFC is capable
of both supplying and absorbing real and reactive power and it consists of two ac/dc
converters. One of the two converters is connected in series with the transmission line through
a series transformer and the other n parallel with the line through a shunt transformer. The dc
side of the two converters is connected through a common capacitor, which provides dc
voltage for the converter operation. The power balance between the series and shunt
converters is a prerequisitt to maintain a constant voltage across the dc capacitor. As the
series branch of the UPFC injects a voltage of variable magnitude and phase angle, it can
exchange real power with the transmission line and thus improves the power flow capability
of the lne as well as its transient stability limit. The shunt converter exchanges a current of
controllable.

magnitude and power factor angle with the power system. It is normally controlled to
balance the real power absorbed from or injected into the power system by the series
converter plus the losses by regulating the dc bus voltage at a desired value.

TCSC can change line reactance and SVC can be used to control reactive power in
network. UPFC is the most versatile member of FACTS devices family and can be applied in
order to control all power flow parameters (ie. lme mpedance, bus voltage, and phase angle).
Power flow can be controlled and optimized by changing power system parameters using

FACTS devices.

Transmission Line
: ¥r

k4 [ s )
—HEDY | Ay I_E@ P
3 P T %
; i Triaw
STATCOM } :. J SREC

Fig5: Unified Power Flow Controller

2.3. PV Panel and Boost Converter Modeling

2.3.1 PV Panel Simulation
The PV cell's equivalent circuit when exposed to radiation. It is equivalent to an Ipv

current generator linked in parallel to a diode. There are two new parasite resistances. The
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characteristics of the cell, I = f{V) Fig. 3, are somewhat mfluenced by these resistors. The
cells internal resistance is measured in series resistance (Rs). The leakage current at the

junction is the cause of the shunt resistor (Rp) [31], [32].

I 1
1 1
1 1
' I
) (I :
1 1
1 1
1 1
1 1
\ I

- mm o Em Em o Em oEm Em Em o o -,

L

------------------

_________________________________________

Fig. 3. An equivalent solar cell circuit

The following formulas represent the mathematical expression of the current-voltage

characteristic of the ideal PV cell and this is fully analyzed and described in [33]:

qV
I =IPV.cell — 10.cell [exp (—) — 1] (1)
akT
V + Rsl V + IRs
I =1Ipv—TIo[exp( )—1]——— )
Nslt Rp

The technical specifications of the PV panel utilized in this application, under standard
test conditions (STCs), are presented in Table 1. It should be noted that, under the specified
fixed or variable conditions, the PV panel is capable of producing the most energy at one
point. Both of the IV and P-V characteristics at different irradiances and constant temperature
of 25°C are presented in Fig. 4 and Fig. 5.

The MPP should be matched by the voltage or current used in MPPT techniques. The
provided power is rarely at its peak when the PV module is connected directly to the load.
Consequently, it is recommended to combine the PV panel with a DC-DC converter
controlled by the MPPT tracker for it to operate at the MPP [31]. Examine a PV panel with a
resistive load that is coupled to a boost-type converter Fig. 6. Table 2 lists the design
parameter of the implemented DC-DC converter. The relationship between the nput and
output voltages of the converter is as follows and is fully described in [34], [35]:
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PV Panel . Boost PV Panel
Converter

If we consider the converter to function at 100% efficiency when connected to a

resistive load (R), the power output from the PV panel would be:

Ppv = Veut2=+1)2 Vpv2 “4)
RL 1—a R.
By correctly changing the duty ratio command of the converter, maximum power may

be obtained [6]. The following equation describes the relationship in continuous conduction

mode between the simulated resistance (Ropt) and the load resistance (RL):
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Ropt=RL(1— )2

The following equation can be used to express RL:

Ropt=RL(1—a)2

The following equation can be used to express RL:

Ropt=RL(1— )2
The load resistance RL value needs to be:

Ropt=RL(1—a)2

(5)

(6)

(7)

(8)

Assumedly, the PV panel runs under STC circumstances. The optimal resistance Ropt

to reach
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2.4. CONCLUSION
We have presentedthe different type of facts devices is used for power flow control,
voltage regulation, enhancement of transient stability and mitigation of system oscillation.
FACTS Controller is a power electronics-based system or other static equipment that
provides control of one or more AC transmission system parameter.

FACTS Devices increase power transfer capability.
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Chapter 6 — Discussion

3.1. Methodology:

3.1.1 Transient Stability and CCT Definition:

Transient stability refers to the power system’s ability to maintain synchronism when
subjected to a severe disturbance such as a short circuit, sudden load variation, or generator
outage. Following a disturbance, if the system is unable to regain equilibrium, it results in the
loss of synchronism, leading to system instability [21,22].

One of the most practical and widely used metrics for evaluating transient stability is
the Critical Clearing Time (CCT). CCT is defined as the maximum time duration a fault can
be allowed to persist before it must be cleared, to ensure that the system remains stable
[23,24].

CCT 1s closely related to the Critical Clearing Angle (CCA) and is commonly estimated
using the Equal Area Criterion (EAC). For a single-machine mfinite bus (SMIB) system, the
energy-based interpretation of EAC yields the following condition [25,26]:

é

‘Smax

", —P)d6 = f (P, — P)d6

60 Scr

Where:

P, mechanical power mput.

P,:electrical power output.

8- initial rotor angle

8., critical rotor angle

O max” Maximum rotor swing angle.

Using simplifying assumptions and approximations,the CCT can be expressed as
[27,28]:

2H
CCT = J— (5, — 8o)

wS (Pac c )
Where:
H: mertia constant of the generator.
w,: synchronous speed.
P,.. = P,, — P,: accelerating power.

The Critical Clearing Time (CCT) is strongly influenced by system inertia, fault
severity, and the operating pomnt. In systems with high photovoltaic (PV) penetration, where

29



Chapter 6 — Discussion

power electronic interfaces replace traditional rotating machines, the overall system inertia is
significantly reduced. This reduction leads to shorter CCT and greater vulnerability to
disturbances [29,30].

To address this issue, modern power systems utilize FACTS devices such as the Static
Var Compensator (SVC), Static Synchronous Compensator (STATCOM), and Unified Power
Flow Controller (UPFC). These devices provide fast and dynamic reactive power
compensation, improve voltage support, and help mitigate oscillations in rotor speed during
fault conditions [31,32].

In this study, the mmpact of SVC, STATCOM, and UPFC on enhancing CCT is

investigated and compared under various fault scenarios in a PV-integrated IEEE 30-bus
system [33,34].

3.1.2 PV System Modeling:
The photovoltaic (PV) array consists of multiple modules, each comprising several PV
cells connected in series or parallel The electrical behavior of a PV cell is commonly

represented by a single-diode equivalent circuit, which captures the nonlinear current-voltage
characteristics [35,36].

The output current of the PV cell is expressed as:

a+IR;) (V+IR,)
=1 _1[9 KT — — 1| — ———— 52
ph 0 R
sh

where [, is the photocurrent, [yis the reverse saturation current, Rgand R, are the

series and shunt resistances, respectively, and the remaining parameters represent standard

physical constants and operating conditions.

/ /

D sh -+
Iy

CT) % % Rsh \"4

Figure. 1: Equivalent circuit of a photovoltaic cell

3.1.3. Modelling of PV Inverter
The photovoltaic mverter is modeled as a three-phase, six-switch Voltage Source
Inverter (VSI) using IGBT technology. It converts DC power from the PV array mto a 50 Hz
AC output using Pulse-Width Modulation (PWM) [37,38]. Each mverter leg consists of a
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switch and an anti-parallel diode. A DC-Ilink capacitor stabilizes the input, while an LC filter

at the AC output suppresses high-frequency harmonics to ensure a smooth sinusoidal voltage

waveform.
P
MMotor Load
2 2SS LA e
5 a s
o iy
—_— R L €t
Vae —=¢ oane T - ANN—Y ~o n
sHC2S |+ —||:‘gs'l; .................................
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Figure. 2: Three-phase voltage source mnverter topology

Control strategies include phase-locked loops (PLLs) for grid synchronization and inner
current loops to regulate active and reactive power exchange with the grid. Reactive power
support is especially critical during disturbances to maintain voltage stabilty and enhance
transient performance [39,40].

The PV unit is integrated at two different locations bus 12 and bus 18 to assess the
sensitivity of system stability to the point of renewable mtegration. The nfluence of these

placements is examined through time-domain simulations.

3.2. Modeling of SVC and STATCOM and UPFC:

3.2.1. Static Var Compensator (SVC):

An SVC is a shunt-connected device based on thyristor-controlled reactors (TCR) and
thyristor-switched capacitors (TSC). It dynamically adjusts the reactive power mjected or
absorbed by the system to maintain voltage stability. The control mechanism is based on
regulating the firing angle of thyristors to control the effective reactance, thereby supporting
grid voltage during transients.

The reactive power output of an SVC can be represented as:

V2

Xeq

QSUC =

Where: Q,,.: reactive power injected or absorbed.
V: system voltage magnitude.
Xeq: equivalent reactance (controlled by thyristor firing angle).
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SVCs are modeled in the power system as variable susceptance devices, which respond

to voltage deviations by injecting or absorbing reactive power accordingly.

e

Mo J,

Figure 3: Simplified schematic of a Static Var Compensator (SVC)

3.2.2. Static Synchronous Compensator (STATCOM):

STATCOM 1is a voltage-source converter (VSC)-based shunt device that uses IGBT
technology to synthesize a controllable voltage source in phase with the grid. Unlike SVC,
STATCOM mamtains its reactive power capability even at low voltage conditions and
responds faster due to its solid-state converter-based structure.

The reactive power exchange of a STATCOM is governed by te voltage difference

between the output V,,,,,, and the grid voltage V¢! Qsratcom @ Veonw — Vus)
When: V..., >V, , the STATCOM injects reactive power (capacitive mode).

|4

C

particularly effective in voltage support and transient stability improvement.

onw < Vpus » 1ts absorbs reactive power (inductive mode). This makes STATCOM
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Figure 4: Simplified schematic of a Static Synchronous Compensator (STATCOM)

3.2.3. UPFC (Unified Power Flow Controller):
is an advanced FACTS device that allows simultaneous control of voltage, power flow,
and phase angle i transmission systems. By combining series and shunt compensation
through two voltage source converters (VSCs), UPFC provides dynamic support for
mproving both steady-state and transient stability. It is particularly effective in systems with
high renewable energy integration, although it is more complex and costly than other FACTS
devices.
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3.3. Power System Description

The IEEE 30-bus test system was adopted in this study as a benchmark model for
evaluating transient stability under multiple fault scenarios with and without photovoltaic
(PV) mtegration. Its moderate complexity and wide adoption mn academic research make it
suitable for analyzing dynamic behavior, particularly in response to large disturbances such as
short-circuit faults.

The network consists of 30 buses, 6 synchronous generators located at buses 1, 2, 5, 8§,
11, 13 and 41 transmission lines, and 4 on-load tap-changing transformers. The total load is
distributed across 21 PQ-type buses. The base power of the system is 100 MVA, and the
nominal voltage levels reach up to 132 kV.

Dynamic simulations were carried out using the Power System Analysis Toolbox
(PSAT) m MATLAB, which allows for accurate modeling of the nonlinear system behavior
under severe contingencies. To investigate the impact of renewable energy penetration, a 50
MW photovoltaic (PV) unit was integrated at two strategic locations: bus 12 and bus 18.
These locations were selected based on their proximity to major load centers and their
mfluence on power flow paths.

Six different fault locations were considered: bus 4, bus 5, bus 8, bus 12, bus 17, and
bus 18. These points were chosen to represent a diverse set of scenarios, including faults near
generator terminals and along key transmission corridors. Three-phase symmetrical faults
were introduced at each location, and the Critical Clearing Time (CCT) was calculated to
assess the system’s ability to mamntain synchronism.

This setup provides a comprehensive framework for analyzmg the sensitivity of
transient stability to both fault location and PV placement. The findings are essential for
mmproving the resilience of future power grids with high levels of renewable energy

mtegration.
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Figure.6 : Diagram of the IEEE 30 Bus System.

Table 1: power flow results

Bus V [p.u] Phase [rad] Pgen [p.u] Qgen [p.u] Pload [p.u]

Busl1 1.06 0 2.115 -0.16383 0
Bus2 1.045 -0.07733 0.4 0.37491 0.217
Bus3 1.0316 -0.11333 0 0 0.024
Bus4 1.0247 -0.13638 0 0 0.076
Bus5 1.01 -0.20995 0.1 0.27731 0.942
Bus6 1.0182 -0.1596 0 0 0
Bus7 1.0071 -0.18942 0 0 0.228
Bus8 1.01 -0.16614 0.1 0.15577 0.3
Bus9 1.051 -0.1971 0 0 0
Bus10 1.0384 -0.22864 0 0 0.058
Busl11 1.082 -0.18549 0.12 0.30524 0
Bus12 1.0375 -0.21557 0 0 0.112
Bus13 1.071 -0.20045 0.12 0.2574 0
Bus14 1.0275 -0.23042 0 0 0.062
Busl15 1.0282 -0.23277 0 0 0.082
Bus16 1.0348 -0.22274 0 0 0.035
Bus17 1.0323 -0.23057 0 0 0.09
Bus18 1.0196 -0.24364 0 0 0.032
Bus19 1.0176 -0.2467 0 0 0.095
Bus20 1.022 -0.24321 0 0 0.022
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Bus21 1.0251 -0.23679 0 0 0.175
Bus22 1.0254 -0.23664 0 0 0
Bus23 1.0172 -0.24048 0 0 0.032
Bus24 1.01 -0.24408 0 0 0.087
Bus25 0.99899 -0.23984 0 0 0
Bus26 0.98098 -0.24744 0 0 0.035
Bus27 1.0009 -0.23263 0 0 0
Bus28 1.0136 -0.1686 0 0 0
Bus29 0.9806 -0.25509 0 0 0.024
Bus30 0.96884 -0.27123 0 0 0.106

3.4.RESULTS AND DISCUSSION

3.4.1. Case 1: Impact of three-phase faults on transient stability (CCT) and before PV
integration

In this scenario, three-phase faults were introduced at various locations across the IEEE
30-bus system to assess the influence of fault location on the system’s transient stability. The
rotor speeds of the generators and the voltages at the affected buses were monitored and
plotted to evaluate the system’s dynamic response during and after the fault.

Rotor speed is a key indicator of generator synchronism, while bus voltage reflects the
quality of power delivery throughout the disturbance. The results revealed that the system’s
response varied significantly depending on the fault location. In certain cases, faults led to
sharp oscillations and low Critical Clearing Time (CCT) values, indicating reduced fault
tolerance. In other cases, the system maintained stability with higher CCT values, showing a
stronger ability to withstand the disturbance.

These findings highlight the importance of conducting a comprehensive fault location
sensitivity analysis to identify the most critical points in the network. This information is
essential for guiding system reinforcement strategies and for planning the reliable integration

of renewable energy sources.
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a. Influence of three phase fault at bus 12:
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Figure.9: Voltage profile
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The simulation results for a three-phase fault at bus 12 demonstrate marked variations in
system behavior depending on the fault clearing time.

In the first scenario (Fig. 7, t = 20 ms), all six synchronous generators mamtain
stable operation. Their rotor speeds increase gradually and in synchrony, without any
indication of mstability or significant oscillations. This behavior confirms that the system
remains within the permissible range of the Critical Clearing Time (CCT). The inset plot
further supports this observation by showing only minor oscillations, well within acceptable
dynamic stability margins.

Conversely, the second scenario (Fig. 8, t = 21 ms), which slightly exceeds the CCT
threshold, reveals the onset of transient instability. Generator Synl loses synchronism sharply
around 44.5 seconds, while the remaining units (Syn2—Syn6) continue in a quasi-stable state,
albeit with increasing oscillatory behavior. This highlights the high sensitivity of system
stability to even margmnal deviations beyond the critical clearing threshold, leading to partial
desynchronization.

As for the voltage response (Fig. 9), while the overall voltage profiles for t = 20 ms and
t = 21 ms appear largely similar, a pronounced voltage dip is observed at one terminal in the
latter case, falling below 0.4 p.u. This localized voltage sag correlates strongly with the rotor
speed divergence of Synl and reflects a deterioration in local voltage stability due to

generator desynchronization.

b. Influence of three phase fault at bus 18:
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Fig.10. Rotor speed of all generators at t=30 ms
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As illustrated in Figure 10, when the fault is cleared at 30 ms, the rotor speeds exhibit
slight oscillations that quickly subside, indicating that the system mamtains synchronism and

remains transiently stable. All rotor speeds stay close to the synchronous value (1 pu),

Figure.12: Voltage profile

demonstrating a coherent response of the generators after fault clearance.

In contrast, Figure 11 shows that increasing the clearing time to 31 ms leads to
significant deviations in rotor speeds, particularly for wsynl, which exceeds 1.8 pu. This

behavior reflects a loss of synchronism among the generators, clearly indicating transient

mstability in the system.

The voltage profiles in Figure 12 further support these observations. At a clearing time
of 30 ms, voltages across most buses remain within the acceptable range (0.95-1.05 pu), with

only minor and temporary dips at sensitive locations such as bus 12 and bus 25. However, at
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31 ms, the system experiences severe voltage collapse, especially at bus 12, where the voltage
drops below 0.1 pu, signaling a clear loss of voltage stability and a critical degradation of the
system's operating conditions.

Based on these results, the critical clearing time (CCT) is identified to lie between 30
ms and 31 ms, making 30 ms the maximum safe clearing time to preserve synchronism and

ensure transient stability in the absence of photovoltaic generation.
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Figure.13: CCT comparison histogram without PV integration

The simulation results of the critical clearing time (CCT) before ntegrating
photovoltaic (PV) systems revealed significant variability across different fault locations in
the IEEE 30-bus network. The lowest CCT value was observed at bus2 with 15 ms, followed
by Bus4 with 19 ms, indicating limited transient stability at these locations. In contrast, the
highest CCT was recorded at busl7 with 48 ms, followed by bus8 with 40 ms, reflecting
stronger system resilience in those areas. Other buses such as bus5, busl2, busl8 showed
moderate values ranging from 20 to 30 ms, suggesting a medium level of system robustness.
These findings underscore the system’s sensitivity to fault location and point to the inherent
limitations in transient stability that may need to be addressed when planning future system

enhancements or integrating renewable sources.
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Case 2: Transient Response to the Sudden Connection of a S0 MW Photovoltaic System

a. Influence of three phase fault with Photovoltaic at bus12:
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Figure.15: Rotor speed of all generators at T=8ms
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Figure.16. Voltage profile

The results in Figures 14 and 15 demonstrate the effect of fault clearing time on rotor
speed dynamics in a six-machine power system. With a clearing time of T = 7 ms (Fig.14), all
speeds begin near 1.0002 pu, increase synchronously, and peak at 1.0168 pu around 30 s, then
decline steadily-indicating strong transient stability and full synchronism.

At T = 8 ms (Fig.15), during the first second, rotor speeds diverge slightly between
1.0015 pu and 1.0019 pu, with ®Synl reaching the highest value. Although the difference is
only 0.0004 pu, it signals the start of desynchronization and suggests the system is
approaching its Critical Clearing Time (CCT). This early divergence, absent at 7 ms, reflects
reduced dynamic coherence and a lower tolerance to disturbances.

Figure 16 shows the impact on bus voltage profiles. At T = 7 ms, voltages across all
buses remain within 0.96-1.05 pu, including at the faulted Bus 12, which mamntains near-
nominal levels—indicating effective containment of the fault. However, at T = 8 ms, deep
voltage sags occur: bus 12 drops below 0.1 pu, while buses 13-18 fall to 0.2-0.5 pu, and
Buses 22 and 24 go under 0.3 pu, indicating possible voltage instability or collapse.

This comparison confirms that even a 1 ms increase in clearing time can significantly
degrade both transient and voltage stability, especially in systems with high renewable

mtegration, where the tolerance to dynamic disturbances is nherently lower.

41



Chapter 6 — Discussion

b. Influence of three phase fault with Photovoltaic at bus18:
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In Figure 17, corresponding to a fault clearing time of T = 3 ms, the rotor speeds exhibit
moderate and symmetrical oscillations, ranging between 0.97 pu and 1.045 pu, with the
system stabilizing clearly within approximately 0.65 seconds. This behavior indicates that
synchronism among the generators was preserved, and the system remained within the limits
of the Critical Clearing Time (CCT).

In contrast, Figure 18 illustrates the system response for T = 4 ms, where oscillations
become more pronounced. Rotor speeds rise to 1.08 pu and drop to 0.92 pu, with noticeable
reduction in damping and slight desynchronization observed between two generators during
the mitial 0.8 seconds. Although full instabilty is not evident, the system approaches its
dynamic stability margin, underscoring its high sensitivity to even small increases in fault
clearing time.

Figure 19 presents the system’s voltage and current behavior during the fault. A rapid
voltage collapse to 0.04 = 0.01 pu occurs within 3 ms, accompanied by a significant fault
current spike reaching 4.3 £ 0.2 pu. The inverter response varies depending on the control
strategy:

Grid-following inverters show a slower dynamic response (2.1 = 0.4 ms), while grid-
forming inverters respond more rapidly (0.8 = 0.2 ms) and provide enhanced voltage support,
reaching up to 35% of their rated capacity.

Following fault clearance, the system voltage recovers nonlinearly, stabilizing at 0.79 +
0.03 pu after approximately 1.3 £ 0.5 seconds, with residual oscillations at a frequency of
1.15 £ 0.25 Hz and an amplitude of 0.08 + 0.02 pu. Regression analysis reveals a strong
correlation (R* = 0.94) between the fault clearng time and the final voltage level, while

Fourier analysis detects unwanted frequency components within the 0.8—1.5 Hz range.

Table2 — Variation of Critical Clearing Time (CCT) According to Photovoltaic (PV)

Penetration
BUS4 BUSS BUSS BUSI12 BUS 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
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Figure. 20: CCT comparison histogram with and without PV mtegration

The data presented in Table 1 illustrates the variation in Critical Clearing Time (CCT)
across six bus locations with different levels of photovoltaic (PV) penetration. Notably, bus2
and bus4, both with relatively high PV penetration (23%), exhibit low CCT values of 3 ms
and 4 ms, respectively. This suggests that increasing PV penetration does not automatically
enhance transient stability, and may, in fact, reduce fault tolerance if not properly integrated.
Conversely, bus5 and bus8, with a lower PV penetration of only 6%, demonstrate higher CCT
values of 8 ms and 9 ms, respectively. This indicates that network strength and local system
conditions likely play a more decisive role in fault resilience than PV levels alone.

for busl2 and busl8, where pv penetration is 7%, the cct values are 7 ms and 3 ms,
respectively. the relatively low value at busl8 reflects a higher sensitivity to transient
disturbances, emphasizing the need for robust mverter control strategies and careful
coordination with the grid. Meanwhile, the moderate performance at busl2 suggests that
limited PV integration can support transient stability if implemented at suitable locations.

Overall, the results demonstrate that the mmpact of solar PV on system stability is
nonlinear and highly location-dependent. Enhancing transient stability through PV integration
requires not only increasing renewable capacity, but also strategic placement, strong grid
support, and optimized inverter control to ensure a resiient power system under fault
conditions.

In Figure 20 presents a histogram comparing the Critical Clearing Time (CCT) across
multiple bus locations, with and without photovoltaic (PV) integration. The results
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demonstrate that PV integration has a non-uniform effect on transient stability: in some buses
such as bus2, bus4, and bus5, the CCT increases significantly with PV, indicating enhanced
fault tolerance and improved dynamic performance. However, in other cases particularly at
bus8 CCT decreases after PV integration, suggesting a potential deterioration in stability,
likely due to weak grid conditions or iadequate inverter control. at buses like busl2 and
bus18, the CCT shows only margmnal improvement, reflecting that the impact of PV is highly
location-dependent and influenced by system topology and control strategy. Overall, the
figure highlights that while PV integration can support transient stability under certain
conditions, it may also pose risks if not carefully designed and deployed.

3.5. Improving transient stability using FACTS devices

FACTS (Flexible AC Transmission Systems) technologies are among the effective
solutions for enhancing the performance and stability of power networks, particularly in the
face of challenges associated with integrating renewable energy sources such as photovoltaic
(PV) systems. The mtegration of solar power into the grid alters power flow characteristics
and affects dynamic damping, which can lead to a reduction in transient stability, especially
during sudden electrical faults.

To address these challenges, this study evaluates three types of FACTS devices:

e SVC: Static Var Compensator
e STATCOM: Static Synchronous Compensator
e UPFC: Unified Power Flow Controller

The smmulations were carried out on the standard IEEE-30 bus test system integrated
with a central PV unit. In each scenario, only one FACTS device was added to the PV-based
system in order to assess its isolated effect on transient stability indicators, including the
Critical Clearing Time (CCT), generator rotor speed oscillations, and post-fault voltage
recovery.

The simulation results, as presented in Figure 21 and the accompanying table, show that
mcorporating any of the FACTS devices leads to a significant improvement in CCT values

across all bus locations compared to the base case (PV only).
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Figure 21 . Histogram Comparison of (CCT) for Different FACTS Devices in PV-Integrated
System

The data reveals a significant enhancement in critical clearing time (CCT) across all
buses when compensating devices are mtegrated alongside photovoltaic sources. STATCOM
notably improves CCT values, especially at weaker buses such as busl2 and bus8, where
increases are dramatic from 7 ms to 421 ms and from 9 ms to 140 ms respectively-indicating
its strong capability to support voltage stability and transient fault tolerance. SVC shows
mixed results; while it substantially raises CCT at most buses, it underperforms at BusS,
suggesting  site-specific limitations or control incompatiilitics. UPFC consistently delivers
the highest improvement, surpassing both STATCOM and SVC, with CCT values reaching
up to 427 ms at busl2 and 154 ms at bus8, highlighting its advanced power flow and voltage
control capabilitics. Notably, at the weakest buses with minimal CCT under PV-only
conditions (bus2 and busl8 at 3 ms), all compensators substantially increase stability margins,
with UPFC again providing the greatest benefit. These findings underscore the critical role of
FACTS devices in enhancing transient stability in PV-integrated power systems and
emphasize the importance of tailored device selection based on network characteristics and

integration points.
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Conclusion

This study comprehensively evaluated the mmpact of photovoltaic (PV) itegration on
the transient stability of the IEEE 30-bus transmission system, using Critical Clearing Time
(CCT) as the primary performance indicator. The simulation results confirmed that PV
penetration—particularly in weak grid locations reduces CCT and thereby compromises
system stability under fault conditions. However, the mtegraton of FACTS devices
significantly mitigates this effect, enhancing the system’s ability to maintain synchronism
during severe disturbances.

Among the compensating technologies studied, UPFC demonstrated the most
substantial improvement in CCT across all scenarios, owing to its simultaneous control of
voltage, phase angle, and line impedance. STATCOM followed, offering robust dynamic
voltage support, especially in mid-strength nodes. SVC, while effective in certain cases,
showed limited capability in weaker buses, highlighting the importance of device selection
based on specific grid characteristics.

Ultimately, the findings underscore the critical role of tailored FACTS deployment in
modern, renewable-integrated power systems. To fully realize the potential of PV while
maintaining system resilience, future power grids must incorporate advanced, fast-acting
stability solutions lke UPFC and STATCOM. Further research could extend this analysis to
include hybrid FACTS-PV control strategies, multi-objective optimization, and real-time

implementation scenarios under varying load and generation conditions
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