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Abstract. Over the past 50 years, modern electrical systems have become more complex,
as they overrun the geographical boundaries of neighboring countries. The problem is that
the power system faces many challenges, because it is exposed to difficult operating
conditions. The phenomenon of voltage instability is the most frequent phenomenon, and
this can lead to the collapse of the power system. To avoid power outages in the system
(especially in blackout situations), the power system must be analyzed in order to maintain
voltage stability in the expected difficult operating conditions. The main objective is to
determine the maximum load capacity of the system and the causes of voltage instability.
The voltage instability problem is related to the nature of nonlinear loads, so different
load characteristics must be taken into consideration when analyzing voltage stability.
This study aims to discover the maximum load capacity required by using the continuous
power flow method (CPF) in the studied network. Then, the performance of this network
using a Flexible Alternating Current Transmission System (FACTS) will be utilized.
FACTS systems present a promising solution in improving the voltage stability by
improving the power transmission capacity and controllability of the parameters of the
existing power networks. This study will be conducted on a reference network platform
under normal working conditions, then installation of one of the FACTS systems will
show its effect on improving voltage stability. The continuous power flow method will be
used to find PV curves, which in turn will help to determine the conditions of maximum
loading while maintaining stability, and identify the bus bar with the smallest voltage, on
which the flexible AC systems will be installed. The software environment MATLAB/PSAT will
be used for modeling and simulation.
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1. INTRODUCTION

Power systems face a lot of challenges, because the energy demand is increasing
drastically nowadays. Due to that, the generated power will be increased. There are various
ways of increasing power generation. Power must reach the end consumers through the
existing transmission lines, and/or new transmission line should be built. In any case, the
loading capacity of the existing transmission lines will increase. If these transmission lines
are overloaded, the problem of voltage stability will appear [1]. The voltage profile of the
system transmission lines will be affected, and as a result, the power losses will increase.
The use of Flexible Alternating Current Transmission Systems (FACTS) systems in
specific locations of the system will solve most of the previous problems in important
power transmission lines [1]. FACTS devices will improve: loading capacity of transmission
lines voltage levels and reduce power losses under normal operating conditions and during
the occurrence of faults.

FACTS devices depend on sophisticated power electronic elements, which help
control the power flow in transmission lines. These systems can be connected in series or
in parallel to important transmission lines. Through it, this reactive and active power could
be controlled [1].

Continuous power flow method is considered one of the best methods used for load
flow analysis [1, 2, 3]. Studies have confirmed that this method is effective for studying
voltage stability in the transmission system. The CPF is characterized by reduced execution
time and computation burden, in addition to accuracy and ease of implementation. This
method has been applied to the IEEE 11-bus system.

In this paper, the following systems - SVC, TCSC and UPFC will be connected on a
specific bus-bar in the studied transmission system in order to improve the voltage stability
in it. The Continuation Power Flow (CPF) method will be used to study the impact of previous
systems on the transmission system other studies did not use CPF method to improve the
stability if transmission networks in the presence of FACTS systems.

The CPF method uses the step method in prediction and correction, therefore, the
Jacobian matrix is not considered a mono matrix. The principle of this method is to locate
the weakest transmission line, where one of the flexible alternating current systems will be
connected. Then, an analytical study will be implemented to compare the performance of
the network before and after adding the aforementioned system [1, 3, 4, 5].

2. VOLTAGE STABILITY

Voltage stability is defined as the ability of the power system to maintain the voltage
of all buses within acceptable values during normal conditions or after the occurrence of a
disturbance. The system is subjected to voltage instability when overloading occurs. The
parameters of the system will change and the voltage will drop rapidly. In this case, the
automatic control units would be unable to control the system changes and suppress them
accordingly. It may take several seconds or even (10-20) minutes to suppress the changes
in the voltage. If the disturbance keeps occurring, the voltage then becomes unstable, which
would lead to a collapse in the voltage of generators and transmission lines. In other words,
the main reason behind the instability of the power system is that the system is unable to
meet the demand for reactive power [3, 4, 5, 12, 13].
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3. P-V CURVES

The P-V curves express the changes in voltage when the reactive power of the load has
changed. These curves are the result of the implementation of load flows at different levels
of uniformly distributed loads combined with the constant power factor. When the number
of system branches increases, the time required to find these curves will also increase
because the time required to calculate the load flow will definitely increase. The P-V curves
provide the index of voltage stability of a network as well as the voltage collapse point.
Voltage stability analysis provides transmission limits through the study of P-V curves.
Moreover, these curves give the results of the entire system and determine the disturbances
which have an impact on the system blackout or emergencies [3, 4, 5, 6, 7, 12, 13].

4. CONTINUATION POWER FLow (CPF) METHOD
The CPF method consists of the following steps:

1 — Run load flow emergencies [3, 4, 5, 6, 7, 12, 13]:
The principle of continuous load flow is to trace the solutions of a nonlinear system through
the steps of prediction and correction, considering the nonlinear equations.

F(S,V,A)=0 (1)

where A is the load factor, and the value of A is between 0<A< Agitica. The following
equations give the conventional load flow for a bus i.

Pei—PLi—Pri=0
QGi_QLi _QTi =0

where Pgi, Qgi are the active and reactive generated power, respectively. Py;, Qui are the
active and reactive power of loads. Pri, Qri are the net power injected into the bus i.

Therefore, the net power equations are given as follow:
n

o :Z|vi|x|vj|x|\(ij|xsin(5i ~5,-5)

j=1

)

®)
n
Pri = 2 Ml Vi x|Yy | x cos@; - -5
j=1
2 — Expected Step:

The step size depends on the direction of the tangent at the previous solution point.
Equation (4) gives the tangent [3, 4, 5, 5, 7].

dF(5,V,2)=0 4

By applying the partial differentiation of equation (4), equation (5) is given as follow.
oF oF oF

—(08)+—(0V)+—(64)=0 5

65( ) av( ) a/1( ) ()

Therefore, the matrix is given by equation (6), where the right side of equation(6)
represents tangent vector t.
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The tangent vector t is defined in equation (9).
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Zk
By solving the equations, we find:
S| [s] [ds
V' |=|V |+0o]dV (10)
T A di

3 — Correction Step:
The correction step comes after choosing the size of the prediction step for the tangent

vector [3, 4,5, 6, 7].
do

ol dV
di
X € R2n1+n2+1 (11)

2n,—-N,—N
or xeR™ "¢ ¢
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where ny, nz the number of buses in series and n is the total number of buses in the system.
Ng is the PV generated buses and N is the number of infinite buses [3, 4, 5, 6, 7].

The extended equation is an equation from group of equations to determine the status
of the variables.

X =H 12)
Therefore, the equation resulting from a group of equations is given by (13) [3, 4, 5, 6, 7].
F(x)
{ } =[0] (13)
Xk —H

Figure 2 shows the scheme of the calculation method in the CPF algorithm [10].
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Fig. 2 Flow chart of calculation method used in the CPF algorithm [10]
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5. TYPE OF FLEXIBLE ALTERNATING CURRENT TRANSMISSION SYSTEMS (FACTS) [1]

FACTS controllers are normally connected in series or parallel to the transmission lines. These
controllers enhance the power transfer capability of the existing transmission lines. They also
improve the voltage stability of the transmission system. When subjected to external
disturbances, these controllers help the power system to regain its normal state. Effective
reactive power management is done using these controllers in transmission system [1, 11].

The series compensation results in the improvement of the maximum power transmission
capacity of the line. The net effect is a lower load angle for a given power transmission level
and, therefore, a higher-stability margin. The reactive-power absorption of a line depends on
the transmission current, so when series capacitors are employed, automatically the resulting
reactive-power compensation is adjusted proportionately. Also, because the series
compensation effectively reduces the overall line reactance, it is expected that the net line-
voltage drop would become less susceptible to the loading conditions [1, 11].

Application of series capacitors in a long line constitutes placing a lumped
impedance at a point. Therefore, the following factors need careful evaluation:

= The voltage magnitude across the capacitor banks (insulation).

= The fault currents at the terminals of a capacitor bank.

= The placement of shunt reactors in relation to the series capacitors (resonant

over-voltages).

= The number of capacitor banks and their location on a long line (voltage profile).

While, shunt devices may be connected permanently or through a switch. Shunt
reactors compensate for the line capacitance, and because they control over-voltages
at no loads and light loads, they are often connected permanently to the line, not to the
bus [1, 11].

Shunt capacitors are used to increase the power-transfer capacity and to compensate for
the reactive-voltage drop in the line. The application of shunt capacitors requires careful
system design. The circuit breakers connecting shunt capacitors should withstand high-
charging in-rush currents and also, upon disconnection, should withstand more than 2-pu
voltages, because the capacitors are then left charged for a significant period until they are
discharged through a large time-constant discharge circuit. Also, the addition of shunt
capacitors creates higher-frequency-resonant circuits and can therefore lead to harmonic
over-voltages on some system buses [1, 11].

So, FACTS systems can be classified into three main groups:
= Series control systems (like TCSC),

= Shunt Control Systems (like SVC),

= Shunt-series composite control systems (like UPFC) [1, 11].

5.1. Thyristor-Controlled Series Capacitor (TCSC)

Thyristor-Controlled Series Capacitor (TCSC) is one of the FACTS types, consisting
of a capacitor connected as in parallel with the reactance which is controlled by a thyristor,
as shown in Figure 3. Additionally, Figure 3 shows the installation of the arrester discharger
made of metal oxide to avoid the occurrence of over voltage across the unit. The series
connection of several TCSC units is used to meet the total required compensation, as
observed in Figure 4 [8, 9, 11, 12].
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Fig. 4 Series connected TCSC compensators

5.2. Static Var Compensator

The SVC is an advanced technology that is widely used for transmission applications
for several purposes. The primary purpose is usually rapid control of voltage at weak points
in the network. Worldwide, there is a steady increase in the number of installations. The
IEEE-definition of an SVC is as follows: "Static Var Compensator (SVC): A shunt-
connected static Var generator or absorber whose output is adjusted to exchange capacitive
or inductive current so as to maintain or control specific parameters of the electrical power
system (typically bus voltage) [8, 9, 11, 12, 13].

SVC is an umbrella term for several devices. The SVC devices discussed in the
following sections are the TCR (Thyristor Controlled reactor), FC (Fixed Capacitor) and
TSC (Thyristor Switched Capacitor). The components of an SVC may include: transformers
between the high voltage network bus and medium voltage bus where the power electronic
equipment is connected, a fixed (usually air-core) reactor of inductance L and a bidirectional
thyristor. The thyristors are fired symmetrically in an angle T+ in a controlled range of 90° to
nearly 180°, with respect to the capacitor voltage. The TSC is often used in order to decrease
standby losses. Figure. 5 shows a common structure of SVC [8, 9, 11, 12, 3].

Fig. 5 Common structure of SVC
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5.3. Unified Power Flow Controllers

The Unified power flow controller (UPFC) is one of FACTS, which is combined of
series and shunt FACTS. It consists of two voltage source converters (VSCs), the two VSCs
are connected to common DC capacitor bank. The first unit of UPFC is a Static
Compensator (STATCOM), which is connected VSC via parallel transformer, then to the
DC bus. The second unit is a Static Synchronous Series Compensator (SSSC). It is also
connected to the VSC via series transformer, the to the DC bus. The UPFC provides the
control capabilities in power flow and instantaneously satisfy the power flow regulation

requirements (see Figure 6).
The major control techniques are as follows [8, 9, 11, 12, 18]:
= Reactive shunt compensation or bus voltage regulation;
= Reactive series compensation or line impedance compensation [8, 9, 12, 18].

Transmission Line

Transformer

Between them, the UPFC achieves shunt voltage regulation by injecting an in-phase or
anti-phase voltage that varies within the maximum and minimum injection limits. These
limits are controlled by the ratings of the shunt converter (see Figure 7) [8, 9, 12, 18].

@_

Area 1

Shunt l A I A | LAAAJ Series

Transformer
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6. PRACTICAL STUDY BY USING MATLAB-PSAT SOFTWARE

In this research, MATLAB-PSAT (Power System Analysis Toolbox) is used to model
the power system networks. PSAT works within the MATLAB environment and is
considered one of the developed software designed to perform static and dynamic analysis
of the electrical power systems. It can be used to do the following calculations:

» Load flow,

= Continuous power flow,
=  Optimal power flow,

= Continuous power flow,

= Static and transient stability analysis of electrical networks,
= Voltage stability analysis of electrical networks during the static and transient

conditions.

Figure 8 shows the Graphical User Interface (GUI) of MATLAB-PSAT which is used
to build the electrical power network. The user can add data of the network, build the single
line diagrams using the PSAT-Simulink Library whereby the data is saved. After that, the
data is uploaded by the information file into the GUI, and the necessary studies pertaining

to the networks are then conducted.

File Edit Run Tools Interfaces View Options Ip

-l

EFaEa Eel @ (@&

Data File

[z

Perturbation File

Commang Line

l Load System J

Version 2.1

219
September 6, 2014 I { Save System J

PSAT version 2.1.9, Copyright (C) 2002-2013 Federico Milano

Fig. 8 User interface of MATLAB-PSAT

7. RESULTS AND DISCUSSION

7.1. Application of the proposed method to a standard IEEE 11-bus system

The IEEE 11-bus system is a standard system often used by power system specialists
for conducting research. Figure 9 shows the diagram of the studied network, which consists
of 11 buses, and four cylindrical rotor synchronous generators. The voltage level of the
generator is 20 kV with a capacity of 900 MVA, while the parameters of all generators
remain similar. The system has eight transmission lines, two loads and two capacitors. The
frequency is 60 HZ, while the transmission voltage level is 230 kV and the based power is

100 MVA.
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7.2. Voltage stability analysis of IEEE 11-bus system utilizing (CPF) method

Load flow analysis is implemented to calculate the voltage of buses and to determine
the weakest buses in the network during normal operating conditions. Figure 10 shows the
11-bus system modelled by MATLAB-PSAT.

Bus 0%

Fig. 10 IEEE 11-bus system modeled by MATLAB-PSAT

The continuation of power flow is analyzed by using MATLAB-PSAT, as explained in
Figure 11. The results of 11-bus system are presented in Table 1. Figure 12 presents the
voltage of all buses of the studied network calculated by the CPF method.

Table 1 CPF results under normal operating conditions

Bus.Nr.  V[p.u] Bus. Nr. V [p.u]

1 1.029 6 0.95987
2 1.0089 7 0.93523
3 1.029 8 0.90731
4 1.0086 9 0.94874
5 0.997 10 0.96691

11 0.99876

It has been observed in Table 1 and Figure 12 that the critical voltage values in the
network are the voltage of Bus 6, Bus7, Bus 8, Bus 9, and Bus10, therefore, these buses
are the weakest buses in the network, most subjected to network changes, and the
probability of voltage collapse is high compared with the other buses. The software
calculates the maximum loading factor of the network. As seen in Figure 8 (from command
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window in MATLAB), after applying the continuation power flow for the studied network,
the maximum loading factor is A = 1.1481[p. u]. In other words, the network is considered
stable before this point. However, the network is found to be unstable, after this point. That
is why it is called the maximum loading point.

Voltage M;gnﬂude Profile
r v T T

_08
3
2

08

04

0.2

o

1 2 3 4 5 6 7 8 s 10 1

Bus #

Fig. 11 Voltage of all buses calculated by CPF before adding FACTS

* Maximum Loading Parameter lambda max = 1.1481
Continuation Power Flow completed in 1.1882 s

Fig. 12 Value of maximum loading factor of the 11-bus system without the compensator

Figure 13 illustrates the P-V curves calculated by CPF method, which provide the
maximum loading factors of Bus 5 to Bus11 as a function of the voltage of the network.
Moreover, Figure 13 shows the buses which have the critical voltage in the studied
network. The critical voltage curves are the lowest among these curves, and Bus 8 is the
weakest which has the lowest curve.
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Fig. 13 P-V curves of the 11-bus system before adding FACTS
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7.3. Voltage stability analysis of IEEE 11-bus system after adding the Thyristor-
Controlled Series Capacitor (TCSC)

A compensator TCSC is connected in series with the transmission line (9-10), as
shown in Figure 14.

Bus 0L
Bus 05

. : e
ol -
@ 1 W m’ ¢ o

B 16 B ll Bl

Fne

Fig. 14 The studied network after adding the TCSC in series with transmission line (9-10)

The compensator TCSC is connected in series with the transmission line (9-10), therefore,
due to that, Bus 9 and Bus10 were found to be among the weakest buses in the network, as
mentioned in Table 1, based on the CPF results. Additionally, this line is considered as one of
the network lines, which carries the largest load and has big reactive losses (Table 2).

As observed in Table 2, the active power injected into the line (9-10) is 1406.4035 MW,
which has the biggest value. Furthermore, the active and reactive losses are 20.5187 MW
and 203.5155 MVAr respectively, while the power losses of this line is bigger than the
other transmission lines. The value of the maximum loading factor reflects on the above-
mentioned results, where the value is A = 1.1754 [p. u.] (as indicated in Fig. 15), after
adding the compensator TCSC in the line (9-10).

Table 2 Load flow results of the IEEE 11-bus before adding FACTS

To Bus Line P Flow Q Flow P Loss Q Loss
[MVar] [MW] [MVar

700
700

700
719.3377

* Maximum Loading Parameter lambda max = 1.1754
Continuation Power Flow completed in 1.4514 s

Fig. 15 The value of maximum loading factor of the 11-bus system with TCSC connected
in series with the transmission line (9-10)
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Fig. 16 presents the values of the maximum loading factor of the studied network with
the implementation of TCSC. It was found that the best location to add the compensator
TCSC is the line (9-10). In this case, the value of the maximum loading factor A is the best.
Table 3 illustrates the voltage profile of the network from the continuation power flow
method after adding the compensator TCSC in series with line (9-10).

1.18
1175 - m(9-10)
117 - (:9)
1.165 I—

(7-8)
1.16
1.155 (6-7)

Maximum Loading Factor( Lamda)

Fig. 16 Value of maximum loading factor with the TCSC connected in different locations

Table 3 Load flow results of the studied system after adding TCSC in series with the
transmission line (9-10)

Bus.Nr.  V[p.u] Bus.Nr. V][p.ul]

1 1.028813 6 0.96131
2 1.00841 7 0.938492
3 1.028533 8 0.919863
4 1.007755 9 0.965957
5 0.996724 10 0.967424
11 0.999152

Fig. 17 provides the P-V curves after adding TCSC in series with line (9-10), where the
graph shows improvement on the critical voltage levels compared with the results before
adding FACTS. These results are similar to what was presented by the reference [16], that
using TCSC compensator in the transmission network, to improve the power transfer
capacity and loading factor.

1.04
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y 5098 \ — Voo
VBuMO
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0 01 02 03 0.4 0.5 0.6 0.7 08 09 1 1.1 1.1754

Loading Parameter i (p.u.)

Fig. 17 P-V curves of the 11-bus system after adding TCSC in series with line (9-10)
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7.4. Voltage stability analysis of IEEE 11-bus system after adding the Static
Variable Compensator (SVC)

A compensator SVC is connected in parallel to busbar-8, as shown in Fig. 18.

Fig. 18 The studied network, after adding the SVC in parallel at busbar-8

The compensator SVC is connected in parallel at bushar-8, because it is the weak point
between the network buses, as mentioned in Table 1. After applying the continuous load flow
to the studied network, Table 4 presents the busbar voltages based on the CPF. It is clear that
the voltage level of all displayed busbars improved when compared with the first case. Also,
it was found that the maximum load capacity of the studied network is that the network load
capacity after linking the SVC has improved, it is: A =1.1501[p. u.] = as shown in Fig.19.

Table 4 Load flow results of the studied system after adding SVC

Bus. Nr. V [p.u] Bus. Nr. V [p.u]

1 1.0288 6 0.96945
2 1.0084 7 0.95258
3 1.0291 8 0.96411
4 1.0302 9 0.97936
5 1.0002 10 0.9915
11 1.009

* Maxium Loading Parameter laubda nax = 1.1301
Continnation Power Flow completed in 1,324 s

Fig. 19 Value of maximum loading factor after connecting SVC

Fig. 20 provides the P-V curves after adding on the SVC, where the graph shows
improvements on the critical voltage level compared with the results before adding the
FACTS system. So, this result is consistent with the reference [17], since the SVC
compensator is capable to improve and maintain the system’s voltage profile within an
acceptable limit, and will also reduce power loss, and in effect improve power transfer
capability of the system if applied.
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Fig. 20 P-V curves of the 11-bus system after adding SVC

7.5. Voltage stability analysis of IEEE 11-bus system after the addition of the
UPFC compensator

The UPFC compensator was connected between the busbars (7-8), as they are the
weakest busbars in the studied network, the rated power of UPFC was100 [MVVAR]. Figure
21 shows the modeling of the studied network in the presence of UPFC.

Fig. 21 The studied network after the addition of the UPFC between busbars (7-8)

After applying the continuous load flow to the studied network, Table 5 presents the
busbar voltages based on the CPF. It is clear that the voltage level of all busbars was
improved when compared with the first case.

Table 5 Load flow results of the studied system after adding SVC

Bus.Nr.  V[p.u] Bus.Nr. V][p.u]

1 1.028729 6 0.976393

2 1.008499 7 0.966668

3 1.028578 8 1.018

4 1.008196 9 0.970404

5 1.002375 10 0.978061
11 1.002686
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From this Table (5), the values of the studied network voltage levels, resulting from the
continuous load flow method in the presence of UPFC, have been found to be better
compared to the previous cases as in Tables (2), (3) and (4). The compensator UPFC points
to the best performance in improving the maximum load capacity of the studied network
compared with the parallel compensator and the serial compensator, as it controls the
volage and reactive power between the two busbars (7, 8). The maximum load capacity
becomes A =1.1918 [p. u.], as shown in Figure (22).

Figure (23) presents the (PV) curves of the IEEE-11 in the presence of UFPC. Thus, the
voltage levels become better when compared to the other cases, i.e., the voltage stability
margin for the studied network is better, this means that the maximum loading point (or the
so-called voltage breakdown point) is better than the other cases, therefore, the system will
stay for a long time, when compared to previous compensation cases without the system-
collapse.

These results are in agreement with what was provided by the reference [18], that there
is an improvement in the real and reactive powers through the transmission line when
UPFC is introduced, and combined FACTS system (UPFC) has the advantages like
reduced maintenance and ability to control real and reactive powers.

* Maxinm Loading Parameter lambda max = 1.151%
Continuation Power Flow completed in 1.6208 5

Fig. 22 Value of maximum loading factor after connecting UPFC

i i I i i i i i i i
0 01 02 03 04 05 06 07 08 08 1 11 11918
Loading Parameter & (p.u.)

Fig. 23 P-V curves of the 11-bus system after adding the UPFC system

8. CONCLUSION

In this research the continuation power flow method has been used to analyze the
possibility of increasing the loading capability of the electrical power systems with the
implementation of the FACTS systems (TCSC, SVC, UPFC). This study has applied the
IEEE 11-bus system. The research findings include:



(1]

[2]
[
(4]
[5]
(6]

[7]

8]
(9]

[10]
[11]

[12]

[13]

[14]

[15]

Improving Performance of Transmission Networks Using Facts Through Continuation Power Flow Method = 453

1. The CPF has been found to be an effective method in determining the best location
to connect the compensators, on the weakest node for the compensators.

2. The study concluded that the implementation of the reactive compensators (series,
shunt, or composite) increases the loading capacity of electrical networks, where
the loading factor A of IEEE 11-bus increases: from 1.1481 [p. u.] to 1.1754 [p. u.]
in the presence of TCSC, form 1.1481 [p. u.] to 1.150 [p. u.] in the presence of SVC
and 1.1481 [p. u.] to 1.1918 [p. u.] in the presence of UPFC.

3. The compensator TCSC is a source of improvement for the performance of the
network, this improvement is related to the nature of the network, its loads and line
losses.

4. The UFPC compensator shows the best performance among the compensators used
in increasing the load capacity of electrical networks, regardless of the nature of the
electrical network.

5. The use of different type of compensators (series or shunt), such as SVS &UPFC is
recommended so as to be able to compare their performance.
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