RESEARCH PAPERS

PERFORMANCE ANALYSIS OF POWER SYSTEM DYNAMICS WITH
FACTS CONTROLLERS: OPTIMAL PLACEMENT AND
IMPACT OF SSSC AND STATCOM

By

VIJAY PRASHANT YADARAJU * SIVA KUMAR M. **

* Department of Electrical and Electronics Engineering, Jawaharlal Nehru Technological University, Kakinada, Andhra Pradesh, India.
** Department of Electrical and Electronics Engineering, Seshadri Rao Gudlavalleru Engineering College, Seshadri Rao Knowledge Village,
Gudlavalleru, Andhra Pradesh, India.

https://doi.org/10.26634/iee.17.4.21138

Date Received: 09/08/2024 Date Revised: 20/08/2024

ABSTRACT
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This paper explores the impact of infegrating Flexible AC Transmission Systems (FACTS) confrollers, specifically the Static
Synchronous Series Compensator (SSSC) and the Static Synchronous Compensator (STATCOM), on power system
performance. The objective of this study is fo evaluate how these confrollers can enhance various aspects of power
system operation, including voltage regulation, power flow stability, and overall system efficiency. The methodology
involves simulating power systems with and without the deployment of SSSC and STATCOM and analyzing their effects on
voltage profiles, power flow characteristics, and system losses. The findings reveal that both SSSC and STATCOM
significantly improve voltage stability and power flow confrol, leading fo reduced system losses and enhanced
operational efficiency. This study infroduces a novel approach by comparing the performance enhancements provided
by SSSC and STATCOM in different operational scenarios, offering valuable insights info their effectiveness. The results
underscore the potential of FACTS fechnology in advancing power system stability and efficiency, making a substantial
contribution fo the field of power system optimization.

Keywords: FACTS Controllers, SSSC, STATCOM, Power System Optimization, Voltage Regulation, Power Flow Stability, Loss
Reduction, Simulation-based Analysis.

INTRODUCTION energy sources and the need for more reliable energy

Th|s pOper de|ves inTo The performcnce Gnc|ysis Of diSTribUTion, The role Of FIeXible AC Tronsmission SySTem

modermn power flow control devices, specifically the Static
Synchronous Series Compensator (SSSC) and  Static
Synchronous Compensator (STATCOM), within  power
systems. Utilizing standard test cases, the study aims to
evaluate the efficacy of these devices in enhancing
voltage stability, minimizing power losses, and improving
overall system efficiency. As power systems become
increasingly complex with the integration of renewable

Y
-manager

Publications

This paper has objectives related to SDGs

Member of:

(FACTS) devices like the SSSC and STATCOM has grown in
importance. These devices are known for their ability to
dynamically manage power flow and voltage levels,
making them crucial for maintaining system stability and
reducing transmission losses. The paper provides a
detailed examination of these devices, focusing on their
impact on key performance metrics such as voltage
magnitude, power flow, and fotal system losses.

The integration of FACTS controllers, such as the Static
Synchronous Series Compensator (SSSC) and Static
Synchronous Compensator (STATCOM), has become a
pivotal area of research in improving power system
performance and stability. Recent studies highlight the
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significant benefits of these devices in enhancing voltage
regulation, power flow stability, and overall system
efficiency. For instance, (Sharma et al., 2023) provide a
comprehensive review of STATCOM, focusing on its
modeling, control, and optimal placement. Similarly,
(Haroon et al., 2020) explore various control strategies
and placement techniques for FACTS devices,
emphasizing their crucial role in system stabilization. Singh
and Singh (2022) further analyze the effectiveness of
SSSC-based controllers in improving power system
fransient stability, showing notable performance
enhancements. The integration of FACTS devices into
AC/DC hybrid systems has also garnered attention in
recentresearch.

1. Literature Review

Ahmed et al. (2017) and Eaqjal et al. (2016) discuss
methodologies for power flow analysis in such systems,
highlighting the advantages of FACTS devices in
maintaining stability and optimizing power distribution.
Zadehbagheri et al. (2023) delve into the technical and
economic aspects of incorporating HYDC lines with FACTS
controllers, providing a detailed examination of their
combined effects on system stability. Das et al. (2019)
and Patil & Karagjgi (2017) review optimal placement
strategies for FACTS devices. Alajrash et al. (2024) address
power quality, optimal placement, and stability with
renewable energy penetration. Ezeonye et al. (2024)
compare the effects of series and shunt FACTS devices on
voltage profiles. Chirani and Karami (2024) investigate the
impact of SSSC-based fuzzy logic controllers on systems
connected to wind farms. These studies collectively
illustrate that the optimal application of FACTS devices
can significantly enhance power system operation and
reliability.

2. Modelling of Static Synchronous Series Compensator

The Static Synchronous Series Compensator (SSSC) is a
series-connected Flexible AC Transmission System (FACTS)
device that provides dynamic compensation for voltage
and power flow control.

2.1 0Operating Principle of SSSC

It is indeed one of the very FACTS devices used to control

the power flow through transmission lines and also the
voltage af the buses in a given power system network. Itis
possible to control voltage stability by regulating the
voltage at a bus using a Stafic Synchronous Series
Compensator (SSSC). This device performs its operation
by injecting AC voltage in series with the fransmission line,
which compensates for the voltage drop. As a result, the
voltage magnitude at the receiving end of the
fransmission line changes. The minimum allowable
compensation is 20%, and the maximum compensation
is 80% of the line reactance. The voltage source
converters of this device are connected in series with the
fransmission line using a coupling transformer that injects
series voltage info the line. Each Voltage Source Converter
(VSC) is designed using solid-state controllers or switches
and an energy storage device, such as a capacitor. The
voltage injected by this device is in phase opposition (?0°
phase shifted) fo the line current. The connection of SSSC in
a transmission line with impedance (ZLine) along with-it
coupling transformeris showninFigure 1.

When the voltage injected makes the current lag behind
the voltage, the fotal reactance offered by the
fransmission line increases and there is a reduction in
active power flow through the transmission line. This mode
of operationis called inductive mode. Whereas, when the
injected voltage shifts the current 1o a leading position,
the total reactance offered will decrease, leading to an
increase in active power flow. This mode of operation is
called capacitive mode. The schematic diagram of the
SSSC connected between buses i, j'is shownin Figure 2.

2.2 Power Injection Model of SSSC

Power injection modeling is one of the most promising
mathematical models for incorporating FACTS controllers

Compensating
Transformer

Transmission Line Impedance

Figure 1. SSSC Connected in a Transmission Line
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Voltage Source
Converter

-

Figure 2. Schematic Representation of SSSC

into a given power system network. The SSSC is connected
between two PQ buses (i andj), for which no generators or
shunt capacitors are connected, andits voltages are "V _i
and "V_j. Also, no transformers are connected in the
device-connected transmission line. This model
facilitates the incorporation procedure by simplifying it:
equivalent active and reactive power is injected at the
buses to which the device is connected. The controllable
voltage injected by the series voltage source converter
info the transmission line is "V se = V_seZ 8 se. For
obtaining mathematical modeling, the coupling
fransformerimpedance (Z_se) is considered between the
sending end bus (i) and a fictitious bus (t), in series with the
fransmission line impedance (Z_Line) connected
between the fictitious bus (1) and the receiving end bus (j).
The schematic diagram of the voltage source
representation of the SSSC is shown in Figure 3.

In order to obtain the power injections, the voltage source
representation should be converted to current source
representation using Nortons theorem. In this
representation, the given voltage source in series with
impedance is converter to equivalent current source
"7l se” and in parallel with the equivalent shunt
susceptance is "Bse” (where resistance/conductance of

Bus-t Bus-j

Figure 3. Voltage Source Representation of SSSC

the coupling fransformer is assumed to be negligible). The
current source representation of the SSSC is shown in
Figure 4.

The equivalent current injected by the converter at bus-
info the fransmission line can be expressed as

1. =B, V., (M
Using this current, the complex power injected at device
connectedbuses'i'and't' canbe calculated as
5§ =P @ =V () 2)
Upon simplifying Egn. (2) using Egn. (1), we get
§7° = Vi<OIBeVee <-0u) = -VIV. B <[5~ 9.c)
=-]VVB,.COs(5,- ¢,) + VV, BN - 9.) (3)
Compare Egns (3) and (2), we get the active and reactive
powers injected at bus-i can be expressed as
P =VV,_B.siN( - 9,) & Q™ = -VV, B,.COS(5,-¢0,) (4)
Similarly, the active and reactive powers injected at bus-t
canbe expressed as
P> = VV, B.SIN(S, - ¢,) & Q™ = -VV, B.COS(8,-9,) (5)
Using these expressions, the final power injection model of
SSSC is shown in Figure 5. In this model, it is necessary to

balance the power injected should be balanced and
made equalto zero (i.e. Re(VI_*)=0).

Figure 5. Final Power Injection Model of SSSC
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2.3 Power Flow in the Presence of SSSC

It is necessary to evaluate the system performance in the
presence of SSSC by incorporating the final power
injection model into the conventional Newton Raphson
load flow analysis. The power mismatches and Jacobian
elements are modified in the final steady state power
system network equation. This can be represented as

e 21)
(6)

Here, "AP, AQ" represents the vector of real and reactive

A SSSC S88C
opP oP

Vv <
:P oP ‘” 26 oy ‘ ‘ AS
05 or +| posssc 5o ssse AV

90 20 ]
BN oV‘ ‘ a8 av [

power mismatches, “As, AV/|V| " represents the vector of
incremental changes in voltage angles and magnitudes,
0 P/3 6,0 Q/3 § are the partial derivatives of active and
reactive powers with respect to voltage angles, 9P/9V
|[V|,@Q/8V |V| are the partial derivatives of active and
reactive powers with respect to voltage magnitudes, (8
P78 8,(0 %)/ 88 are the partial derivatives of SSSC
active and reactive powers with respect to voltage
angles, (8 Q*)/d V |V| are the partial
derivatives of SSSC active and reactive powers with

PSSSC]

respectto voltage magnitudes.
2.4 Modifications in Power Mismatches

In order to consider the effect of SSSC inload flow solution,
the power mismatches at the respective device
connected buses are modified.

The active and reactive power mismatches at bus-i are
modified as

APleeW’ :A])[O +BSSSC
new 0 Sssc
AQi :AQi + Qf

Similarly, atbus-tare
APlnew — APO + P sssc
AQ new AQ +Q Sssc
2.5 Modifications in Jacobian Elements

In addition to power mismatches, the Jacobian elements
(Partial derivatives) at the respective device connected
buses needs to be modified.

Using Egns. (4) & (5), the partial derivatives of active
power with respect to voltage angle at the device

connected buses are modified as

aP/:ww aPPO 6Plj‘ss(' apl?
= + = —
o8, o8, 085, 08,

o Vv P=it

op* 8P° op™ GPO
e
a5, 68 a, 68

—L2+0 V P=iq=t;p=t,q=i

Using Ean. (4) & (5). the partial derivatives of reactive
power with respect to voltage angle at the device
connected buses are modified as

6Q;uu ) anlj . aQ;W _ 5Q;: _ pue
08 08 08 o, 7

p p p

vV P=it

6 ew a :l) a \SSSC 6 0
9 = 0 P 9 =&+0 V P=i,q=t;p=t,q=i
a, 3, %, &

4

Using Eans. (4) & (5), the partial derivatives of active power
with respect to voltage magnitude at the device
connected buses are modified as

v,

a[z;mr a[i & 6P? .
— | =l | S e
ov, "hov, 08

vV P=it

2l
OVI/

‘V Y P=iq=t; p=t,q=i

f\V\

01), i 8P0
:‘V 4
Craadry

Using Eqn. (4] & (5), the partial derivatives of reactive
power with respect to voltage magnitude af the device
connected buses are modified as

LQ;W -

\V
rs

,‘V

v P=it
[‘V

, \"Q 2

7‘V‘—+O Y P=i,q=t; p=t,q=i

2.6 Overall Compufaﬂonal Procedure with SSSC

The following steps outline the computational procedure
for applying the Newton-Raphson (NR) load flow method
in the presence of a Static Synchronous Series
Compensator (SSSC).

e Datalnitialization: Gather and input the bus datq, line
data, and SSSC data.

e Initial Assumptions: Assume a flat voltage profile with
all voltages set to 1.0 per unit and all angles setf to O
degrees. Setthe iteration counterkkkto 0.

e Power Mismatch Calculation: Calculate the active
and reactive power mismatches by comparing the
scheduled power with the computed power at each
bus.
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e Jacobian Matrix Formation: Construct the Jacobian
matrix based on the power flow equations.

e Incorporate SSSC Effects: Adjust the power mismatch
equations and the Jacobian matrix elements for the
buses connected 1o the SSSC to reflect the influence
ofthe device.

o Solve Newton-Raphson Equations: Apply the NR
method to determine the corrections for voltage
magnitudes and angles.

e Update Voltage Solution: Use the correction vector
obtained to update the voltage magnitudes and
angles.

e [feration Update: Increment the iteration counter kkk
byl.

e Convergence Check: If the maximum power
mismatch is within the specified tolerance, output
the results. If not, return to step 3 and repeat the
process.

2.7 OptimalLocation of SSSC

In order to increase the effectiveness of incorporating
SSSC in a given system and to increase the performance
of the system. For this, the fransmission lines loading (S,,,)
should be below its thermal limit (S™,). Usually, this
represents grid failures, voltage collapse conditions, etc.
In order to overcome the difficulties to manage the
system stability and to manage the power system
disturbances due to load variations. For this, the following
severity index is formulated by considering the power
flows of the overloaded fransmission lines under
contingency conditions.

Contingencies

2
Severitylndexk=ZTV‘I“[5‘;7OW’ZJ ; KV N
i= max i

Slow>

(7)
Here, NOL is the total number of overloaded transmission
lines underk™ contingency.

In this work, a Fuzzy Logic-Based Line Loading Indicator
(FLLI) to identify an optimal location for installing SSSC is
formulated. Table 1 shows the weight listing table for line
severity indexes.

The mathematical formulation of the formulated FLLI is
expressed as

S. No Condition Severity Index W,
1 Low severity Min (Severity Index,) 0.25
2 Moderate severty 0.5 x Max (Severity Index,) 0.50
3 High severity 0.75 x Max (Severity Index,) 0.756
4 Critical severity Max (Severity Index,) 1.00

Table 1. Weight Listing Table for Line Severity Indexes

Stlow, i
S max l'

Slow»>

2
FLLI, =Wy X ZNI{ ] 5 KV N oningencios
(8)
After calculating the FLLI for each contfingency, the line
contributing the least to the highest FLLI under
contingency is selected for installing an SSSC to reduce
the severity of the power system. To implement this
effectively and minimize the computational burden, the
contingency locations are considered based on the

following conditions:

¢ The transmission line connected with tap changing
fransformeris not connected.

e The fransmission line connected between buses
which are connected with shunt capacitors and
generatorsis also not considered.

3. Modelling of Static Synchronous Compensator

The Static Synchronous Compensator (STATCOM) is a
shunt-connected Flexible AC Transmission System (FACTS)
device that provides dynamic voltage support and
reactive powercompensation.

3.1 Operating Principle of STATCOM

It is necessary to regulate the voltage magnitude and
improving the transient stability in a given power system by
installing shunt compensators. The most commonly used
shunt controller is Static Synchronous Compensator
(STATCOM]) to control the voltage magnitude at the bus
which lacks the support of reactive power. The low voltage
problem in a system is due to the sudden change of
power consumption by the load. To maintain voltage
stability and to maximize the security, it is necessary to
incorporate this device in a given power system. The
connection of STATCOM with a voltage source of *VDC” at
bus-iis shownin Figure 6.

This device provides accurate reactive power
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Figure 6. STATCOM Connected at Bus-i

compensation by operating the connected voltage
source converter, When the device injects reactive power
into the system, increasing the voltage magnitude, it is
considered to be in capacitive mode of operation.
Conversely, when the device absorbs reactive power
from the system, decreasing the voltage magnitude, it is
consideredto be ininductive mode of operation.

3.2 Power Injection Model of STATCOM

This device is connected at a bus for which no generators
and shunt capacitors are connected. Here, the device is
connected at bus-i with voltage magnitude V.. This model
facilitates the simple procure of injective active and
reactive power into the system from the connected bus
based on the control mode of operation. The controllable
voltage injected by the shunt voltage source converter at
bus-i is V.=V,£ 8, For obtaining mathematical modeling,
the coupling transformerimpedance is Z, is considered at
bus-i. The schematic diagram of the voltage source
representation of STATCOM is shown in Figure 7.

Figure 7. Voltage Source Representation of STATCOM

In order to obtain the power injections, the voltage source
representation should be converted to current source
representation using Nortons theorem. In this
representation, the given voltage source in series with
impedance is converter to equivalent current source 1.
and in parallel with the equivalent shunt susceptance is
"By (where resistance/conductance of the coupling
fransformer is assumed 1o be negligible). The current
source representation of the STATCOM is shown in Figure 8.

The equivalent current injected by the converter at bus-i
canbe expressed as

T,=-B,V, ©)
Using this current, the complex power injected at device
connectedbus'i'can be calculated as

giSTATCOM — PiSTATCOM + jQiSTATCOM — V (_TSi)* [-I 0)
Upon simplifying Egn. (?) using Egn. (10), we get
§M = V<8 (-BV,<-¢ ) = -VV,B,< (8- )

=-jVV,B,c0s(5,- ,) + VV,B;sin(6,- ;)  (11)
Compare Egns (11) and (10), we get the active and
reactive powers injected at bus-i can be expressed as
PHEM =V B_siN(3, - p,) & Q™M = VV B.cos(S,- ¢,) (12)
Using these expressions, the final power injection model of
STATCOM is shown in Figure 9. In this model, it is necessary
to balance the power injected should be balanced and
made equalto zero (i.e. Re(V, 1,* )=0).
3.3 Power Flow in the Presence of STATCOM

It is necessary to evaluate the system performance in the
presence of STAICOM by incorporating the final power
injection model intfo the conventional Newton Raphson
load flow analysis. The power mismatches and Jacobian

Figure 8. Current Source Representation of STATCOM
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Figure 9. Final Power Injection Model of STATCOM

elements are modified in the final steady state power
system network equation. This can be represented as

[{AP} {Pim'r(uu :U
+ =
AQ QSTATCOM

~ STATCOM A p STATCOM
oP opP

% v Mras
+| gQSTATCOM 5 STATCOM ‘ AV
L L —_—

oP oP
S
2y

5 o a5 v V]

(13)
Here, "AP, AQ" represents the vector of real and reactive
power mismatches,

" represents the vector of
incremental changes in voltage angles and magnitudes,
9P/ 35,0 Q/9 5 are the partial derivatives of active and

reactive powers with respect to voltage angles, @ P/dV

reactive powers with respect to voltage magnitudes, (0
P8 §8,(0 QT8 &  are the partial derivatives of
STATCOM active and reactive powers with respect to
voltage angles, (8 P")/aV |V|,(8 Q™ )/aV |V| are
the partial derivatives of STATCOM active and reactive
powers with respect to voltage magnitudes.

3.4 Modificationsin Power Mismatches

In order to consider the effect of STAICOM in load flow
solution, the power mismatches af the respective device
connected buses are modified.

The active and reactive power mismatches at bus-i are
modified as

ew STATCOM
APinm — ABO + B
new 0 STATCOM
AQf = AQi + Qz
3.5 Modifications in Jacobian Elements

In addition to power mismatches, the Jacobian elements
(Partial derivatives) at the respective device connected

buses needs to be modified.

Using Ean. (12), the partial derivatives of active power with
respect to voltage angle at the device connected bus is
modified as

a f"ww _a_])PO aI)PSTATCOM — a})1? _ QSTATCOM

= I S
o5, 00 06 06 P

p p p

vV P=i

Using Egn. (12), the partial derivatives of reactive power
with respect to voltage angle at the device connected
busis modified as

new A0 STATCOM 0
an _ OQ;; " an _ an _ pSTATCOM vV P=i
05, 09, a5, 00 r

P

Using Ean. (12), the partial derivatives of active power with

respect to voltage magnitude atf the device connected

bus is modified as
Al 4

Using Ean. (12), the partial derivatives of reactive power

STATCOM
P

—\V\ +P“AT‘“M vV P=i

with respect to voltage magnitude at the device
connected busis modified as

, o 5Q,, QS)TAT(OM
r v, v, av,

Qp + QSTAT(OM Y P= i
3,

_Vp

+V | ———

P

=V

P

3.6 Overall Computational Procedure with STATCOM

The following steps outline the computational procedure
for applying the Newton-Raphson (NR) load flow method
in the presence of a Static Synchronous Compensator
(STATCOM).

e Datalnitialization: Gather and input the bus dataq, line
data, and STATCOM data.

e [nitial Assumptions: Assume a flat voltage profile with
all voltages set to 1.0 per unit and all angles set to O
degrees. Setthe iteration counterkkkto 0.

e Power Mismatch Calculation: Calculate the active
and reactive power mismatches by comparing the
scheduled power with the computed power at each
bus.

e Jacobian Matrix Formation: Construct the Jacobian
matrix based on the power flow equations.

e Incorporate STATCOM Effects: Adjust the power
mismatch equations and the Jacobian matrix
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elements for the buses connected to the STATCOM to
reflectthe influence of the device.

e Solve Newfon-Raphson Equations: Apply the NR
method o determine the corrections for voltage
magnitudes and angles.

e Update Voltage Solution: Use the correction vector
obtained to update the voltage magnitudes and
angles.

e [teratfion Update: Increment the iteration counter kkk
byl.
3.7 Optimal Location of STATCOM

In order to increase the effectiveness of incorporating
STAICOM in a given systemm and to increase the
performance of the system. For this, the bus voltage (V)
should be nearer to nominal voltage (V7). For this, the
following severity index is formulated by considering the
voltage magnitudes of the violated buses under
contingency conditions.

Contingencies

(14)

Here, NVB is the total number of voltage violated buses

o (v —prem
Severity Index, _Zi\/’l[‘[ IV’"’;’ ] ; KV N

i

underk" contingency.

In this work, a Fuzzy Logic-Based Voltage Violated bus
indicator (FVVI) to identify an optimal location for installing
STATCOM is formulated. Table 2 shows the weight listing
table for bus voltage violation indexes.

The mathematical formulation of the formulated FVWVI is
expressed as

N V _ V nom
FVVI =Wy X 3 (7 '

V nom

i

Contingencies

(15)

2
o ] ; KV N
After calculating FWVI for every contingency, the bus
which is contributing less for the highest FVWI under
contingency is considered for installing STATCOM in order
to decrease the severity of the power system. For effective

S. No Condition Severity Index W,
1 Low severity Min (Severity Index,) 0.25
2 Moderate severity 0.5 x Max (Severity Index,) 0.50
3 High severity 0.75 x Max (Severity Index,) 0.75
4 Ciritical severity Max (Severity Index,) 1.00

Table 2. Weight Listing Table for Bus Voltage Violation Indexes

implementation and to minimize the computational

burden on the system, the contingency locations are

considered with the following conditions.

¢ Thebuses connectedline having connection with fap
changing tfransformer are not connected.

e Thebuseswhichare connected

4. Implementation Methodology

To analyze the impact of both Static Synchronous Series

Compensator (SSSC) and Static Synchronous

Compensator (STATCOM) in an AC-DC load flow analysis

(ADahane & Sharma, 2024), a comprehensive

methodology needs to be followed.

4.1 Step 1: Data Acquisition

Bus Data : Gather information about all buses, including

voltage magnitudes, phase angles, active and reactive

power loads, and generation capacities.

Line Data : Collect data on transmission lines, such as

impedance, admitfance, line charging, and thermal

limits.

SSSC and STATCOM Data : Obtain parameters specific to

SSSC and STATCOM, including their locations, voltage

limits, and control settings.

DC System Data : Acquire data on the DC system, such as

converterratings, DC voltages, and DC power flows.

4.2 Step 2: Initialization

Initial Conditions : Assume initial voltage profiles (flat start)

with all voltage magnitudes set to 1.0 per unit and phase

anglesto 0 degrees.

Setinitial DC voltages and power flows.

Setthe iteration counterk=0k = Ok=0.

Initial Power Flow Solution : Perform an initial AC load flow

analysis without considering the SSSC and STATCOM to

establish abaseline solution.

4.3 Step 3: Incorporate SSSC and STATCOM Models

SSSC Modeling

Series Voltage Injection

Model the SSSC as a controllable voltage source in series

with the fransmission line, injecting a voltage VSSSC with

controllable magnitude and phase angle.
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Power Injection Model (PIM) : Derive the equivalent power
injections at the SSSC-connected buses and modify the
power flow equations accordingly.

STATCOM Modeling
Shunt Reactive Power Injection

Model the STATCOM as a confrollable reactive power
source atthe busto whichitis connected.

Reactive Power Control : Adjust the bus reactive power
injection toreflect the STATCOM's contribution.

4.4 Step 4: Incorporate AC-DC Load Flow Interaction

DC Converter Modeling : Model the AC-DC converters,
including their operating characteristics and inferaction
with the AC system.

AC-DC Power Flow Equations : Integrate the DC power
flow equations with the AC load flow equations, ensuring
proper coupling between AC and DC systems.

4.5 Step 5: Iterative Solution Using Newtfon-Raphson
Method

Power Mismatch Calculation : Compute the active and
reactive power mismatches for all buses, including the
effects of SSSC, STATCOM, and AC-DC interactions.

Jacobian Matrix Formation : Construct the Jacobian
matrix based on the combined AC-DC power flow
equations.

Modify Jacobian for SSSC and STATCOM : Update the
Jacobian matrix to reflect the power injections and
voltage corrections due to SSSC and STATCOM.

Solve Linearized Equations . Solve the linearized power
flow equations to find the voltage magnitude and angle
corrections for the AC system, as well as the DC voltage
and power corrections.

Update Solution : Use the correction vectors to update the
voltage magnitudes, phase angles, and DC
voltages/power flows.

Iteration Update ! Increment the iteration counterk=k+ 1k
=k + Tk=k+1.

Convergence Check ;| Check if the maximum power
mismatch is below the specified tolerance. If not, return
to Step 5. Otherwise, proceed to the next step.

4.6 Step 6: Output Results

Final Solufion : Output the final bus voltages, phase
angles, power flows in the AC system, and DC voltages
and power flows.

Perforrnance Analysis : Analyze the impact of SSSC and
STATCOM on voltage profiles, reactive power distribution,
and overall system stability.

5. Results and Analysis

In order to analyze the impact of power electronic based
converters on the power system performance in terms of
voltage magnitude at buses, power flow through the
fransmission lines and total power losses in a given system.
To do this, in this work SSSC and STATCOM FACTS controllers
are considered. By following the detailed modeling
presented for these controllers, these devices are
incorporated in the given system. The entire work is
divided into two cases explained as follows:

o Case-1: |dentifying optimal location for these devices
in a given system. For this, the procedure explained in
sections 2 and 3 are implemented.

o Case-2: Analyzing the impact of these FACTS
controller effect on load flow and line flow results
when compared o base case condition.

5.1 IEEE-14 Bus System

For this system, the possible installation locations for SSSC
and STATCOM are identified and shown in Table 3. From
this table, it is noted that the confingency line-9,
connected between buses 4 and 9, has the highest FLLI
value. The line contributing the least to this highest value is
line-7, connected between buses 4 and 5, which is
considered for installing the SSSC. Similarly, the FVVI value
is high for the contingency line-8, connected between
buses 4 and 7. At this contingency, the bus contributing
the least to the highest FVVI is bus-5. Hence, it is
considered for installing the STATCOM. Further analysis is
performed by installing these FACTS controllers atf these
locations.

After this, the optimal location for the HVDC link is
determined by placing the HVDC link at each possible
device installation location one at a fime and evaluating
the total power losses. The results are shown in Table 4.
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Location Contingency FLLI Fwi
No value value
Line no Frombus  To bus
1 7 4 5 290.38 7.384
2 8 4 7 227.11 9.728
3 9 4 9 312.27 8.839
4 15 7 9 293.23 9.334
5 16 9 10 301.28 9.102
6 17 9 14 287.58 8.495
7 18 10 11 295.39 9.002
8 19 12 13 288.57 8.467
9 20 13 14 290.54 7.574

Table 3. Calculated FLLI and FVVI Values of IEEE-14 Bus System

From this table, it is identified that the line-19, which
connects buses 12 and 13, has the highest power losses.
By installing the HVDC link on this line and varying the
converter control parameters, it is possible to reduce the
power losses. Further analysis is conducted by installing
the HVDC link on thisline.

In order to study the impact of installing SSSC in line-7 (4-5)
and STATCOM at bus-5 along with HVDC link in line-19 (12-
13). Variation of voltage magnitude by varying the device
control parameters with SSSC and STATCOM for the
following cases are showninFigures 10and 11.

e  ForSSSC: Varying Vse from 0 p.u. to 0.1 p.u. in steps of
0.025 p.u & Bse from 00 to 3600 in steps of 450.

e fFor STATCOM: Varying Vsi from O p.u. to 0.1 p.u. in
steps of 0.025 p.u & Bsi from 00 to 3600 in steps of 450.

It is identified that significant voltage magnitude
variations can be achieved by varying device control
parameters. Voltage magnitude variations are notably
high at the device-connected buses (4 and 5 with SSSC,
and 5 with STATCOM). It has been proven that system

Location HVDC link installed line

No TPL (kW)
No From bus To bus
1 7 4 5 12.6331
2 8 4 7 13.8800
3 9 4 9 12.8231
4 15 7 9 10.2209
5 16 9 10 10.1136
6 17 9 14 13.1554
7 18 10 11 13.1296
8 19 12 13 15.8310
9 20 13 14 13.9861

Table 4. TPL Values in Different Possible
Locations of IEEE-14 Bus System

performance can be controlled by adjusting the device
control parameters.

Table 5 shows the impact of varying control parameters
on voltage magnitudes using both the Static Synchronous
Series Compensator (SSSC) and the Static Synchronous
Compensator (STATCOM]). The voltage magnitudes (Vmin,
Vmayx) show slight variations across the buses when SSSC
and STATCOM are applied, with STATCOM generally
resulting in a more stable voltage profile. For instance, at
Bus 4, the voltage difference (Vdiff) with SSSC is
significantly higher at 0.078 p.u., compared to 0.03 p.u.
with STATCOM, indicating better voltage stability with
STATCOM. Similarly, Bus 5 shows a greater voltage
difference with SSSC at 0.064 p.u., compared to 0.047
p.u. with STATCOM. The convergence of voltage angles
(8), particularly with STATCOM, demonstrates improved
control over reactive power, enhancing overall power
quality. These observations suggest that STATCOM
provides more effective voltage regulation and stability
across the system, particularly in scenarios involving
significant reactive power variations.

Variation of power flow by varying the device control
parameters with SSSC and STATCOM for the previously
given cases are shown in Figures 12 and 13. From these
figures, it is identified that significant power flow variations
can be obtained by varying device control parameters.
Power flow variations are very high in Line 7 with SSSC, and

Bus voltage magnitude variation

Figure 10. Variation of Voltage Magnitude by Varying
SSSC Control Parameters of IEEE-14 Bus System
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Bus voltage magnitude variation

Figure 11. Variation of Voltage Magnitude by Varying
STATCOM Control Parameters of IEEE-14 Bus System

in Lines 7 and 4 with STATCOM. It has been proven that the
system performance can be confrolled by varying the
device control parameters.

Table 6 shows that the power flow differences (Sdiff)
indicate significant changes in MVA levels across several
lines. For example, Line 1 shows a notable power flow
difference of 31.819 MVA with SSSC, while STATCOM results
in a higher difference of 68.522 MVA, illustrating the more
dynamic control offered by STATCOM. Lines 2, 5, and 7
with  STATCOM
consistently yielding higher power flow differences,

also show considerable differences,

indicating its superior ability to handle power variations
across the network. However, some lines, such as Line 9

RESEARCH PAPERS

and Line 19, exhibit minimal differences in power flow
between SSSC and STATCOM, suggesting that for certain
lines, the impact of these compensators might be less
pronounced. Overall, STATCOM appears to provide more
robust control over power flows, particularly in lines with
its effectiveness in

higher initial flows, highlighting

enhancing the stability and reliability of the power system.
Variation in power loss by varying the device control
parameters with SSSC and STATCOM for the previously
given cases are shown in Figures 14 and 15. From these
figures, it is evident that significant power loss variations
can be obtained by varying device control parameters.

Table 7 shows the Total Power Losses (TPL) when using the

Line apparent power flow variation

Figure 12. Variation of Power Flow by Varying SSSC
Control Parameters of IEEE-14 Bus System

With SSSC With STATCOM
Bus Vi Vse Bse Voo Vse Bse Vi Vi Vsi Osi Vix Vsi Osi Vi
No (p.u)  (Pu)  (deg) (p.u) (P.u) (deg) (P.u) (p.u) (P.u) (deg) (p.u.) (P.u) (deg)  (p.u)
1 1.06 0 0 1.06 0 0 0 1.06 0 0 1.06 0 0 0
2 1.039 0.1 270 1.045 0.075 0 0.006 1.039 0.1 225 1.045 0 0 0.006
3 0.99 0.1 225 1.01 0 0 0.02 1.01 0 0 1.01 0 0 0
4 0.958 0.1 225 1.036 0.1 45 0.078 1.002 0.1 180 1.032 0.1 0 0.03
5 1.001 0.1 45 1.065 0.1 225 0.064 0.995 0.1 180 1.042 0.1 0 0.047
6 1.07 0 0 1.07 0 0 0 1.065 0.1 180 1.07 0 0 0.005
7 1.021 0.1 270 1.068 0.1 90 0.047 1.0563 0.1 180 1.067 0.1 0 0.014
8 1.061 0.1 270 1.09 0 0 0.029 1.09 0 0 1.09 0 0 0
9 1.018 0.1 270 1.062 0.1 90 0.044 1.046 0.1 180 1.06 0.1 0 0.014
10 1.019 0.1 270 1.056 0.1 90 0.037 1.042 0.1 180 1.054 0.1 0 0.012
11 1.04 0.1 270 1.059 0.1 90 0.019 1.05 0.1 180 1.089 0.1 0 0.009
12 1.053 0.1 225 1.056 0.1 45 0.003 1.05 0.1 180 1.065 0.1 0 0.005
13 1.044 0.1 270 1.051 0.1 90 0.007 1.045 0.1 180 1.061 0.1 0 0.006
14 1.011 0.1 270 1.039 0.1 90 0.028 1.027 0.1 180 1.038 0.1 0 0.011

Table 5. Voltage Magnitudes with SSSC and STATCOM by Varying Control Parameters of IEEE-14 Bus System
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Line apparent power flow variation

Figure 13. Variation of Power Flow by Varying STATCOM
Control Parameters of IEEE-14 Bus System

Static Synchronous Series Compensator (SSSC) and the
Static  Synchronous Compensator (STATCOM) under
varying control parameters. The Power Loss Differences
(TPLdIff) between the minimum and maximum values

reveal the impact of these devices on system efficiency.

With the SSSC, the total power losses range from a
minimum of 13.447 MW at a Voltage Source (Vse) of 0.05
p.u. and an angle (Bse) of 90 degrees to a maximum of
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40.019 MW at a Vse of 0.1 p.u. and an angle of 270
degrees. This significant difference highlights the
sensitivity of power losses to the confrol settings of the
SSSC. In contrast, when using the STATCOM, the power
losses are lower, ranging from a minimum of 9.383 MW at
a voltage source (Vsi) of 0.1 p.u. and an angle (Bsi) of 90
degrees to a maximum of 18.741 MW at a Vsi of 0.1 p.u.
and an angle of 270 degrees. This narrower range
indicates that the STATCOM provides a more stable and

efficient control over powerlosses comparedtothe SSSC.

The load flow results shown in Table 8 highlight the
performance under three different configurations, the
AC-DC load flow with an HVDC link, the system equipped
with a Static Synchronous Series Compensator (SSSC), and
the system utilizing a Static Synchronous Compensator
(STATCOM) device atthe lowest powerloss condition.

At Bus 5, where the STATCOM is connected, the system
exhibits a voltage magnitude of 1.025 p.u. with a voltage
angle of -6.208 degrees. This configuration offers a
relatively stable voltage profile, as evidenced by the less
negative voltage angle, which indicates reduced
reactive power demand. The STATCOM's ability to provide

rapid voltage support and reactive power compensation

With SSSC With STATCOM
Line Siin Vse Bse Sinex Vse Bse St Siin Vsi Osi Sinex Vsi Osi St MVA
No (MVA) (p.u) (deg) (MVA) (p.u.) (deq) (MVA) (MVA) (p.u) (deg) (MVA) (p.u) (deg) (MVA) limit
1 150.016 0.1 135 181.835 0.1 315 31.819 123.818 0.1 90 192.339 0.1 270 68.522 200
2 59.607 0.1 315 83.632 0.1 135 24.025 54.316 0.1 90 96.997 0.1 270 42.681 100
3 67.363 0.1 135 90.962 0.1 315 23.599 67.781 0.1 90 78.761 0.1 270 10.98 100
4 43.179 0.1 135 89.923 0.1 315 46.744 44.85 0.1 90 67.387 0.1 270 22.537 100
5 13.146 0.1 315 53.536 0.1 135 40.39 26.466 0.1 90 56.547 0.1 270 30.081 85
6 12.47 0.1 360 32.37 0.1 180 19.9 18.363 0.1 270 28.72 0.1 90 10.356 85
7 14.527 0.1 0 104.481 0.1 180 89.954 47.991 0.1 270 78.071 0.1 90 30.08 150
8 21.891 0.1 0 34.171 0.1 180 12.28 28.434 0.1 45 30.943 0.1 225 2.509 50
9 10.447 0.1 315 18.404 0.1 135 7.957 15.693 0.1 135 16.404 0.1 315 0.711 32
10 41.021 0.1 135 66.789 0.1 270 25768 44.126 0.1 225 49,515 0.1 45 5.388 100
11 6.172 0.1 90 17.908 0.1 270 11.736 7.66 0.1 0 9.147 0.1 135 1.487 30
12 7.867 0.1 135 9.511 0.1 270 1.644 8.101 0.1 360 8.315 0.1 135 0.214 32
13 17.782 0.1 135 24.28 0.1 270 6.498 18.892 0.1 0 19.66 0.1 135 0.768 30
14 13.353 0.1 90 23.142 0.05 315 9.789 14.043 0.1 0 22.22 0.1 180 8.177 32
15 19.774 0.1 315 32.599 0.1 135 12.825 28.249 0.1 135 29.4 0.1 315 1.151 40
16 1.589 0.075 270 9.392 0.1 135 7.803 5.704 0.1 135 7.374 0.1 0 1.67 32
17 4.15 0.1 270 12.073 0.1 135 7.923 9.491 0.1 135 10.437 0.1 0 0.946 18
18 2.185 0.1 90 13.505 0.1 315 11.32 3.628 0.1 315 5.044 0.1 135 1.417 30
19 1.535 0.1 90 3.074 0.1 270 1.539 1.698 0.1 0 1.926 0.075 180 0.227 12
20 4.544 0.1 135 12.123 0.1 315 7.579 5.584 0.1 315 6.503 0.1 135 0.919 20
Table 6. Power Flows with SSSC and STATCOM by Varying Control Parameters of IEEE-14 Bus System
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With $SSC With STATCOM
TPL,,, Vse fse TPL,q Vse Bse TPL, TPL,, Vsi Bsi TPL,, Vsi Bsi TPL,
MW) - (pu) (deg) MW) (p.u) (deg) MW) MW) (p.u) (deg) (MW) (P.u)  (deg (MW
13.44669  0.05 %0 4001907 0.1 270 26.572 9.383 0.1 90 18.741 0.1 270 9.358

Table.7 Power Losses with SSSC and STATCOM by Varying Control Parameters of IEEE-14 Bus System

' +V_=0pu voltage in phase with the line current, thereby influencing

V_.=0.025 p.u. the power flow. However, its effectiveness in stabilizing the

- V= 0.05p.u. voltage profile appears less than that of the STATCOM, as
v Vse: 0.075 p.u.

+ Vs{:= 0.1 p.u.

indicated by the steepervoltage angle.

Finally, the HVDC link in the AC-DC load flow configuration
atLine 19 results in a voltage magnitude of 1.056 p.u. with
a voltage angle of -14.965 degrees. While the HVDC link
maintains a high voltage magnitude, the significantly
negative voltage angle points to potential challenges in
managing reactive power and ensuring system stability.
The HVDC link's role in enabling long-distance power

fransmission with reduced losses is clear, yet it requires

Figure 14. Variation of Power Loss by Varying SSSC

Control Paramefers of IEEE-14 Bus System careful reactive power management to prevent voltage

instability. Variation of voltage magnitude with HVDC link,
SSSC, and STATCOM is shownin Figure 16.

_._st:: 0p.u
V_,=0.025 p.u. The line flow results shown in Table 9 provide a detailed
. VSC: 0.05 p.u.
v VSC: 0.075 p.u.
+ Vsc: 0.1 p.u.

comparison of power flows and apparent power flows
across various fransmission lines under three
; ’ configurations, AC-DC load flow with an HVDC link, a
A——¢— ¢ — +—¢—¢—0— 4 system with a Static Synchronous Series Compensator

+

(SSSC), and a system using a Static Synchronous

AC-DC [12] SSSC STATCOM
Bus VM, VA, VM, VA, VM, VA,
No p.u deg p.u deg p.u deg
1 1.06 0 1.06 0 1.06 0
2 1.045 -4.963 1.045  -5.009 1.045  -3.867
3 1.01 -12.665 1.01 12,819 1.01 -10.989
Figure 15. Variation of Power Loss by Varying STATCOM 4 1.023 -10.352 1.018  -10.468 1.022 -8.091
Control Parameters of IEEE-14 Bus System 5 1.028 -8.874 1.021 -8.703 1.025 -6.208
. . o . . 6 1.07 -14.258 1.07 14,237 1.07 -11.741
is particularly beneficial, resulting in befter voltage 7 1.063 -13.385 1.06 213.469 1.062 -11.06
regulation and enhanced system stability. In comparison, 8 1.09 -13.885 109 13469 109 -11.06
. _ 9 1.056 -14.965 1.054  -15027 1055  -12.606
the system with the SSSC at Line 7 shows a voltage 10 1.051 115.125 1.049 -15.172  1.05 112,738
magnitude of 1.06 p.u. and a voltage angle of -13.469 1087 14823 1.056 -14836 1067 -12.372
. . o 12 1.057 -15,143 1.055  -15099  1.055  -12.606
degrees. Although the voltage magnitude is maintained 13 1.054 -15.301 1.05 15,183 1.05 12,697
close to the desired level, the more negative angle 14 103 1607 1034 16097 1.085  -13.647
suggests higher reactive power demand and potential ) )
. B ) ] ] . ) ) Table 8. Load Flow Results Obtained with
instability. The SSSC primarily functions by injecting a series SSSC and STATCOM of IEEE-14 Bus System
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Figure 16. Variation of Voltage Magnitude with HVDC
Link, SSSC and STATCOM of IEEE-14 Bus System

Compensator (STATCOM) device under the lowest power
loss condition. For instance, in Line 1-2, the AC-DC
configuration achieves a power flow of 156.302 MW and
an apparent power flow of 157.611 MVA. The SSSC
configuration slightly enhances this power flow to 157.695
MW, demonstrating its effectiveness in improving power
tfransfer. Conversely, the STATCOM configuration
significantly reduces the power flow to 123.216 MW,
indicating its robust capability in managing reactive
power and enhancing system stability. Additionally, Line 4-
5 shows that while the AC-DC and SSSC configurations
maintain similar power flows (around -61.754 MW and -
58.816 MW), the STATCOM configuration increases power
flow to -76.355 MW, further highlighting its superior
performance in reactive power compensation.

Power losses (Ploss) within the system also vary significantly
across the configurations. The AC-DC configuration results
in power losses of 13.30265 MW, which slightly increase to
13.44669 MW under the SSSC configuration. However, the
STATCOM configuration stands out with a substantial
reduction in power losses o 9.38334 MW. This marked
decrease underscores the STATCOM's efficiency in
minimizing energy dissipation. Overall, while the SSSC offers
moderate improvements in power flow management
compared to the AC-DC configuration, the STAICOM
proves 1o be the most effective in reducing power losses
and stabilizng power flows across the network. The
STATCOM's ability to manage reactive power more
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effectively not only enhances system stability but also leads
to significant energy savings, making it a vital componentin
modern power systems. Variation of power flows with HYDC
link, SSSC, and STATCOM is showninFigure 17.

5.2 IEEE-30Bus System

For this system, the procedures followed to identify all
possible installation locations for SSSC and STATCOM are

AC-DC[12] SSSC STATCOM
Line Pflow, Sflow,  Pflow, Sflow, Pflow, Sflow,
no MW MVA MW MVA MW MVA
1-2 156.302 157.611 157.695 159.035 123.216 123.818
1-5 76.001 76.001 74.891 7497 54205  54.316
2-3 72865 72954 73.846 73929  67.655  67.78]
2-4 55.996 56214 57.398  57.432  44.829  44.85
2-5 41.475  41.658 40.408  40.418  26.399  26.466
3-4 -23.635 23.635 -22.716 22937  -28533 28.72
4-5 -61.764 62,238 -58.816 60.795  -76.355  78.071
4-7 28.144 29169 27.614  29.108  27.484  28.635
4-9 16.13 16.141 15809  15.809 15.746 15.753
5-6 43.946 4698 44835 46,693  45.027  47.556
6-11 7.286 8.086  7.797 8.722 7.926 8.659
6-12 7.652 7.838  7.854 8.255 7.859 8.242
6-13 17.808 1826  17.984  19.448 18.043 19.421
7-8 0 16241 0O 17.813 0 16.753
7-9 28.144 2899  27.614  28.48 27.484  28.397
9-10 5.294 6.802  4.793 6.173 4.664 6.351
9-14 9.48 10.125  9.129 9.743 9.066 9.782
10-11 -3.72 4035 -4.218 4.642 -4.348 4.606
12-13 1.486 1.486  1.681 1.856 1.686 1.838
13-14 5.597 6.265 594 6.253 6.004 6.235
Ploss, MW 13.30265 13.44669 9.38334
Iterations 5 7 6

Table 9. Line Flow Results Obtained with SSSC
and STATCOM of IEEE-14 Bus System

-=~with AC-DC
with SSSC
with STATCOM
MVA limit

Figure 17. Variation of Power Flows with HVDC Link,
SSSC and STATCOM of |IEEE-14 Bus System
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tabulated in Table 10. From this table, it is noted that the
contingency line-30, connected between buses 15 and
23, has the highest FLLI value. The line contributing least o
this highest value is line-7, connected between buses 4
and 6, which is considered for installing the SSSC. Similarly,
the FWI value is high for the contingency line-24,
connected between buses 19 and 20. Af this
contingency, the bus contributing least to the highest FVVI
is bus-3; therefore, it is considered for installing the
STATCOM. Further analysis is performed by installing these
FACTS controllers at these locations.

Afterthis, the optimal location forthe HVDC link is obtained
by placing the HVDC link at all possible device installation
locations one at a time, and the total power losses are
evaluated. The results are shown in Table 11. From this
table, it is identified that line 24, connected between
buses 19 and 20, has the highest power losses. By
installing the HVDC link in this line and varying the
converter control parameters, it is possible to decrease
the power losses in this line. Further analysis is performed
byinstalling the HVDC linkinthisline.

Location Contingency FLLI Fwi

No value value
Llineno  Frombus To bus

1 20 14 15 260.4 9.591
2 22 15 18 237.7 9.523
3 30 15 23 298.9 10.7
4 21 16 17 296.4 5.253
5 23 18 19 221.1 7.614
6 24 19 20 137.9 12.42
7 29 21 22 168.7 8.909
8 34 25 26 103.7 9.146
9 39 29 30 6.706 6.169

Table 10. Calculated FLLI and FWVI Values of IEEE-30 Bus System

Loc'\?ﬁon HVDC link installed line TPL (KW)
© No From bus To bus

1 20 14 15 5.142
2 22 15 18 5.818
3 30 15 23 5.542
4 21 16 17 2.477
5 23 18 19 9.221
6 24 19 20 9.724
7 29 21 22 9.399
8 34 25 26 10.5
9 39 29 30 4.59

Table 11. TPL Values in Different Possible
Locations of IEEE-14 Bus System

In order to study the impact of installing SSSC in line-7 (4-6)
and STATCOM at bus-3 along with HVDC link in line-19 (12-
13). Variation of voltage magnitude by varying the device
control parameters with SSSC and STATCOM for the
following cases are showninTable 12.

e  forSSSC: Varying Vse from 0 p.u. to 0.1 p.u. in steps of
0.025p.u & Bse from 00to 3600 in steps of 450.

e for STATCOM: Varying Vsi from O p.u. o 0.1 p.u. in
steps of 0.025 p.u & Bsi from 00 to 3600 in steps of 450.

It is identified that significant voltage magnitude
variations can be obtained by varying device control
parameters. Voltage magnitude variations are very high
at device-connected buses (4 & 5 with SSSC, 5 with
STATCOM). It has been proven that the system
performance can be controlled by varying the device
control parameters.

Table 12 shows the voltage magnitudes at each bus when
equipped with a Static Synchronous Series Compensator
(SSSC) and a Static Synchronous Compensator
(STATCOM]). The table reveals the effects of varying control
parameters, including voltage magnitude (Vmin and
Vmayx), series injected voltage (Vse for SSSC and Vsi for
STATCOM), and phase angle (6se and Bsi) on the voltage
profiles across different buses. For example, Bus 2 under
the SSSC configuration maintains a voltage magnitude
between 1.045 p.u. (Vmin)and 1.045 p.u. (Vmax) with Vse
setto 0 p.u. and Bse at 0 degrees. However, the STATCOM
configuration results in a broader voltage range, from
1.034p.u.to 1.16 p.u., with Vsivarying between 0.075 p.u.
and 0.1 p.u., and a phase angle shift of 225 degrees. This
increased flexibility in voltage control reflects the
STATCOM's enhanced capability to manage voltage
stability under differentload conditions.

Furthermore, the difference in voltage magnitudes (Vdiff)
between the minimum and maximum values across
buses provides insight into the overall voltage stability. For
instance, Bus 3 shows a more significant voltage variation
under STATCOM, with Vdiff reaching 0.366 p.u.,
compared to 0.055 p.u. under SSSC, highlighting the
STATCOM's superior voltage regulation capabilities.
Similarly, Buses 26, 29, and 30 exhibit more substantial
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voltage variations with STATCOM, indicating a broader
control range, which is essential for maintaining system
reliability, particularly in stressed operating conditions. The
STATCOM configuration generally provides better voltage
support across the network, leading to more stable and
efficient operation, especially in high-demand scenarios
where voltage fluctuations could otherwise compromise
system performance. These findings emphasize the
STATCOM's advantages in dynamic voltage controland its
critical role in enhancing the stability and efficiency of
power systems.

The data shown in Table 13 illustrate the impact of
integrating Static Synchronous Series Compensator
(SSSC) and Static Synchronous Compensator (STATCOM)
devices, highlighting how varying control parameters
influence these effects. For each fransmission line, the
table details the minimum and maximum power flows (in

MVA), as well as the corresponding voltage magnitude
(Vse for SSSC, Vsi for STATCOM) and phase angle (8se for
SSSC, Bsi for STATCOM) adjustments. The resulfs indicate
that both SSSC and STATCOM significantly enhance the
power handling capabilities of the lines, with STATCOM
generally providing more substantial increases. For
instance, on Line 1, the integration of SSSC increases the
maximum power flow from 175.166 MVA10 197.338 MVA,
while STATCOM further it to 344.554 MVA,

showcasing a remarkable improvement in the line's

boosts

capacity. However, the effectiveness of these devices is
closely tied to the control parameters, particularly the
phase angle adjustments. For example, in Line 6, altering
the phase angle from 90° to 270° with STATCOM results in
significant rise in power flow, underscoring the
importance of optimal control settings. Despite these

improvements, the use of STATCOM also brings the lines

With SSSC With STATCOM

Bus Vi Vse Bse Voo Vse Bse Vi Vi Vsi Osi Viex Vsi Osi Vi

No (p.u) (P.u) (deg) (p.u) (p.u) (deg) (p.u) (p.u) (p.u) (deg) (p.u) (p.u) (deg)  (p.u)
1 1.06 0 0 1.06 0 0 0 1.06 0 0 1.06 0 0 0
2 1.045 0 0 1.045 0 0 0 1.034 0.075 225 1.16 0.1 225 0.127
3 1.001 0.1 180 1.056 0.1 0 0.055 0.89 0.075 180 1.255 0.1 225 0.366
4 0.988 0.1 180 1.065 0.1 0 0.067 0.939 0.075 180 1.234 0.1 225 0.295
5 1.01 0 0 1.01 0 0 0 1.01 0 0 1.218 0.1 225 0.208
6 1.005 0.1 0 1.026 0.1 180 0.021 0.97 0.075 180 1.229 0.1 225 0.26
7 0.999 0.1 0 1.012 0.1 180 0.012 0.978 0.075 180 1.219 0.1 225 0.241
8 1.01 0 0 1.01 0 0 0 0.978 0.075 180 1.236 0.1 225 0.258
9 1.023 0.1 0 1.03 0.1 180 0.007 1.001 0.075 180 1.259 0.1 225 0.258
10 1.009 0.1 45 1.015 0.1 225 0.006 0.984 0.075 180 1.246 0.1 225 0.263
11 1.082 0 0 1.082 0 0 0 1.082 0 0 1.333 0.1 225 0.251
12 1.02 0.1 180 1.037 0.1 0 0.017 0.998 0.075 180 1.269 0.1 225 0.271
13 1.071 0 0 1.071 0 0 0 1.071 0 0 1.328 0.1 225 0.257
14 1.006 0.1 180 1.02 0.1 360 0.014 0.982 0.075 180 1.256 0.1 225 0.274
15 1.002 0.1 180 1.013 0.1 360 0.011 0.977 0.075 180 1.251 0.1 225 0.274
16 1.01 0.1 180 1.018 0.1 360 0.008 0.984 0.075 180 1.254 0.1 225 0.27
17 1.005 0.1 90 1.009 0.1 270 0.004 0.978 0.075 180 1.245 0.1 225 0.267
18 0.994 0.1 135 1 0.1 315 0.007 0.966 0.075 180 1.24 0.1 225 0.274
19 0.991 0.1 135 0.996 0.1 315 0.005 0.963 0.075 180 1.236 0.1 225 0.273
20 0.995 0.1 90 0.999 0.1 270 0.004 0.968 0.075 180 1.238 0.1 225 0.271
21 0.997 0.1 45 1.003 0.1 225 0.006 0.971 0.075 180 1.238 0.1 225 0.267
22 0.998 0.1 45 1.004 0.1 225 0.006 0.971 0.075 180 1.238 0.1 225 0.267
23 0.994 0.1 135 1 0.1 315 0.006 0.966 0.075 180 1.24 0.1 225 0.275
24 0.99 0.1 45 0.994 0.1 270 0.004 0.96 0.075 180 1.233 0.1 225 0.273
25 0.99 0.1 45 0.998 0.1 225 0.008 0.957 0.075 180 1.231 0.1 225 0.274
26 0.971 0.1 45 0.98 0.1 225 0.008 0.938 0.075 180 1.218 0.1 225 0.28
27 0.998 0.1 0 1.009 0.1 180 0.011 0.965 0.075 180 1.237 0.1 225 0.272
28 1.002 0.1 360 1.018 0.1 180 0.015 0.968 0.075 180 1.229 0.1 225 0.261
29 0.977 0.1 0 0.989 0.1 180 0.012 0.944 0.075 180 1.222 0.1 225 0.278
30 0.966 0.1 0 0.978 0.1 180 0.012 0.931 0.075 180 1.213 0.1 225 0.282

Table 12. Voltage Magnitudes with SSSC and STATCOM by Varying Control Parameters of IEEE-30 Bus System
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closer to their MVA limits more rapidly, as seen in Line 2,
where the power flow nearly doubles compared to SSSC,
approaching the system's 130 MVA limit. This suggests that
while STATCOM offers more aggressive power flow
enhancement, it requires careful management to
prevent overloading. Additionally, the differential impact
(Sdiff) between the devices highlights their
complementary nature: STATCOM tends to deliver higher
power flow improvements, whereas SSSC provides more

precise control, making it advantageous in scenarios

where fine adjustments are necessary. Ultimately, the
choice between SSSC and STATCOM should be based on
the specific needs of the power system, balancing the
desire forincreased power flow with the risk of overloading
andthe need fornuanced control.

Variation of power loss by varying the device control
parameters with SSSC and STATCOM for the previously given
cases are shownin Figures 18 and 19. From these figures it is
identified that, the significant power loss variations can e
obtained by varying device control parameters.

With SSSC With STATCOM
Line Siin Vse Bse Sinex Vse Bse St Siin Vsi Osi Siex Vsi Osi St MVA
No (MVA) (p.u) (deg) (MVA) (p.u.) (deq) (MVA) (MVA) (p.u.) (deg) (MVA) (p.u) (deg) (MVA) limit
1 175.166 0.1 225 197.338 0.1 45 22172 26.639 0.1 90 344.554 0.1 270 317.915 130
2 67.707 0.1 90 87.321 0.1 270 19.614 6.521 0.05 90 236.407 0.1 270 229.886 130
3 23.047 0.1 90 51.186 0.1 270 28.138 9.325 0.05 90 117.04 0.1 270 107.715 65
4 63.293 0.1 90 82.512 0.1 270 19.219 8.227 0.05 270 265.2 0.1 45 256.973 130
5 80.031 0.1 225 95.239 0.1 45 15.208 58.15 0.1 90 106.806 0.1 270 48.656 130
6 55.9 0.1 270 89.051 0.1 90 33.151 9.459 0.1 90 115.628 0.1 270 106.169 90
7 25,145 0.1 90 85.326 0.1 225 60.181 12.504 0.1 270 163.25 0.1 45 150.747 90
8 5.181 0.1 90 19.639 0.1 270  14.458 4,359 0.075 270 39.948 0.1 90 35.589 70
9 25.921 0.1 45 40.454 0.1 225 14.533 16.239 0.1 270 64.673 0.1 45 48.434 130
10 29.484 0.025 45 42,152 0.1 180 12.668 29.804 0.025 270 48.058 0.1 315 18.254 65
1 24147 0.1 90 32.61 0.1 270 8.463 26.689 0.1 45 40.617 0.1 180 13.927 65
12 12.863 0.1 90 17.628 0.1 270 4.765 15.11 0.1 45 20.144 0.1 180 5.034 32
13 25.795 0.1 180 29.071 0.1 0 3.276 8.205 0.1 0 46.03 0.1 180 37.825 65
14 25.102 0.1 45 32.707 0.1 225 7.604 28.087 0.1 45 35.633 0.1 180 7.546 65
15 40.083 0.1 270 57.198 0.1 90 17.114 39.163 0.1 270 55.472 0.1 180 16.308 65
16 25.433 0.1 0 37.207 0.1 180 11.774 0.888 0.1 0 55.918 0.1 180 55.03 65
17 7.721 0.1 225 9.457 0.1 45 1.736 7.751 0.1 270 8.609 0.1 180 0.858 32
18 17.188 0.1 225 24.204 0.1 45 7.015 17.138 0.1 270 20.33 0.1 90 3.193 32
19 6.105 0.1 225 13.535 0.1 45 7.43 6.292 0.1 270 9.43 0.1 90 3.138 32
20 1.233 0.1 225 2.922 0.1 45 1.689 1.382 0.1 270 2.086 0.1 225 0.705 16
21 2111 0.1 225 9.568 0.1 90 7.456 2.629 0.1 270 5.748 0.1 225 3.119 16
22 5.297 0.1 225 9.371 0.1 45 4.074 5.23 0.1 270 7.131 0.1 90 1.901 16
23 1.928 0.1 225 5.968 0.1 90 4.041 2.01 0.1 270 3.734 0.1 225 1.724 16
24 4.594 0.1 45 8.171 0.1 225 3.577 6.071 0.1 225 8.311 0.1 270 2.24 32
25 6.904 0.1 45 10.693 0.1 225 3.79 8.163 0.1 225 10.817 0.1 270 2.654 32
26 3.782 0.1 0 8.695 0.1 225 4.912 4.842 0.1 225 8.672 0.1 270 3.83 32
27 17.409 0.1 45 18.271 0.1 225 0.862 16.317 0.1 225 18.857 0.1 180 2.54 32
28 8.061 0.1 45 8.627 0.1 225 0.567 7.636 0.1 225 8.948 0.1 180 1.312 32
29 2.799 0.1 225 3.581 0.1 45 0.782 2.523 0.075 180 3.734 0.1 360 1.211 32
30  4.348 0.1 225 8.628 0.1 45 4.28 4,586 0.1 360 6.391 0.1 225 1.806 16
31 4.412 0.1 45 5.881 0.1 225  1.468 4,606 0.1 45 6.325 0.1 180 1.719 16
32 0.809 0.1 225 5.074 0.1 45 4.265 0.974 0.1 0 3.262 0.1 225 2.288 16
33 0.17 0.075 45 2.885 0.1 270 2.715 1.516 0.1 135 3.377 0.1 360 1.861 16
34 4.265 0.1 225 4.267 0.1 45 0.001 3.905 0.1 225 4.322 0.1 180 0.418 16
35 4.063 0.1 45 6.677 0.1 225 2.615 4.758 0.1 225 7.626 0.1 360 2.869 16
36 18.035 0.1 45 20.941 0.1 225 2.905 17.763 0.1 225 21.79 0.1 360 4.027 65
37 6.416 0.1 180 6.421 0.1 360 0.005 5.986 0.1 225 6.835 0.1 180 0.849 16
38 7.291 0.1 180 7.297 0.1 360 0.006 6.843 0.1 225 7.832 0.1 180 0.99 16
39 3.754 0.1 180 3.756 0.1 360 0.001 3.588 0.1 225 4.097 0.1 180 0.509 16
40 0.461 0.075 315 5.887 0.1 180 5.426 0.496 0.025 135 7.33 0.075 315 6.834 32
41 17.508 0.1 45 21.093 0.1 180 3.585 17.438 0.1 225 22.617 0.1 0 5.179 32
Table 13. Power Flows with SSSC and STATCOM by Varying Control Parameters of IEEE-30 Bus System
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Table 14 shows the Total Power Losses (TPL) when using
Static Synchronous Series Compensator (SSSC) and Static
Synchronous Compensator (STATCOM) under varying
control parameters. The power loss differences (TPLdIff)
between minimum and maximum values reveal the
impact of these devices on system efficiency.

When the SSSC is deployed, the system experiences a
minimum power loss of 17.483 MW with a voltage
magnitude of 0.075 p.u. and a phase angle of 225°. The
maximum power lossrises to 19.630 MW when the voltage
magnitude isincreased to 0.1 p.u. and the phase angle is
adjusted to 45°. The differential (TPLdiff) between the
minimum and maximum power losses with the SSSC is
2.147 MV, indicating a relatively moderate increase in
powerlosses as the control parameters are varied.

In contrast, the STATCOM integration shows a significantly
wider range of power loss variation. The minimum power
loss with STATCOM is notably lower at 11.036 MW,
achieved with a voltage magnitude of 0.05 p.u. and a
phase angle of 90°. However, the maximum power 10ss
escalates dramatically to 63.946 MW when the voltage

magnitude is 0.1 p.u. and the phase angle is 270°. This
results in a substantial differential of 52.910 MW between
the minimum and maximum power losses, which is
considerably higherthan that observed with the SSSC.

This analysis underscores the significant impact that
control parameter settings have on the powerlossesin the
system. While both SSSC and STATCOM devices can be
funed to minimize losses, STATCOM's sensitivity to control
settings is much more pronounced, leading to a much
larger variation in losses. The lower TPLmin with STATCOM
suggests that, with optimal settings, itis more effective at
reducing losses compared to SSSC. However the
potential for much higher losses (TPLmax) with STATCOM
also indicates that improper tuning could lead to
inefficient operation, making careful calibration of the
confrol parameters essential when using STATCOM.
the SSSC exhibits a more stable
performance with less drastic changes in power losses
which might be

Conversely,

across different confrol settings,
advantageous in systems where predictability and
stability are prioritized.

With SSSC With STATCOM
TPL,, Vse Bse TPL Vse Bse TPLy TPL,. Vsi Osi TPL o Vsi Osi TPLy
MW) (P (deg) (Mw) (P.u) (deg) (MW) Mw) (P.u) (deg) Mw) (P.u) (deg)  (MW)
17.48298 0.075 225 19.63044 0.1 45 21474 11.03575 0.05 90 63.94562 0.1 270 52.9098

Table 14. Power Losses with SSSC and STATCOM by Varying Control Parameters of IEEE-30 Bus System

_._Vse: 0 p.u.
V.= 0.025 p.u.
. Vse= 0.05 p.u. |+
v Vse: 0.075 p.u.
¢V, =0.1pu v

_._Vsi: 0 p.u.
V_= 0.025 p.u.
. V_=0.05p.u.
v V_=0.075 p.u.
+ V=0.1p.u.

Figure 18. Variation of Power Loss by Varying SSSC
Control Parameters of IEEE-30 Bus System

Figure 19. Variation of Power Loss by varying STATCOM
Control Parameters of IEEE-30 Bus System

28 i-manager’s Journal on Electrical Engineering, Vol. 17 ¢ No. 4 ¢ June 2024




RESEARCH PAPERS

The load flow results shown in Table 15 highlight the
performance under three different configurations: the
AC-DC load flow with an HVDC link, the system equipped
with a Static Synchronous Series Compensator (SSSC), and
the system utilizing a Static Synchronous Compensator
(STATCOM]) device at the lowest power loss condition. At
Bus 1, which serves as the reference or slack bus, the
voltage magnitude remains constant at 1.06 p.u., with a
voltage angle of 0° in all three scenarios, highlighting its
role in maintaining system stability. However, as we move
to Bus 2 and beyond, noticeable differences emerge. For
example, at Bus 2, while the voltage magnitude remains
stable at 1.045 p.u., the voltage angle varies slightly
between the AC-DC method (-5.527°), the SSSC (-5.462°),
and more significantly with the STATCOM (-2.912°). This
pattern continues across the other buses, where the
STATCOM generally exhibits a more substantial impact on

AC-DC [12] SSSC STAICOM
Bus VM, VA, VM, VA, VM, VA,
No p.u deg p.u deg p.u deg
1 1.06 0 1.06 0 1.06 0
2 1.045 -5.527 1.045 -5.462 1.045 -2.912
3 1.021 -7.986 1.016 -7.931 1.052 -0.552
4 1.012 -9.64 1.006 -9.577 1.033 -3.627
5 1.01 -14.375 1.01 -14.172 1.01 -10.343
6 1.011 -11.368 1.021 -11.264 1.02 -6.045
7 1.003 -13.13 1.009 -12.981 1.008 -8.327
8 1.01 -12.111 1.01 -11.841 1.01 -6.623
9 1.051 -14.387 1.029 -14.573 1.03 -9.177

10 1.045 -16.966 1.015 -16.305 1.017 -10.812
11 1.082 -14.387 1.082 -14.573 1.082 -9.177
12 1.058 -156.253 1.024 -15.684 1.032 -9.94
13 1.071 -156.253 1.071 -15.684 1.071 -9.94
14 1.043 -16.139 1.009 -16.605 1.017 -10.888
15 1.038 -16.23 1.005 -16.686 1.012 -10.994
16 1.045 -16.827 1.013 -16.241 1.018 -10.594
17 1.04 -16.131 1.009 -16.507 1.012 -10.965
18 1.029 -16.831 0.996 -17.292 1.001 -11.662
19 1.026 -16.997 0.994 -17.447 0.998 -11.858
20 1.03 -16.796 0.998 -17.222 1.002 -11.657
21 1.033 -16.411 1.002 -16.774 1.005 -11.275
22 1.034 -16.398 1.003 -16.759 1.005 -11.258
23 1.029 -16.618 0.996 -17.047 1.001 -11.428
24 1.025 -16.792 0.993 -17.16 0.996 -11.644
25 1.027 -16.431 0.997 -16.663 0.998 -11.242
26 1.009 -16.843 0.979 -17.1 0.98 -11.678
27 1.037 -156.948 1.008 -16.08 1.008 -10.719
28 1.008 -12.016 1.014 -11.862 1.014 -6.63
29 1.017 -17.145 0.988 -17.349 0.988 -11.987
30 1.006 -18.003 0.976 -18.26 0.977 -12.897

Table 15. Load Flow Results Obtained with
SSSC and STATCOM of |IEEE-30 Bus System

reducing voltage angle deviations, especially when
compared to the AC-DC and SSSC scenarios. The overalll
results indicate that while the SSSC provides some
improvement in voltage angle correction, the STATCOM
offers a more pronounced stabilization effect across the
bus system, reflecting its efficacy in enhancing the
voltage profile and mitigating angular discrepancies
within the network.

Table 16 shows an in-depth analysis of line flow results
within the [EEE-30 bus system under three different
configurations, the fraditional AC-DC method, and
systems incorporating a Static Synchronous Series
Compensator (SSSC) and a Static Synchronous
Compensator (STATCOM). The table lists the active power
flow (Pflow, MW) and apparent power flow (Sflow, MVA) for
each line, offering insights info how these compensators
influence power distribution across the network.

The results show that both SSSC and STATCOM have a
significant impact on power flow, particularly in reducing
overall system losses. For instance, the total power losses
(Ploss) forthe AC-DC method are recorded at 17.599 MW,
which is slightly reduced to 17.483 MW with the SSSC.
However, the STATCOM configuration leads to a more
substantial reduction in power losses, bringing the total
down to 11.036 MW. This reduction in losses highlights the
effectiveness of the STATCOM in optimizing power flow
andimproving system efficiency.

Line-specific results also reveal interesting patterns. For
example, Line 1 (between buses 1 and 2) shows a marked
reduction in both Pflow and Sflow when moving from the
AC-DC method to the STATCOM configuration. The Pflow
drops from 177.932 MW (AC-DC) to 97.116 MW
(STATCOM), indicating a significant shiff in power
distribution and potential load balancing benefits offered
by the STATCOM. Similar tfrends are observed across other
lines, such as Line 4 (between buses 3 and 4), where the
Pflow with STATCOM is 154.899 MW, compared to 77.868
MW with the AC-DC method and 77.612 MW with SSSC,
illustrating STATCOM's capability to handle higher power
flows more effectively. Additionally, the number of
iterations required for convergence varies slightly
between the methods, with the AC-DC method requiring
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5 iterations, while both SSSC and STATCOM configurations
require 7 iterations. This suggests that while STATCOM and
SSSC enhance power flow and reduce losses, they also
infroduce additional complexity that requires more
computational effortto achieve convergence.

Conclusion

Compensator (SSSC) and the Static Synchronous
Compensator (STATCOM), was conducted on both [EEE-
14 aond I|EEE-30 bus systems. The study compared
traditional AC-DC power flow methods with configurations
incorporating SSSC and STATCOM, revealing significant
improvements in system performance. Forthe IEEE-14 bus

In this paper, a comprehensive analysis of power flow and systern, both compensators effectively reduced power

loss optimization using advanced compensation losses and enhanced voltage profiles, demonstrating

devices, such as the Static Synchronous Series their potential forimproving load flow and system stability.

AC-DC [12] SSsC STATCOM
Line no Pflow, MW Sflow, MVA Pflow, MW Sflow, MVA Pflow, MW Sflow, MVA
1(1-2) 177.932 179.789 175.896 177.707 97.116 97.258
2(1-3) 83.067 83.239 82.816 83.237 6.497 6.521
3 (2-4) 45.715 45.905 46.628 47.268 9.093 9.325
4 (3-4) 77.868 77.922 77.612 77.612 154.899 154.918
5(2-5) 83.059 83.104 81.817 81.866 70.302 70.41
6 (2-6) 61.959 61.966 60.379 60.542 34.409 34.47
7 (4-6) 70.216 71.901 74.723 76.459 108.395 108.43
8 (5-7) -14.134 18.005 -15.288 16.583 -26.051 28.341
9 (6-7) 37.458 37.543 38.603 38.663 49.861 49.876
10 (6-8) 29.676 30.475 29.749 34.335 29.634 33.989
11 (6-9) 27.5 28.624 28.673 30.656 27.162 29.515
12 (6-10) 15.712 15.715 15.706 16.633 14.884 16.035
13 (9-11) 0 15.701 0 26.371 0 25.868
14 (9-10) 27.5 28.182 28.673 31.729 27.162 29.909
15 (4-12) 43.888 46.163 42.133 43.488 45.084 45212
16 (12-13) 0 10.119 0 34.486 0 28.781
17 (12-14) 7.807 8.158 7.591 7.93 7.944 8.301
18 (12-15) 17.724 18.921 16.942 18.035 18.216 19.467
19 (12-16) 7.157 7.891 6.4 6.985 7.724 8.502
20 (14-15) 1.534 1.652 1.317 1.423 1.664 1.784
21 (16-17) 3.604 3.871 2.856 2.996 416 4.464
22 (15-18) 6.004 6.264 5.588 5.791 6.331 6.608
23 (18-19) 2.765 2.88 2.352 2.415 3.086 3.214
24 (19-20) -6.74 7.225 -7.152 7.702 -6.421 6.896
25 (10-20) 9.038 9.698 9.467 10.205 8.717 9.365
26 (10-17) 5.422 7.015 6.171 7.918 4.869 6.465
27 (10-21) 15.515 18.089 15.508 18.163 15.339 17.945
28 (10-22) 7.438 8.512 7.433 8.556 7.322 8.415
29 (21-22) -2.089 2.98 -2.103 2.893 -2.27 3.105
30 (15-23) 4.837 5.457 4.262 4.84 5.107 5.752
31 (22-24) 53 5.634 5.277 5.695 5.001 5.358
32 (23-24) 1.609 1.829 1.039 1.223 1.874 2,116
33 (24-25) -1.83 1.858 -2.423 2.445 -1.863 1.915
34 (25-26) 3.544 4.261 3.547 4.265 3.546 4.265
35 (25-27) -5.38 5.759 -5.981 6.327 -5.417 5.753
36 (28-27) 18.688 18.768 19.317 20.57 18.744 19.952
37 (27-29) 6.187 6.406 6.194 6.417 6.194 6.417
38 (27-30) 7.088 7.278 7.097 7.292 7.097 7.291
39 (29-30) 3.703 3.752 3.705 3.755 3.705 3.755
40 (8-28) -0.433 0.989 -0.389 3.999 -0.501 3.985
41 (6-28) 19.183 19.202 19.777 20.549 19.313 20.028
Ploss, MW 17.59943 17.48298 11.03575
Iterations 5 7 7

Table 16. Line Flow Results Obtained with SSSC and STATCOM of IEEE-30 Bus System
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The analysis of the [EEE-30 bus system further underscored
these benefits, with STATCOM showing a more pronounced
impact on reducing total power losses from 17.599 MW in
the AC-DC method to 11.036 MW, compared to a smaller
reduction with SSSC. Additionally, STATCOM effectively
managed higher power flows across critical lines, such as
Line 4, where the power flow increased significantly,
highlighting its ability to handle increased loads while
maintaining system stability. These findings underscore the
critical role of SSSC and STATCOM in enhancing power
system efficiency, particularly in large, complex networks
like the IEEE-30 bus system, by optimizing power distribution,
reducing losses, andimproving overall system reliability.
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