
* Corresponding author:  Francisco Jurado, E-mail: fjurado@ujaen.es  
1 Electrical Engineering Department, Faculty of Engineering, Aswan University, 81542 Aswan, Egypt 
2 Department of Electrical Engineering, Yeungnam University, Gyeongsan, South Korea 
3 Department of Electrical Engineering, University of Jaén, 23700 EPS Linares, Jaén, Spain 

 

Copyright © JES 2010 on-line : journal/esrgroups.org/jes 

 

Mahrous Ahmed 

Taher1 

Salah Kamel1 

Fatma Sayed1 

Tahir 

Khurshaid2 

Francisco 

Jurado3* 

J. Electrical Systems 17-1 (2021): 121-140 

Regular paper 

 

Load Shedding Reduction and 

Loadability Enhancement of Power 

System Using Shunt FACTS Devices  

 

JES 

Journal of Journal of Journal of Journal of 
Electrical Electrical Electrical Electrical 
SystemsSystemsSystemsSystems    

 

In this paper, Improved Moth Flame Optimization (IMFO) algorithm is implemented to restore 
power flow solvability by transferring of adequate amount of load shedding (LS) through the power 
system. Shunt Flexible Alternating Current Transmission System (FACTS) devices including 
Static VAR Compensator (SVC) and Static Synchronous Compensator (STATCOM) are 
incorporated with the system for obtaining better reactive power support. Maximum power system 
loadability is obtained using Continuation Power Flow (CPF). Both of normal operation and 
contingency conditions for generator and bus outages are considered for the fruition of the 
validity of the suggested method to operate under various conditions. The proposed approach is 
validated using IEEE-30 bus standard test system. The obtained results manifest the capability 
of the suggested method to reduce the LS values leading to continuous service to the customers 
and the capability of preventing voltage collapse and restore the bus voltages to the permissible 
limits. The emulation results reveal the effectiveness of the suggested method for enhancement 
of the power system loadability. 

Keywords: Power System; Load Shedding, Loadability, FACTS, SVC, STATCOM, Optimization; 

Improved Moth Flame Optimization.  

 

1. Introduction 

The electricity supply is considered as the measure of advancement of the country’s 

economic advancement. The essential aim of power systems is to fulfill the energy 

requirements for the customers of continuous service and high level quality of production. 

Voltage stability is an indispensable issue for any power system that affected by weak voltage 

profile, excessive reactive power flow, deeply loaded power system. Due to incessant 

increasing of load demand, voltage collapse occurrence is expected which may lead to system 

blackout. Contingency conditions, severe load variation, and inadequate generated power can 

make mismatch between the generated power and load demands. When the generated power 

is inadequate for load demands, LS procedures are necessary to preserve equilibrium of the 

power system. Previously, a lot of methods were used for LS such as; indiscriminate load 

diminution, mean load diminution, bus significance load diminution [1], bus closeness load 

decrease [2-4], and optimal load diminution [5-8] methods. Many methods are implemented 

in the modern power systems, but LS still the last shelter which protects the system from 

failure when it is exposed to calamitous voltage collapse. Substantially, LS is divided into 

two patterns; Under Voltage LS (UVLS) which depends upon voltage criterion and Under 

Frequency LS (UFLS) that depends upon frequency criterion [9], where power system 

frequency is implemented to check the need to LS under emergency conditions. UVLS has 

the disadvantage of less discrimination capability. Improper discrimination of LS is resulted 

by Voltage Stability Margin (VSM) [10]. Failures of power equipment causes overload of 

branches, then simple and easy implemented LS methods are used to compute the resulted 
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decrease in loads even for one or many failures and remove the overload of the branches. The 

main concern of LS is doing it in a suitable and fast procedure to prevent the system from 

failure. The manifestation of determining precise quantity and optimal location of LS. The 

accuracy and reliability of the advanced static relays guarantees obtaining safe and consistent 

LS and ultimately restore the power flow. Non-Linear Programming (NLP) is implemented 

to obtain LS in order to maximization of reactive power [11]. Linear programming (LP) has 

been executed to compute the predicted LS and improvement of the power system loadability 

[12]. In [13] LS depends upon the basis of LP optimization to study power system operation 

near the Maximum Loading Point (MLP) under emergency conditions has been applied. 

Emergency study of line outage from service has been applied using contingency ranking to 

identify the critical lines, MLP is calculated for both of normal operation and various 

emergency conditions in [14]. Optimum LS method dependent upon VSM at the MLP has 

been implemented in [15]. Enhancement of the LS efficiency using mathematical model has 

been carried out in [16].  Both of adjusting the frequency changing rate to find the generated 

power related to load disturbance and recognizing the most sensitive bus to LS according to 

voltage changing rate, have been implemented simultaneously in [17]. LS with FACTS 

devices have been applied to forestall voltage collapse of the power system [18]. Sensitivity 

of load index has been implemented as the bases of LS  method [19]. Multi types of voltage 

stability indices are applied to investigate voltage collapse. The suggested indices are 

implemented to assign the most weak buses, lines and areas within the power system and 

provide sufficient parameters about the nearby of the system to voltage collapse [20]. Voltage 

stability index (Lmax) has been implemented as the basic indicator to select buses for LS for 

the purpose of optimal LS using both of traditional Particle Swarm Optimization (PSO)  and 

correlated assembled PSO [21]. Lmax has been applied for optimal LS method under 

contingency condition [22]. New Lmax indicator used singularity of Jacobean matrix load flow 

as a basis has been applied to predict voltage collapse of power system in [23]. Several 

optimization techniques have been applied by UVLS like; Genetic Algorithms (GAs) [24, 

25], and PSO [26, 27]. In this paper, a new approach is suggested for minimization of LS and 

maximization of power system loadability based on application of IMFO algorithm which 

merged with CPF, shunt FACTS devices are installed with the proposed system. Also, Lmax 

is computed to predict the voltage stability to avert voltage collapse. The severity index is 

calculated to detect the line flow. The implemented FACTS devices are SVC and STATCOM 

that are capable of injecting current into the power system. STATCOM can fulfill the 

function of absorbing or delivering reactive power at high speed response. This function 

enables more apparent power to be transferred via Transmission Line (TL) and enhance the 

power system stability through adjusting of its parameters [28]. The main benefits of SVC 

are controlling voltage levels for all buses and reactive power.  So that it can improve the 

stability of power system and increase power transmission capability under normal and 

critical situations. MFO [29] is one of the a latest optimization methods based on the motion 

of moths around an artificial lighting which represented by spiral function. IMFO is an amend 

type of MFO. IMFO based on modifying the trajectory of moths around the flames in 

hyperbolic spiral [30]. IMFO has been applied to find optimum power flow problem in [31].  

IMFO algorithm is applied to optimize the required objectives in this work. The proposed 

approach aims to solve LS problems on the basis of optimization. Section 2, introduces 

modeling of STATCOM and SVC. Section 3, introduces the concept of loadability. Section 

4, introduces the arithmetical expression of the problem. Section 5, introduces the 

implemented IMFO method. Section 6, discusses the simulation results. Eventually, 

conclusion of the implemented work in this paper are summarized in section 7. 
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2. FACTS modeling  

The suggested shunt FACTS devices in this work including STATCOM and SVC.  

2.1.  Modeling of SVC 

SVC consists of parallel fixed capacitor with Thyristor Controlled Reactor (TCR) as 

shown in Fig, 1. The model of SVC represent it as changeable reactance that is capable of 

injecting or absorbing reactive power via the power system. The essential advantage of the 

suggested model is avoiding the modifications of the main part of load flow algorithm 

(Jacobian matrix). Consequently, the complexities of incorporating this device in load flow 

codes are reduced. The injected current by SVC can be expressed as follows:  

���� = ������	                                                                         (1) 

The reactive power that injected from SVC is represented according to the following 

equation:     
��� = �����	�                                                                       (2) 

 

Fig ,1. Schematic diagram of SVC 

where; �	 is the bus voltage, ����  is the net output suseptance. 

 ����  can be formulated as follows:  ���� = ( �� + �)                                                                        (3) 

Subjected to:  �����	� ≤ ���� ≤ �������                                                                     (4) 

where;  �� represents the voltage reference, K represents the gain of the SVC. �����	� and ������� represents the upper and lower boundaries of the ���� . In the boost limit of SVC, it 

works as a fixed parallel capacitor. So that, it is better to add a capacitor that able to switch 

on and off in order to reserve the characteristics under control. The mechanical operated 

switch have the advantage of resetting the SVC to its original state before the disturbance, 

therefore it will be ready for the next operation. SVC is comparatively high cost device that 

is vastly implemented because of their ability to enhance the transient stability of the 

systems after large disturbances through its high speed and accurate voltage regulation. 

However, the considerable demerit of SVC is its operation as normal parallel capacitors at 

its maximum output because the produced output reactive power is in direct proportional to 

the squared voltage.    
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2.1.1 Optimal location of SVC 

Optimal location of SVC is very paramount for fast and effective operation of power 

system. In this work, the optimum allocation is obtained by CPF and Voltage Stability 

Index (VSI).  The VSI is an indicator which can be calculated from load flow analysis of 

PQ buses, where its range lies between 0 (at no overloading) to 1.0 (at voltage collapse). 

The bus having high VSI is considered the critical bus which suitable to locate SVC. 

 

2.2.  Basics of STATCOM 

    STATCOM works on the basis of Gate Turn Off (GTO) thyristor. The basic principle and 

equivalent circuit of STATCOM are indicated in Fig. 2 and Fig. 3, respectively.  
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Fig, 2. Schematic diagram of STATCOM      Fig, 3. Equivalent circuit of STATCOM 

STATCOM can be widely applied in the practice, so that investigations of the various control 

functions and modeling under steady state and control operation have the same importance. 

Then it is possible to utilize various control schemes to obtain the ultimate benefits of 

STATCOM applications. The working principle of STATCOM depends upon voltage source 

inverter that is capable of generating regulated AC voltage which lags the coupling 

transformer leakage reactance. Consequently, the resulted voltage variation through the 

reactance produces exchangeable power via the STATCOM then through the entire power 

system [32, 33].   

2.2.1 Operation of the STATCOM 

       Real and reactive power sources are calculated as follows: 

� = ������	���                                                                                 (5) 


 = ��(����������)�                                                                           (6) 
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Where; Vk represents the voltage of the bus k, Vsh is the generated voltage by STATCOM, x 

represents the reactance of STATCOM and δ is the phase angle of Vsh. At steady state 

condition, the voltage Vsh will be in phase with the voltage Vk, i.e. (δ = 0) consequently, there 

will be no active power flowing from SVC i.e. (P= 0) and the reactive power flowing will be 

represented by the following equation;  


 = ��(������)�                                                                                 (7) 

When Vsh< Vk, Q will flow from Vk to Vsh. On the contrast, when Vsh> Vk, Q will flow from 

Vsh to Vk. The capacitor of the DC side of SVC is considered as voltage source. STATCOM 

operation is organized in two modes; the first is the voltage regulation, where it is regulated 

within specified limits. The second is VAR control, where the output reactive power of 

STATCOM is fixed [34]. 

3. Loadability concept 

The loadability or the loading margin is an important indicator which can be computed 

according to the maximum loadability point (MLP). MLP is defined as the maximum 

operating point or it can be elucidated as the ultimate loading point that the system will not 

able to operate beyond it. Also, no solutions can be found for the power flow equations [35]. 

It is essential nowadays to enhance the total loadability of the existent system to reserve extra 

power.  

3.1.  CPF 

CPF is considered as powerful strategy that gives the desired information of the power 

system at the edge of voltage stability [36]. The CPF is an efficient technique which broadly 

used to find MLP of the power system. To construct CPF method, predictor and corrector 

arrangement is utilized. The load flow equations include loading factor λ are elicited. 

Beginning with normal operating power flow solution for a defined base case, the tangent 

vector is utilized as the predictor for the consecutive solution. The resulted solutions are 

corrected through Newton Raphson method incorporated with little variations including the 

parameters of CPF. This series of steps is frequent until reaching to voltage collapse. 

Parameterization is very important to compute CPF which is defined as representing of the 

obtained solutions upon the correlated branches of the power system. Milano et al proposed 

a study to combine CPF and OPF [37].  

 

3.2.  Emergency condition 

It is important to analyze electrical system when it is subjugate to intense events. The 

emergency or contingency analysis is concerned with studying the effects of disconnection 

of the network equipment like; generators and transformers on the power flow, voltages, and 

other important parameters of the power system [38]. After analyzing the condition, a 

solution should be suggested and implemented. In this paper, both of the LS and the 

loadability are studied, where emergency conditions in the form of generator and TL outages 

are investigated. Solution is proposed to remedy the effects of emergency by optimal LS and 

incorporating FACTS devices to provide reactive power support. The relationship between 

the LS and the loading margin during emergency is shown in Fig. 4, where the total consumed 

active power is reduced after the contingency condition is occurred. The solid line (blue) 

referred to normal operating case before emergency, while the dotted line (red) referred to 

the case after emergency. The influence of emergency reflected to the system by pushing it 

to voltage collapse, point 1 shifts to point 2 which is close to saddle node or voltage collapse 
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point or MLP. To overcome this problem, LS can be implemented for enhancement of the 

system security. This action can be achieved by incorporating UVLS which is capable of 

moving the operation point into 3 which is minimum loading margin λmin [39].     

 
Fig, 4. Loading margin into the load shedding scheme. 

4. Problem formulation 

     Optimal LS and optimal placement of STATCOM and SVC are applied simultaneously 

under normal and contingency state.  

 

4.1.  Objective function 

The main objective function is expressed according to the following equation: 

  � !"# $∑ &	'�(	 ) �(	'�*+	,-  � ∑ .	'
(	 ) 
(	'�*+	,- / � 0-1��� � 0-� -
2345� �

                                    0�  ∑ 6 �73
�733458� � �9#:;<=*>�,-                     (8) 

where, ?� represents the number of buses, �(	  and 
(	 represent the real and reactive power 

of load at bus i before load shed, �(	  and 
(	  are the real and reactive power of load at bus i 

after load shed, &	, .	 , 0- and 0�  are weighting factors, and AB�, AB����  represent the current 

and maximum apparent power in TL (m), respectively. The main goal of the proposed LS 

with STATCOM and SVC is to shed the minimum amount of load for each bus, enhance 

Lmax, increase the loadability and remove or relieve the overloading of TLs. All these 

objectives lead to prevent occurring both of; voltage instability, voltage collapse and power 

system blackout. Consequently, the performance of the system can be enhanced. 

 

(i) LS concept 

LS is a contingency controlling operation to guarantee the system stability, preclude voltage 

collapse, blackout under critical situations and restore system to its ordinary condition. The 

optimum LS can be calculated according to the following equation: 

  - � min $∑ &	'�(	 ) �(	'� � .	'
(	 ) 
(	'�*+	,- /                           (9) 

(ii) VSI concept 
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Voltage instability may causes consequence of inadequate reactive power source in power 

system, so that it should be determining method to predict the voltage stability for preventing 

voltage collapse. Lmax or L-index is carried out to indicate the nearby of the system to voltage 

collapse, can be expressed according to [40] as follows: 

 The current and voltage relation can be given as: 

�FG� � HFG�  × �FG�                                                                     (10) 

Then, the following equation is concluded:   

J�B�K L �  JMBB  BKKB HKKL J �B�KL                                                        (11) 

Lmax of �<ℎ node is calculated as follows: 

1� � O1 ) ∑  	Q*R�	,- �S
�TO                                                         (12) 

This index is calculated for all �
 buses, its maximum value is expressed as follows: 

 � � min�1���� �  !"#�max�1�� �        # � 1,2, … . . # � 1,2, … , ?�
        (13) 

(iii) Loadability of the power system 

F3 represents the loadability term of the objective function can be represented as follows: 

 Z � 1/λ���                                                               (14) 

(iv) Over loading lines 

The transmission system reaches to overloading when the apparent power flow in the 

line surpasses the permissible limits. This rises the current flow at that line. The outage of 

TL is more serious from outage of generator because it is not only causing changes in line 

flow only but also changes in system configuration.  So that a method is required to calculate 

the severity of the line flow. In this work, the severity factor is used to detect the line flow 

can be expressed as follows [41]: 

A9]9^"<= _ �#`9a � ρ�  ∑ 6 �73
�733458�*>�,-                                         (15) 

  c � !"#�A9]9^"<= _ �#`9a� � !"# dρ� ∑ 6 �73
�733458�*>�,- e            (16) 

 where, ?;  is number of lines, AB�  and AB���� are the normal and the maximum apparent 

power in TL (m). In this work, the single line contingency is performed using severity index. 

4.2.  Constrains  

4.2.1. Equality operating constrains  

Real and reactive power balance equations (equality operating constraints) are the power 

flow equations. 
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4.2.2. Inequality operating constrains  

Inequality constrains are the operating limits of generator, apparent power flow, 

transformer tap settings, Shunt VAR compensator, amount of LS, and the FACTS devices 

constraints. Where, the constraints of LS amount can be represented as follows:  

 

 �(	�	� ≤ �(	 ≤ �(	���              " = 1,2, … , ?��                         (17) 

 
(	�	� ≤ 
(	 ≤ 
(	���              " = 1,2, … , ?��                       (18) 

FACTS devices constraints including SVC and STATCOM are reported as follows:   

)10g�hi ≤ 
��� ≤ 10g�hi                                             (19) 

)50g�hi ≤ 
�klk�mn ≤ 50g�hi                                     (20) 

5. Proposed technique 

5.1.  MFO technique 

MFO [29] is one of the recent efficient optimization techniques which considered as 

population dependent algorithm. MFO is created on the basis of emulation of the attitude of 

moth's voyage at nights. Moths employed particular type of movement known as transverse 

orientation, where moths are flying with constant angle related to the moon as shown in Fig, 

5. This manner is efficacious tool to travel protracted space at upright track because of big 

space separating moths to the moon. Practically, moths move spirally around light source 

keeping an angle analogous to moon lights as depicted in Fig, 6. 

  

 

Fig, 5. Transverse orientation 
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Fig, 6. Spiral route around artificial light 

5.1.  MFO mathematical formulation 

To represent the MFO algorithm mathematically, the following procedure is followed; 

the matrix X represents the entire moths, where the array OX sorts the identical fitness values. 

Analogues to X, the matrix Y represents the entire flames, where the array OY sorts the 

identical fitness values according to the following equations:   

X= oa-,- p a-,Fq r qa�,- p a�,Fs                                                    (21) 

tu =
vw
ww
xtu-tu�q.tu�yz

zz
{
                                                                      (22) 

Y = |H-,- p H-,Fq r q �,- p H�,F
}                                                    (23) 

tH =
vw
ww
xtH-tH�q.tH�yz

zz
{
                                                                       (24) 

Where; a is the count of moths, b is the count of variables. The general construction can be 

expressed as follows: 

MFO = (I, P, T)                                                   (25) 

where; I is the population which created randomly, P is the intended function that run up to 

confirm termination criterion T. Updating of every moth related to flame can be represented 

by the following spiral functions; 

Mi = S (Mi, Fj)                                                        (26) 
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where; S denotes spiral route function. Mi, Fj denote the i-th moth, the j-th flame. Spiral 

functions are subjected to the following circumstances; 

• The starting point is the moth.  

• The ending point is the flame. 

• The value of the function should not go beyond the search space.  

The essential movement of moths to update their positions around flames is considered 

logarithmic spiral, consequently the main function of MFO framework is represented 

mathematically as follows: 

S (Mi, Fj) =  Di. 9F~  .����2�<) +  Fj                  (27) 

where; Di is the separating space from Mi to Fj by implementing the Euclidean measure, b is 

a fixed value that defines the style of spiral path, t is a parameter in the exponential term 

within [-1, 1] responsible for assigning the closeness of the moth with respect to flame where 

(t = -1) denotes the nearest and (t = 1) denotes the farthest separation between them. Di is 

represented as follows: 

Di = | Fj - Mi|                                                         (28) 

When moths amend their place related to flame, the exploitation may be negatively affected 

to find the promising solutions. To solve this problem, an adjusting method is employed 

which represented as follows: 

Flame no = (N-l � *�-k  )                                           (29) 

where; N and T are the current and maximum count of flames and l is the current count of 

iterations. Movement of the moths in spiral path encourages them to fly surrounding the 

flame and not necessary in the gap separating them as indicated in Fig, 7. Both of arrows 1, 

3 and 5 reveal the exploration as the proceeding location of flame outside the gap separating 

moth and flame, whereas the arrow 2 pointing to exploitation for the next location found 

within the search space.  

 
Fig, 6. Exploration and exploitation of MFO 
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5.2.  IMFO concept 

As mentioned previously, the basic principle of MFO is the movement of moths. 

Similarly IMFO which proposed by Soliman et al [30] is established  on the working principle 

of MFO with modification of the trajectory of moths. The main path of MFO is represented 

mathematically in (27) which modified to construct another path for the moths surrounding 

the flame to represent IMFO. 

5.2.1 IMFO mathematical formulation 

Movement of moths in IMFO is considered hyperbolical spiral function in transcendent curve 

that comprised from sine and cosine terms which can be measured physically. The 

commonplace transcendent functions can be assorted into the following functions and their 

inverses; logarithm, the exponential, and the hyperbolic functions. The hyperbolic function 

is considered the inverse of Archimedean spiral as indicated in Fig, 8. Mathematical 

representation of hyperbolic spirals can be formulated as rH= f (θ), where θ is the polar angle, 

a is a fixed value determines the starting point of the spiral. Equal distances are separating 

the spiral branches from each other. In general, spiral curves is expressed as follows: 

 

r= aθ1/n                                                               (30) 

Assume a>0, many spirals can be created according to change the value of n. 

Archimedean curve can be representad as r= aθ [42]. The basic function of IMFO framework 

is represented by modifying the Archimedes' spiral is expressed as follows: 

 

S (Mi , Fj) =  Di . <  .����2�<) +  Fj                          (31) 

 
Fig, 8. Hyperbolic spiral 

  

6. Discussion and results 

To check the performance and robustness of the proposed approach, IEEE 30-bus test 

system is used. The limits of generation for the proposed test system are shown in Appendix 

A1. The maximum capacity of the system including active and reactive power are; 283.4 

MW and 126.2 MVAR, respectively. All the programming works are achieved using 

commercial MATLAB-2014a software through 2.8 GHZ, Intel core i7 processor, 4 GB RAM 

PC. In this paper three cases are proposed; normal operation, outage of generator, and outage 

of transmission line. Minimum load shedding considered in this paper for each bus is 0.0, 

while the maximum value is the total load of the bus. The IMFO algorithm is implemented 

to solve the optimal load shedding problem including the optimal allocation SVC and 

STATCOM, the voltage stability index, the loadability of the power system, and the severity 

index of the transmission lines. The required objectives are formulated in the multi-objective 
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function (9). A comparison is held between the obtained results with incorporating SVC and 

that obtained with STATCOM.   

6.1.  Case 1: Normal state 

In this case, the suggested system is operated normally with installing FACTS devices 

and load shedding apparatus. The optimal solutions of load shedding and the control variables 

for this case are indicated in Table 1 and Table 2.  From Table 1, the total active load shedding 

with SVC, STATCOM are 282.604 MW and 253.42 MW, respectively. So that, the load 

shedding is reduced by 10.3268% with STATCOM compared to SVC. From Table 2, the 

obtained loading factor stability � values with SVC and STATCOM are 1.470 p.u and 1.511 

p.u. Hence, the loading factor is enhanced by 2.7134% with STATCOM above SVC. It is 

noted that the voltage stability index Lmax obtained when installing STATCOM is improved 

compared to installing SVC, where it is decreased from 0.148 p.u to 0.0984 p.u, which gives 

reduction of 33.514%. In addition, voltage profile obtained when installing STATCOM is 

improved compared to installing SVC, where it is decreased from 0.551 p.u to 0.3665 p.u, 

which gives reduction of 33.485%. Reduction in Lmax and Voltage Deviation (VD) with 

applying the suggested method leads to avoiding voltage collapse.  The cost function is 

reduced from 61.298 to 58.1276 with incorporating STATCOM and SVC, respectively. 

Hence, the cost function of STATCOM is lower than SVC, leading to better quality of the 

solutions of STATCOM compared to SVC.  

 

Table 1 Comparison of optimal values of load shedding for case #1 

Bus SVC (MW) STATCOM(MW) 

2 21.700 21.700 

3 2.399 2.400 

4 7.600 7.600 

5 94.200 94.200 

7 22.800 22.800 

8 30.000 30.000 

10 5.800 0.81 

12 11.200 6.200 

14 6.200 6.200 

15 8.199 3.280 

16 2.802 3.500 

17 9.000 4.000 

18 3.200 3.200 

19 9.483 9.500 

20 2.200 2.200 

21 17.485 17.50 

23 3.200 -1.80 

24 8.692 3.70 

26 3.445 3.50 

29 2.400 2.33 

30 10.600 10.60 

Total 282.604 253.42 
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Table 2 Optimal solutions for case #1 

Control Variables Min Max SVC STATCOM 

PG1(slack) (MW) 50.000 200.000 70.127 81.007 

PG2 (MW) 20.000 80.000 80.000 79.999 

PG5 (MW) 15.000 50.000 50.000 50.000 

PG8 (MW) 10.000 35.000 35.000 34.918 

PG11 (MW) 10.000 30.000 30.000 29.818 

PG13 (MW) 12.000 40.000 21.492 12.000 

V1  (p.u) 0.950 1.100 1.025 1.01134 

V2 (p.u) 0.950 1.100 1.019 1.03561 

V5 (p.u) 0.950 1.100 0.978 0.983229 

V8 (p.u) 0.950 1.100 0.990 0.985198 

V11 (p.u) 0.950 1.100 0.996 0.991394 

V13 (p.u) 0.950 1.100 0.993 0.956208 

T11 (p.u) 0.900 1.100 0.996 0.983122 

T12 (p.u)  0.900 1.100 0.989 0.991476 

T15 (p.u) 0.900 1.100 0.993 0.966441 

T36 (p.u) 0.900 1.100 0.992 0.972084 

Qc10 (MVAR) 0.000 5.000 0.081 4.99039 

Qc12 (MVAR) 0.000 5.000 4.997 5.000 

Qc15 (MVAR) 0.000 5.000 2.349 4.91979 

Qc17 (MVAR) 0.000 5.000 5.000 5.000 

Qc20 (MVAR) 0.000 5.000 4.968 0.000 

Qc21 (MVAR) 0.000 5.000 5.000 0.000 

Qc23 (MVAR) 0.000 5.000 5.000 4.99952 

Qc24 (MVAR) 0.000 5.000 5.000 4.99963 

Qc29 (MVAR) 0.000 5.000 0.015 0.07022 

Qcopensation (MVAR) - - 1.971 15.34406 

FACTS (location)   30(15-23) 7 (4-6) 

Loading stability margin (p.u)   1.470 1.5117 

Active power loss (MW)   4.026 3.157 

Reactive Power Loss (MVAR)   -24.980 -14.57 

Voltage stability index (p.u)   0.148 0.0984 

VD (p.u)   0.551 0.3665 

Cost Function   61.298 58.1276 

 

6.2.  Case 2: Outage of generator unit  

In this case; the generation unit at bus # 2 is outage, load shedding is considered with 

incorporating FACTS devices. The optimal solutions of load shedding and the control 

variables for this case are indicated in Table 3 and Table 4.  According to Table 3, the total 

active load shedding with SVC, STATCOM are 253.26 MW, 283.034 MW, respectively for 

the connected load 283.4 MW. So that the load shedding with STATCOM is less than SVC 

by 10.6351%. From Table 4, the obtained � values with SVC and STATCOM are 1.41086 

p.u and 1.45764 p.u, respectively. So that � is enhanced by 3.2093% with STATCOM 

compared to SVC. To compare this emergency case with normal operation of case 1, the 

value of � is decreased from 1.470 p.u to 1.41086 p.u and from 1.5117 p.u to 1.45764 p.u for 

SVC, STATCOM, respectively. So that, the value of � is decreased to provide its minimum 
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value that is enough to prevent voltage collapse. It is noted that the voltage stability index 

Lmax obtained when installing STATCOM is improved compared to installing SVC, where it 

is decreased from 0.1412 p.u to 0.1207 p.u, which gives reduction of 14.5184%. In addition, 

voltage profile obtained when installing STATCOM is improved compared to installing 

SVC, where VD is reduced from 0.4801 p.u to 0.2959 p.u, which gives reduction of 38.367%. 

Great reduction in Lmax and VD with applying the proposed coordination approach leads to 

avoiding voltage collapse. The cost function with incorporating STATCOM is 62.6955, 

whereas its value with incorporating SVC is 61.6204. Hence, the cost function with 

STATCOM is lower than SVC, leading to better quality of the solutions of STATCOM 

compared to SVC.  The convergence characteristics and PV curves comparison for this case 

is shown in Fig, 9 and Fig, 10, respectively. It noted from the obtain results the proposed 

combination of optimal LS, size and placement of SVC or STATCOM using IMFO have the 

ability to decrease LS and maximize the loadability.  

 
Fig, 9. Convergence cc Comparison for case 2 

 
Fig, 10. PV Comparison for case 2 

 

Table 3 Comparison of optimal values of load shedding for case #2 

Bus SVC (MW) STATCOM(MW) 

2 21.700 21.70 

3 2.400 2.400 

4 7.599 7.60 

5 94.200 94.20 

7 22.799 22.80 

8 29.994 30.000 

10 5.800 0.80 

12 11.200 6.24 

14 6.153 6.20 

15 8.200 3.22 

16 3.500 3.50 
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17 8.978 4.01 

18 3.200 3.20 

19 9.500 9.50 

20 2.191 -1.08 

21 17.473 17.50 

23 3.200 1.27 

24 8.651 3.70 

26 3.427 3.50 

29 2.391 2.40 

30 10.521 10.60 

Total 283.078 253.26 

 
Table 4 Optimal solutions for case #2 

Control Variables Min Max SVC STATCOM 

PG1(slack) (MW) 50.000 200.000 148.853 148.242 

PG2 (MW) 20.000 80.000 0.000 0.000 

PG5 (MW) 15.000 50.000 50.000 49.997 

PG8 (MW) 10.000 35.000 35.000 35.000 

PG11 (MW) 10.000 30.000 30.000 30.000 

PG13 (MW) 12.000 40.000 24.766 25.777 

V1  (p.u) 0.950 1.100 1.060 1.035 

V2 (p.u) 0.950 1.100 1.041 1.012 

V5 (p.u) 0.950 1.100 1.030 0.994 

V8 (p.u) 0.950 1.100 1.031 1.002 

V11 (p.u) 0.950 1.100 1.005 1.004 

V13 (p.u) 0.950 1.100 1.007 1.011 

T11 (p.u) 0.900 1.100 1.031 0.997 

T12 (p.u) 0.900 1.100 1.027 0.998 

T15 (p.u) 0.900 1.100 1.029 1.010 

T36 (p.u) 0.900 1.100 1.008 0.987 

Qc10 (MVAR) 0.000 5.000 4.999 5.000 

Qc12 (MVAR) 0.000 5.000 4.934 4.964 

Qc15 (MVAR) 0.000 5.000 4.840 4.979 

Qc17 (MVAR) 0.000 5.000 4.973 4.994 

Qc20 (MVAR) 0.000 5.000 4.968 3.279 

Qc21 (MVAR) 0.000 5.000 4.983 0.000 

Qc23 (MVAR) 0.000 5.000 2.615 1.925 

Qc24 (MVAR) 0.000 5.000 5.000 4.999 

Qc29 (MVAR) 0.000 5.000 0.000 0.002 

Qcopensation (MVAR) - - -1.103 12.15643 

FACTS (location)   30(15-23) 30(15-23) 

Loading stability margin (p.u)   1.41086 1.45764 

Active power loss (MW)   5.731 4.195 

Reactive Power Loss (MVAR)   -23.951 -20.885 

Voltage stability index (p.u)   0.1412 0.1207 

VD (p.u)   0.4801 0.2959 

Cost Function   61.6204 62.6955 
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6.3.  Case 3: Outage of TL  

In this case, the TL # 41 is outage, load shedding is considered with incorporating 

FACTS devices. The optimal solutions of LS and the control variables are shown in Table 5 

and Table 6.  From Table 5, the total load shedding with SVC, STATCOM are 282.072 MW, 

283.222 MW, respectively for the connected load 283.4 MW. So that, the LS value is small. 

From Table 6, the obtained � values with SVC and STATCOM are 1.448 p.u and 1.443 p.u, 

respectively. In this case, the value of � is decreased from 1.470 p.u to 1.448 p.u and from 

1.5117 p.u to 1.443 p.u for SVC and STATCOM, respectively. Therefore, � is decreased to 

provide the minimum value of � that is enough to prevent voltage collapse similar to case 2.   

It is noted that the voltage stability index Lmax obtained when installing STATCOM is 

improved compared to installing SVC, where it is decreased from 0.160 p.u to 0.0834 p.u. In 

addition, voltage profile obtained when installing STATCOM is improved compared to 

installing SVC, where VD is decreased from 0.440 p.u to 0.2523 p.u. So that Large reduction 

in Lmax and VD with applying the proposed coordination approach leads to avoiding voltage 

collapse. The cost function with incorporating SVC is 65.178, whereas its value with 

incorporating STATCOM is 57.7646. Hence, the value of cost function with STATCOM is 

lower than its value with SVC, leading to better quality of the solutions of STATCOM above 

SVC.  The convergence characteristics comparison for this case is depicted in Fig, 11 reveals 

good execution using STATCOM. The PV curve with STATCOM is shown in Fig, 12 which 

is very close to that of SVC. The comparison between the voltage profiles of using 

STATCOM and SVC is indicated in Fig, 13, where most of the bus voltages with STATCOM 

are near to 1.0 p.u. It observed from the obtain results the proposed combination of optimal 

LS, size, placement of SVC or STATCOM using IMFO have ability to decrease LS, 

maximize the loading stability margin, decrease the active power, improve voltage profile 

and voltage stability. So that the suggested method have the capability to prevent the 

power system from voltage collapse and restore the bus voltages to the permissible limits. 

Also the obtained results reveals that, the suggested method can reduce the LS values 

leading to continuous service to the customers.   

  

 
Fig, 11. Convergence cc Comparison for case # 3 
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Fig, 12. PV curve with STATCOM for case# 3 

 

Table 5 Comparison of optimal values of active and reactive load shedding for case #3 

Bus SVC (MW) STATCOM(MW) 

2 21.693 21.700 

3 2.400 2.400 

4 7.599 7.600 

5 94.199 94.184 

7 22.800 22.800 

8 30.000 29.935 

10 5.800 5.800 

12 11.200 11.184 

14 6.193 6.200 

15 8.200 8.200 

16 3.496 3.499 

17 8.989 9.000 

18 3.199 3.200 

19 9.493    9.500 

20 1.760 2.200 

21 17.500 17.500 

23 2.560 3.200 

24 8.675 8.700 

26 3.407 3.420 

29 2.400 2.400 

30 10.508 10.600 

Total 282.072 283.222 

 
Table 6 Optimal solutions for case #3 

Control Variables Min Max  SVC STATCOM 

PG1(slack) (MW) 50.000 200.000  68.257 69.055 

PG2 (MW) 20.000 80.000  79.966 79.453 

PG5 (MW) 15.000 50.000  49.989 50.000   

PG8 (MW) 10.000 35.000  35.000 34.999 

PG11 (MW) 10.000 30.000  30.000 30.000 

PG13 (MW) 12.000 40.000  22.861 23.612 

V1  (p.u) 0.950 1.100  1.020 1.041   

V2 (p.u) 0.950 1.100  1.012    1.036 

V5 (p.u) 0.950 1.100  0.999   1.015   
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V8 (p.u) 0.950 1.100  0.995 1.016 

V11 (p.u) 0.950 1.100  1.012 1.015 

V13 (p.u) 0.950 1.100  1.007 1.028 

T11 (p.u) 0.900 1.100  1.002 0.997 

T12 (p.u)  0.900 1.100  0.995 1.000 

T15 (p.u) 0.900 1.100  1.004 0.995 

T36 (p.u) 0.900 1.100  0.997 1.002 

Qc10 (MVAR) 0.000 5.000  4.990 4.912 

Qc12 (MVAR) 0.000 5.000  4.742 5.000 

Qc15 (MVAR) 0.000 5.000  5.000 0.001 

Qc17 (MVAR) 0.000 5.000  4.995 4.989 

Qc20 (MVAR) 0.000 5.000  4.887 5.000 

Qc21 (MVAR) 0.000 5.000  5.000 5.000 

Qc23 (MVAR) 0.000 5.000  0.211 3.530 

Qc24 (MVAR) 0.000 5.000  4.981 5.000 

Qc29 (MVAR) 0.000 5.000  0.006 0.015 

Qcopensation (MVAR) - -  3.901 5.299 

FACTS (location)    30(15-23) 30(15-23) 

Loading stability margin (p.u)    1.448 1.443 

Active power loss (MW)    4.006 5.547 

Reactive Power Loss (MVAR)    -12.813 -23.951 

Voltage stability index (p.u)    0.160 0.0834 

VD (p.u)    0.440 0.2523 

Cost Function    65.178 57.7646 

 

 

Fig, 13. Voltage profile comparison for case# 3 

7. Conclusion 

 

In this paper, an approach have been suggested to maximize the power system loadability 

and reduce load shedding during emergency conditions with inclusion of shunt FACTS 

devices. The suggested approach based on IMFO algorithm merged with CPF to restore the 

power flow solvability. The suggested approach is capable of providing continuous power 

supply to the customers by reducing load shedding. Optimal placement and sizing of FACTS 

devices can guarantee obtaining better reactive power support to the power system, where 

SVC and STATCOM have been implemented. In this paper, the work has been proposed in 
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three scenarios including; normal operation, generator outage, and line outage. The suggested 

approach has been tested using IEEE-30 bus standard test system. Simulation results revealed 

the robustness of the suggested approach to solve the problems of load shedding and 

enhancement of power system loadability. It is suggested in the future to apply new 

optimization techniques with inclusion of recent FACTS devices to study load shedding 

reduction and economic dispatch problems. 

 

Appendix  

A1.  Generation limits for IEEE 30-bus test system 
Unit Number Pmin Pmax Qmax Qmax 

    (MW) (MW) (MVAR) (MVAR) 

1 50 200 -20 43 

2 20 80 -20 43 

5 15 50 -20 50 

8 10 35 -10 30 

11 10 30 -10 45 

13  12  40 -10 50 
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