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Abstract: In this paper a novel non-linear optimization problem is formulated to maxi-
mize the social welfare in restructured environment with generalized unified power flow 
controller (GUPFC). This paper presents a methodology to optimally allocate the reactive 
power by minimizing voltage deviation at load buses and total transmission power losses 
so as to maximize the social welfare. The conventional active power generation cost fun-
ction is modified by combining costs of reactive power generated by the generators, 
shunt capacitors and total power losses to it. The formulated objectives are optimized 
individually and simultaneously as multi-objective optimization problem, while satisfy-
ing equality, in-equality, practical and device operational constraints. A new optimization 
method, based on two stage initialization and random distribution processes is proposed 
to test the effectiveness of the proposed approach on IEEE-30 bus system, and the de-
tailed analysis is carried out. 
Key words: generalized unified power flow controller, optimal reactive power dispatch, 
social welfare, multi-objective optimization 

 
 
 
 

1. Introduction 
 
 The conventional regulated power system is becoming modern deregulated power system 
by providing open-access and competitive environment. At present, the power system is ope-
rating at its maximum limit to satisfy the basic requirements of demand. But the economic 
concerns are considered for active power generation only. In practice, it is necessary to gene-
rate reactive power in an optimal way, to minimize the deviation of voltage at load buses so as 
to minimize the total power losses in a given system. The reactive power plays an important 
role to avoid the system from voltage collapse. 
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 To increase the effectiveness of the market structure, it is necessary to consider the pay-
ment for reactive power produced by synchronous generator and capacitors [1-3]. Lack of re-
active power, increases the voltage drop at some buses and leads to system voltage instability 
[4]. In [5] the power market clearing using multi-objective optimization is proposed. NERC-10 
clearly reveals that, the reactive power can be considered for financial compensation [6].  
A method to calculate both real and reactive power spot prices of selected ancillary services 
has been developed in [7].  
 The role of FACTS device in open power market is to manage the congestion, enhancing 
security and available capability, controlled power flow, and to improve system performance 
[8]. A method to identify suitable location to install UPFC to meet different objectives is 
proposed in [9-10]. The effect of reactive power marginal cost on social welfare was proposed 
in [11]. Detailed cost models of reactive power and its effect in deregulated environment are 
proposed in [12, 13]. Optimal reactive power dispatch into different nodal pricing algorithms 
are presented in [14, 15]. Multi-objective based optimal reactive power dispatch problem was 
solved using evolutionary algorithms is presented in [16-19]. 
 From the careful review of the literature, it is identified that, most of them are concentrated 
on either optimal reactive power dispatch problem or social welfare maximization problem. In 
practical power system, the independent system operator always tries to maximize the social 
welfare through optimal reactive power dispatch. Hence it is necessary to study the effective-
ness of the problem using multi-objective optimization problem. Further the available litera-
ture concentrated on single line power flow controllers, but it is confirmed that, multi-line 
power flow controllers are more effective than the single line controllers. Consolidating all the 
above issues, in this paper, the main contribution is to enhance the system social welfare in the 
presence of one of the advanced FACTs multi-line convertible static controller formerly 
known as Generalized Unified Power Flow Controller (GUPFC). The following objectives are 
formulated for the proposed problem: 
  $ Minimization of voltage deviation at load buses. 
  $ Minimization of total transmission power loss. 
  $ Maximization of social welfare. 
 The proposed Optimal Power Flow (OPF) problem is optimized by considering above 
objectives individually as well as simultaneously while satisfying equality, in-equality, practi-
cal and device limits. A methodology based on two-stage initialization along with uniform dis-
tributions of control parameters is proposed to enhance the optimization technique perfor-
mance. The more realistic multi-fuel active and reactive power costs are formulated along 
with the costs of reactive power generated by the shunt capacitors and total power losses. The 
complete power injection model of GUPFC along with respective power injections is given to 
analyze the stated hypothesis. It is most significant to identify the proper location to install 
GUPFC in a given system to enhance the system security and the complete methodology is 
described with supporting results. The effectiveness of the proposed method is tested on 
IEEE-30 bus test system. 
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2. Generalized unified power flow controller modelling 
 

 Normally GUPFC consist two/more series converters and one shunt converter. To show 
the effectiveness of the control operation of GUPFC, two series converters are coordinated 
with one shunt converter is shown in Figure 1.  
 

 
Fig. 1. Basic configuration of two series converter GUPFC 

 
 In this paper, the following rules are considered, to identify the proper device location so 
as to reduce the number of possible locations. 
  $ It should be located between two PQ buses and there should not be any shunt capacitors. 
  $ It should not be placed in a line where tap changing transformer exists. 
 The final steady state power injection model of GUPFC is shown in Figure 2.  
 

 
Fig. 2. Injection model of two series converter GUPFC 

 
 The injected active and reactive powers can be expressed as 
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 The coefficient 1.03 represents the converter switching loss factor, where r and γ are re-
spective per unit magnitude and phase angles of the series voltage sources operating within the 
limits 0 ≤ r ≤ rmax and 0 ≤ γ ≤ γmax. ‘Bse = 1/Xse’ is the susceptance of the series converter 
transformers.  

2.1. Power mismatch equations 
 The power mismatch equations in Newton Raphson (NR) method can be modified by 
using the following equations. 

  ,ΔΔ ,,, GUPFCioldinewi PPP +=  (5) 

  ,ΔΔ ,,, GUPFCioldinewi QQQ +=   (6) 

where, oldiP ,Δ  and oldiQ ,Δ  are the power mismatches without device. Similar modifications 
can be obtained for the remaining GUPFC buses. 

2.2. Jacobian elements 
 The Jacobian elements can be modified in the NR iterative process using the following 
equations 
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where Hold is the Jacobian element without device. Similar modifications can be obtained for 
the remaining elements. 

2.3. Investment cost 
 Conventionally, UPFC can be considered as a combination of STATCOM and SSSC. 
Similarly, GUPFC gives the combined effect of UPFC and SSSC. Hence, the investment cost 
of GUPFC can be considered as the sum of investment costs of UPFC and SSSC.  

  ICGUPFC, i-j-k = ICUPFC, i-j + ICSSSC, i-k               (11) 
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 Investment cost of UPFC [20] over a period of 15 years can be given as 

  ./$
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 Here, Cost of Installation of UPFC is  

  kVAr./$22.1882691.00003.0 2 +−= UPFCUPFCUPFC SSC  (13) 

Operating range of UPFC(SUPFC) in MVAr is ,12 QQSUPFC −=  where Q1,Q2 are the reactive 
power flows in the line before and after placing UPFC. Similarly, the Investment Cost (IC) of 
SSSC [21] is 
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‘l’ is discount rate (6%), ‘n’ is life time (15 years) of SSSC, and ‘η’ is the investment cost co-
efficient (50,000 $/MVA). 

2.4. Incorporation procedure 
 The overall computational procedure of Newton-Raphson power flow method with device 
can be described in the following steps. 
Step 1. Read bus data, line data and GUPFC data. 
Step 2. Assume flat voltage profile and set iteration count k = 0. 
Step 3. Compute active and reactive power mismatch from the scheduled and calculated 
powers and also GUPFC power injections using Equations (1-4). 
Step 4. Determine Jacobian matrix using power flow equations. 
Step 5. Modify power mismatch and Jacobian with respective device elements to Incorporate 
GUPFC in load flow using Equations (5-10). 
Step 6. Solve the NR method equations to find the voltage magnitude and angles correction vector. 
Step 7. Update the solution using correction vector. 
Step 8. Increase the iteration count, k = k + 1 and repeat steps from 5 to 7. 
Step 9. Stop the process, if the maximum mismatch is less than given tolerance.  
 
 

3. Optimal location 
 
 The device installation location will enhance the system security either by minimizing line 
loadings or bus voltage limit violations under contingency operations. Here the system seve-
rity function (Fseverity) can be expressed as [22] 
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where Nline, Nbus are the total number of lines and buses in a given system. Si and max
iS  are the 

present and maximum apparent powers of ith line. Vj,ref and Vj are the nominal voltage and 
present voltage values at jth bus. ‘q’ and ‘r’ are two coefficients used to penalize more or less 
over loads and voltage violations. These are considered to be equal to 2. 
 To enhance security of the system under contingencies, GUPFC should be placed in a pro-
per location. Initially contingency analysis is performed by removing single transmission line 
at a time and identifies total Number of Voltage Violation Buses (NVVB) and total Number of 
Over Loaded Lines (NOLL). Calculate performance index by adding NVVB and NOLL. Fi-
nally the contingency with highest performance index value is identified as most critical one. 
 Then, this critical line is removed from the system and GUPFC is placed in one of the pos-
sible installation locations discussed in section-II, and the severity function (Fseverity) is 
minimized subjected to satisfy equality, in-equality, practical constraints and device control 
settings. This process is repeated at all possible installation locations, and finally, identifies the 
location for placing device which has less severity value for enhancing the system security. 
 
 
 

4. Multi-Objective problem formulation 
 
 Many of the optimization problems discussed in the literature is restricted to either of the 
certain objectives like Generation Cost, power loss and voltage deviations. But in practice it is 
necessary to optimize these objectives simultaneously by satisfying equality, inequality, prac-
tical and device constraints. Hence, it is clear that the effectiveness and efficiency of multi-
objective algorithm gives best compromised solution by satisfying constraints on a system. 
 Aggregating all objectives and constraints, the problem can be formulated mathematically 
as a constrained nonlinear multi-objective optimization problem as follows: 

  ( )[ ] .....,,2,1;,Max/Min JmuxAm =∀               (16) 

Subjected to g(x, u) = 0; h(x, u) ≤ 0, where ‘g’ and ‘h’ are the equality and inequality con-
straints respectively and ‘x’ is a control vector of dependent variables like slack bus active 
power generation )( slack,gP , load bus voltage magnitudes )( LV  and generator reactive powers 
(QG) and vector ‘u’ consist control variables such as active powers (PG) and voltages (VG) of 
generators, transformer tap ratios (T) and shunt compensation (QSh) and device control para-
meters. ‘J’ is the total number of objective functions.   
 Multi-Objective optimization can have two or more objective functions to be optimized at 
a time. As a result, there is no unique solution to multi-objective optimization problems, but 
the aim is to find all possible compromised solutions available in search space (called Pareto 
front set). The considered objectives are formulated as follows. 
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4.1. Voltage deviation 
 The voltage deviation at load buses needs to be minimized to optimize the reactive power 
dispatch problem and can be expressed as 
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=

−==
loadN

i

spe
ii VVVdevA

1
1 ,  (17) 

where, Vi is the voltage at load bus-i, spe
iV  is the voltage set to be ‘1 p.u.’ and Nload is the num-

ber of load buses. 

4.2. Total power loss 
 In power system, the active power loss should be minimized to enhance power delivery 
performance and can be calculated using  
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where gi is the conductance of ith line which connects buses i and j. Vi,Vj and δi, δj are voltage 
magnitude and angle of ith and jth buses. 
 
4.3. Social welfare 
 While clearing the market price, the cost for the power consumed by the load should be 
considered. Conventionally, social welfare includes the costs of active power generations and 
its corresponding loads. This conventional problem is modified by combining costs of reactive 
power generated by the generators, shunt compensators, and total transmission losses in ad-
dition to the cost of active power generated by the generators. This function can be formulated 
as  
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 The demand side cost function )( DiDi PB  can be expressed as 

  ( ) ,/$2 hcPbPaPB idDiidDiidDiDi +−−=  (20) 

where, ND is the total number of demands in the system, ididid cba ,,  are demand side bidding 
coefficients. Similarly the remaining sub functions are formulated as follows,  
 
4.3.1. Multi-fuel non-convex cost of active power  
 In practical, generating stations are supplied with different types of fuels like coal, fossil 
fuel, oil and gas etc to generate electrical power. The formulated multi-fuel active power cost 
function can be expressed as 
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where ikikikikik fecba ,,,,  are the active power cost-coefficients of the ith unit with valve-point 
effects for fuel type k. The cost coefficients for the generators of the test system are given in 
Table A1. 
 
4.3.2. Multi-fuel non-convex cost of reactive power  
 Careful study of literature reveals that, the generators active and reactive cost curves has 
similar characteristics. However, the cost of reactive power is less compared to that of active 
power. A new objective function for multi-fuel non convex reactive power cost can be ex-
pressed as 

  ( ) ,)()(
3

2

11
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= ∑∑∑

===

GG N

i
ii

i
ii

N

i
GiGi QFQFQC           (22) 

  

( )( )

( )( )

( )( )⎪
⎪
⎪

⎩

⎪
⎪
⎪

⎨

⎧

≤≤−××+++

≤≤−××+++

≤≤−××+++

=

− max1min2

21min
2222

2
2

1minmin
1111

2
1

;sin

;sin

;sin

)(

ii
k
iiiirkirkirkiirkiirk

iiiiiiriririiriir

iiiiiiriririiriir

ii

QQQQQfecQbQa

QQQQQfecQbQa

QQQQQfecQbQa

QF
L

, 

where irkirkirkirkirk fecba ,,,,  are the reactive power cost-coefficients of the ith unit with valve-
point effects for fuel type k. The reactive cost coefficients for the generators of the test system 
are given in Table A2. 
 
4.3.3. Cost of capacitor’s reactive power  
 The reactive power injected by the shunt capacitors affects the bus voltage at which it is 
connected. The cost of the reactive power should be calculated based on capital investment 
cost [23, 24] only.  
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4.3.4. Cost of total active power loss 
 The system voltage profile and system active power losses are affected by controlling 
reactive power flow through transmission lines. Generally, the system losses are compensated 
by slack generator. This cost can be expressed as [25]   

  C(TPL) = λloss H TPL,              (24) 

where, λloss = 20 $/MW-h is the market energy clearing price. 
 
4.4. Constraints 
 The above problem is optimized by satisfying the following equality, in-equality, practical 
and also device limits. 
 
4.4.1. Equality Constraints 
 These constraints are typically load flow equations. 
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4.4.2. In-equality Constraints 
Generator bus voltage limits: GGGG NiVVV iii ∈∀≤≤ ;maxmin .  
Active Power Generation limits: GGGG NiPPP iii ∈∀≤≤ ;maxmin .  
Transformers tap setting limits: tiii niTTT ,...,2,1;maxmin =≤≤ .  
Capacitor reactive power generation limits: CShShSh niQQQ iii ,....,2,1;maxmin =≤≤ . 
Transmission line flow limit: linell NiSS ii ,....,2,1;max =≤ .  
Reactive Power Generation limits: GGGG NiQQQ iii ∈∀≤≤ ;maxmin .  
Bus voltage magnitude limits: loadiii NiVVV ,....,2,1maxmin =≤≤ , where nt total number of 
taps, nC total number of VAr sources, Nload total number of VAr sources. 
 The above mentioned problem can be generalized using penalty factors as follows: 
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where R1, R2, R3 and R4 are the penalty quotients having large positive value. The limit values 
are defined as  
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4.5. Practical constraints 

 Prohibited Operating Zones (POZ) 
 In practice when adjusting the output of a generator unit one must avoid the operation in 
the prohibited zones to increase the performance of a thermal unit during vibrations in the 
shaft or other machine faults. This feature can be included in the Non-convex economic dis-
patch problem formulation as follows: 
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where ni is the number of prohibited zones and k index of prohibited zone of unit-i. L
kiP ,  and 

U
kiP ,  are the respective lower and upper limit of kth prohibited zone of ith generator. 

 
 Ramp-rate constraints 
 The operating range of the generating units is restricted by their ramp rate limits to operate 
generators continuously between two adjacent periods forcibly. The inequality constraints due 
to ramp limits are  
  ( ) ( ),,min,max 0max0min

iiGGiiG URPPPDRPP iii +≤≤−  

where 0
iP  is the power generation of ith unit at previous hour. DRi and URi are the respective 

decreasing and increasing ramp-rate limits of ith unit. 
 
4.6. Device limits 
 The following limits are considered for GUPFC. 
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5. Uniformly distributed two-stage particle swarm optimization 
 
 Many programming languages used for simulation of applications needs to generate 
pseudo random numbers, which are effectively distributed using standard uniform distribu-
tions. Uniform distribution is one of the important members in the family of symmetric pro-
bability distribution. In this, all distributions have equal probability intervals. This is used to 
generate random variables between limits ‘a’ and ‘b’. This distribution can be abbreviated as 
U(a, b) [47].  
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5.1. Initialization 
 Start the process by setting iteration is equal to zero. In this method, generate control vari-
ables uniformly rather than randomly as in existing PSO, between its minimum and maximum 
limits. In MATLAB environment, we have a flexibility to generate control variables using the 
following expressions 

  Existing PSO: a + (b-a)*rand(population number, particles number) 
  Proposed UDTPSO: random(‘unif’, a, b, population number, particles number) 

 While in other programming languages, the variables can be generated uniformly by fol-
lowing the uniform distribution procedure given in [48]. 

5.2. Two stage initialization 
 The first stage of the process is that, update the system data with newly generated control 
variables and evaluate the objective function and fitness values. The second stage of the pro-
cess is that, obtaining the pair wise best population using comparison process between pre-
viously obtained solutions. The final solutions are treated as local best values. From these so-
lutions, identify global best value. Start the iterative process by calculating dynamic weight 
and new velocities and update the position of the particles. The chaotic inertia weight [24, 29] 
is calculated based on the experience of the previous positions and velocities of the particles. 
Because of this, the iterative process starts with large inertial weight to search global best 
values and decreases its value as iterations increases to benefit the local best values. Evaluate 
the function using new position of the particles and update global and local best values. The 
complete methodology is shown in Figure 3. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Methodology of the proposed UDTPSO 
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5.3. Fuzzy decision making tool 
 After solving total Pareto optimal solutions (M) for a given optimization sub problems 
using Non-dominated sorting UDTPSO, the best compromised optimal settings are chosen by 
the decision maker. For this purpose, fuzzy decision making tool calculate a linear member-
ship function (:m) for minimization of objective functions [29, 30] is 
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for maximization of objective functions is 
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where, n
mA  and n

mμ  are the respective values of the ith objective function in the nth Pareto 
optimal solution and its membership function. The most preferred degree of the Pareto optimal 
solutions can be defined as  
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where Wi is the weight value of the ith objective function. Therefore, the best optimal Pareto 
solution and the corresponding settings are obtained by the proposed algorithm based on the 
adopted weight factors.  
 
 

6. Implementation of proposed approach 

 The proposed NSUDTPSO algorithm to solve multi-objective problem is described in the 
following steps: 
 Step 1: Choose population size ‘M’ and generate the initial population for UDTPSO with 
in the control variable bounds, initialize the problem parameters (set iteration count = 0). 
 Step 2: For each of the individual, perform NR load flow with GUPFC described above 
using Eqns (1-10) and evaluate the objective function values using Equations (17-19). 
 Step 3: These solutions constituted as parent solutions.  
 Step 4: Each solution can be compared with the other solution in the population to find its 
dominance. Finally, identify different fronts ‘Pf’. 
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 Step 5: In order to find the individuals in the next nondominated front, the initial solutions 
are discounted temporarily and the above procedure is repeated during iteration process. The 
new solutions are called as off-spring solutions. 
 Step 6: Perform non-dominated sorting on the combined solutions (parent+off-spring) and 
identify different fronts ‘Pf’. 
 Step 7: Crowding distance operation [31] is performed on the entire set of solutions in  
a Pareto front. This operation requires sorting the population according to each objective 
function value in ascending order of magnitude. 
 Step 8: The boundary values are assigned to an infinite distance value for each of the ob-
jective function. For the remaining population a distance value equal to the absolute norma-
lized difference in the function values of two adjacent populations is assigned. 
 Step 9: This calculation is performed for all objectives and for all Pareto fronts.  
 Step 10: The sorting is performed on a given solutions according to their crowding dis-
tances, chose global best value among the top 10 solution in Pareto front and increase the 
iteration count. 
 Step 11: From Step 5 to Step.10 are repeated till maximum iterations reached. 
 Step 12: Then fuzzy membership values for non-dominated solutions in the Pareto-front 
are calculated using Equations 25-27 and the final solution have been chosen based on the 
operator’s requirements. 
 
 

7. Results and analysis 
 
 IEEE-30 bus system with 41 transmission lines is considered [32-35]. The total control 
variables in this system are 18, which include active power generation and voltage levels of 6 
generators, 4 tap settings of tap-changing transformers and 2 shunt VAr sources.   
 To analyze the effect of GUPFC on defined objectives, each of the following cases are 
optimized without and with GUPFC and the corresponding results are tabulated.  
 Cases 1, 2 and 3 gives the results of voltage deviation (Vdev), total power loss (TPL) and 
social welfare (SW) objectives individually. 
 Case 4 analyzes the multi-objective optimization problem when two of the objectives con-
sidered together. 
 Case 5 optimizes the problem, when all three objectives are considered. 
 Initially, the formulated severity function given in Equation 15 is optimized. The optimal 
location to install GUPFC is identified by performing the procedure described in Section 4. 
The result of contingency analysis for this system is given in Table 1. To maintain the con-
tinuity either in supplying/receiving the power, the contingency analysis is not performed on 
lines between buses 9-11, 12-13, and 25-26. Hence, for this system only 38 transmission line 
contingencies out of 41 are considered. The result of only top 2 contingencies is tabulated. 
 From Table 3, it is very clear that, the line connected between buses 2 and 5 is the most 
critical one. By following the rules given in Section 2, there are 23 possible GUPFC instal-
lation locations. 
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Table 1. Results of contingency ranking  

S. No. Line 
No 

Outage 
line 

Over loaded lines 
(Line flow/ MVA 

limit) 
NOLL

Voltage 
Violated 

Buses 
NVVB PI Rank 

1 5 2-5 

(1-2) (171.399/130) 
(2-4) (77.671/65) 
(2-6) (105.434/65) 
(4-6) (121.418/90) 
(5-7) (110.190/70) 
(6-8) (35.828/32) 

6 – 0 6 1 

2 36 28-27 
(1-2) (180.949/130) 
(22-24) (20.246/16) 
24-25) (19.501/16) 

3 
27 (0.8989) 
29 (0.8760) 
30 (0.8627) 

3 6 2 

 
Severity function is evaluated in all these locations with GUPFC and the top 5 least severity 
function valued locations are tabulated in Table.2 for rank-1 contingency. 
 

Table 2. Severity function values for rank-1 contingency with GUPFC  

GUPFC location 
Loc. No. 

Sending end bus Receiving end buses 
Severity function 

value 

1 12 14 15 1517 
2 12 14 16 1.6164 
3 12 15 16 1.6492 
4 15 12 23 1.6505 
5 15 14 18 1.6668 

 
 From Table 2, it is observed that, first location is the best location for placing the GUPFC, 
because it has least severity function value. The further analysis is performed by placing 
device in this location. 
 The obtained results for cases 1, 2 and 3 are tabulated in Table 3. From this table it is 
observed that, while minimizing voltage deviation, the total power losses are increasing and 
vice-versa. In all these cases, it is proved that, with GUPFC the objective function values are 
improved. In case 1, 0.011 p.u voltage deviation is reduced with GUPFC, results 0.138 MW 
increase in TPL and 15.67 $/h decrease in SW. Similarly, in case 2 with the decrease of 0.257 
MW TPL results in decrease of SW by 94.083 $/h and increase of Vdev by 0.043 p.u.. In case 
3, as the SW is increased by 12.474 $/h and consequently the TPL is decreased by 0.271 MW 
and Vdev is increased by 0.04 p.u..  
 The load cost in cases 1 and 2 is 1907.746 $/h as the total active power demand on IEEE-
30 bus system is 283.4 MW. In case 3, the total active power demand of 335.0607 MW is 
served without device and 327.9015 MW with GUPFC. Total generation cost includes the 
costs of active, reactive, shunt capacitor powers and transmission losses for without device 
and with device cost is given in Table 3. The convergence patterns for cases 1 and 2 are shown 
in Figures 3 and 4. 
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 From Figures 3 and 4 it is observed that, with GUPFC the iterative process starts with 
good initial value and reaches final best value in less number of iterations when compared to 
without device, this is because of the effectiveness of the proposed method. The ramp rates 
and POZ limits followed by the generators is given in Table 4. 

 
Fig. 3. Convergence characteristics of case-1 without and with GUPFC 

 
Table 3. OPF results for cases 1, 2 and 3 without and with GUPFC 

Case 1 Case 2 Case 3 
Control variables

Without  With Without With  Without With  

Minimum 
limit 

Maximu
m limit 

PG1, MW 140.536 142.731 95.706 82.438 168.131 164.492 50 200 

PG2, MW 44.585 42.626 49.985 63.000 50.000 50.000 20 80 

PG5, MW 41.313 36.016 49.000 49.000 42.995 39.115 15 50 

PG8, MW 24.178 23.456 30.000 30.000 24.914 25.000 10 35 

PG11, MW 17.56 22.064 28.000 28.000 24.907 24.853 10 30 

PG13, MW 22.439 23.865 35.000 35.000 33.773 33.857 12 40 

VG1, p.u. 1.048 1.022 1.050 1.050 1.048 1.050 0.9 1.1 

VG2, p.u. 0.977 0.990 0.995 1.012 0.952 1.034 0.9 1.1 

VG5, p.u. 0.988 1.013 1.026 1.028 0.986 0.994 0.9 1.1 

VG8, p.u. 1.022 1.005 1.031 1.031 0.986 0.999 0.9 1.1 

VG11, p.u. 0.975 1.033 1.050 1.048 0.997 1.040 0.9 1.1 

VG13, p.u. 0.962 1.010 1.050 1.050 1.012 0.998 0.9 1.1 

Tap 6-9 0.980 1.052 1.045 0.992 0.991 1.023 0.9 1.1 

Tap 6-10 1.068 0.963 0.952 1.027 1.048 0.978 0.9 1.1 

Tap 4-12 0.921 0.969 1.000 1.006 1.005 0.990 0.9 1.1 

Tap 28-27 0.961 0.955 0.974 0.980 1.025 0.987 0.9 1.1 
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Qc 10, p.u. 29.959 22.948 21.618 20.031 18.190 25.613 5.0 30.0 

Qc 24, p.u. 22.377 15.122 12.291 12.526 13.608 16.614 5.0 30.0 

rij, p.u. – 0.002 – 0.007 – 0.042 0.0 0.1 

rik, p.u. – 0.012 – 0.021 – 0.022 0.0 0.1 

γij, deg. – 133.027 – 114.406 – 158.066 0.0 360 

γik, deg. – 178.997 – 66.693 – 171.312 0.0 360 

Xse,ij, p.u. – 0.016 – 0.011 – 0.021 0.0 0.1 

Xse,ik, p.u. – 0.013 – 0.025 – 0.013 0.0 0.1 

Qsh, p.u. – 0.028 – 0.019 – 0.053 0.0 0.1 

QG1, MVAr 39.359 !3.071 5.981 6.737 40.353 !2.484 !20 200 

QG2, MVAr !20.000 !20.000 !20.000 !20.000 !20.000 35.838 !20 100 

QG5, MVAr 18.420 50.695 30.315 31.704 30.066 19.324 !15 80 

QG8, MVAr 60.000 39.240 33.897 35.162 26.247 18.939 !15 60 

QG11, MVAr !10.000 16.998 14.268 8.065 6.213 15.242 !10 50 

QG13, MVAr !15.000 2.871 13.804 16.052 17.791 2.056 !15 60 

Inv. COST, $/h – 0.038 – 0.001 – 0.070 – – 

Vdev, p.u. 0.150 0.139 0.583 0.626 0.505 0.545 – – 

TPL, MW 7.211 7.349 4.291 4.037 9.660 9.389 – – 

Total gen cost, $/h 1001.971 1017.641 918.064 1012.663 1249.008 1197.229 – – 

Total load cost, $/h 1907.746 1907.746 1907.746 1907.746 2689.173 2649.868 – – 

SW, $/h 905.775 890.105 989.682 895.083 1440.165 1452.639 – – 

 
Fig. 4. Convergence characteristics of case-2 without and with GUPFC  

 
 From this table it is identified that, when maximizing social welfare, all generators are 
following up ramp-rates.  
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Table 4. Ramp rates and POZ limits followed by the generators for cases 1, 2, 3 

Case 1 Case 2 Case 3 
Gen. No 

Without  With  Without  With  Without  With  
1 Down, 2 Down, 2 Down, 1 Down, 1 Up, 2 Up, 2 
2 Up, 1 Up, 1 Up, 1 Up, 2 Up, 3 Up, 3 
5 Up, 2 Down, 2 Up, 2 Up, 2 Up, 2 Up, 2 
8 Up, 1 Up, 1 Up, 4 Up, 4 Up, 1 Up, 3 
11 Down, 1 Up, 1 Up, 4 Up, 4 Up, 1 Up, 1 
13 Up, 1 Up, 1 Up, 2 Up, 2 Up, 2 Up, 2 

1-Below POZ lower limit 2-Above POZ upper limit 
3-Equal to POZ lower limit 4-Equal to POZ upper limit 
UP-following up-ramp rate Down-following down-ramp rate 
 
 In case 4, two of the objectives are considered to formulate multi-objective optimization 
problem. The results of this case are tabulated in Tables 5, 6 and 7.  
 

Table 5. Summary of multi-objective results of TPL-SW using NSUDTPSO 

Without device With GUPFC 
Set No. W1 W2 

TPL (MW) SW ($/h) TPL (MW) SW ($/h) 
1 0.9 0.1 9.192 1077.026 8.95 1099.293 
2 0.8 0.2 9.2165 1085.293 9.1029 1112.938 
3 0.7 0.3 9.3246 1123.284 9.2323 1134.292 
4 0.6 0.4 9.486 1167.839 9.4232 1178.385 
5 0.5 0.5 9.606 1199.25 9.556 1188.865 
6 0.4 0.6 9.6827 1219.293 9.7823 1212.321 
7 0.3 0.7 9.7384 1228.212 9.8923 1217.713 
8 0.2 0.8 9.8294 1239.121 10.1992 1228.322 
9 0.1 0.9 9.986 1247.026 10.4323 1237.074 

 
Table 6. Summary of multi-objective results of Vdev-SW using NSUDTPSO 

Without device With GUPFC 
Set No. W1 W2 

Vdev (p.u.) SW ($/h) Vdev (p.u.) SW ($/h) 
1 0.9 0.1 0.21 1065.498 0.2013 1098.237 
2 0.8 0.2 0.2232 1072.123 0.2124 1102.129 
3 0.7 0.3 0.2421 1080.312 0.2344 1109.747 
4 0.6 0.4 0.2612 1091.382 0.2492 1120.366 
5 0.5 0.5 0.284 1097.501 0.2831 1133.977 
6 0.4 0.6 0.3123 1101.123 0.3091 1162.255 
7 0.3 0.7 0.3612 1105.354 0.3427 1203.773 
8 0.2 0.8 0.4123 1107.928 0.4012 1236.12 
9 0.1 0.9 0.451 1109.013 0.4499 1266.919 
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Table 7. Summary of multi-objective results of Vdev-TPL using NSUDTPSO 

Without device With GUPFC Set No. W1 W2 
Vdev (p.u.) TPL (MW) Vdev (p.u.) TPL (MW) 

1 0.9 0.1 0.255 11.81 0.246 12.947 
2 0.8 0.2 0.2764 11.2637 0.2673 12.2092 
3 0.7 0.3 0.2984 11.0009 0.2831 11.5923 
4 0.6 0.4 0.3628 10.7812 0.3231 11.0013 
5 0.5 0.5 0.417 10.654 0.3771 10.5423 
6 0.4 0.6 0.4672 10.5423 0.4721 10.4212 
7 0.3 0.7 0.5172 10.4823 0.5213 10.3823 
8 0.2 0.8 0.5787 10.4001 0.5819 10.3112 
9 0.1 0.9 0.617 10.375 0.6312 10.269 

 
a) b) 

 
c) 

 
Fig. 5. Two dimensional Pareto solutions of case 4 with GUPFC: a) total power loss – social welfare 

combination, b) voltage deviation – social welfare, c) voltage deviation – total power loss 
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 From these tables, it is observed that, better result has been obtained with GUPFC when 
compared to without device. It is observed that, based on weights assigned to the objectives, 
the respective function values were selected by the fuzzy decision making tool from the Pareto 
solutions. The corresponding two dimensional Pareto solutions when two objectives are con-
sidered is shown in Figure 5. From this figure, it is identified that, depending on the maxi-
mization or minimization of the objectives, the respective Pareto solutions are selected from 
the generated solutions.  
 The obtained result for case 5 is given in Table 8. From this table it is observed that, based 
on the weights assigned to objectives the fuzzy decision making tool selects the best values 
with GUPFC when compared to without device. The corresponding Pareto solution with 
GUPFC is shown in Figure 6. From this figure it is observed that the generated solutions 
confine the entire solution region because of the effectiveness of the proposed algorithm. 
 

Table 8. Summary of multi-objective results of SW-TPL-Vdev using NSUDTPSO 

Without device GUPFC 
S. No W1 W2 W3 

SW ($/h) TPL 
(MW) 

Vdev 
 (p.u.) SW ($/h) TPL 

 (MW) 
Vdev 
 (p.u.) 

1 0.1 0.1 0.8 983.607 10.606 0.237 1050.439 9.677 0.221 
2 0.1 0.8 0.1 974.545 8.895 0.957 1064.325 8.706 0.36 
3 0.8 0.1 0.1 1261.343 12.204 0.46 1341.396 10.875 0.815 
4 0.5 0.4 0.1 1021.423 9.89 0.252 1274.731 9.796 0.461 
5 0.5 0.1 0.4 1097.316 12.204 0.46 1259.141 11.791 0.287 
6 0.4 0.5 0.1 974.545 8.895 0.957 1174.108 8.93 0.305 
7 0.1 0.5 0.4 1012.351 9.87 0.259 1174.108 8.93 0.305 
8 0.1 0.4 0.5 1162.115 9.12 0.313 1098.253 9.96 0.268 
9 0.4 0.1 0.5 1097.316 11.791 0.287 1098.253 9.96 0.268 

 
 

 
Fig. 6. Three dimensional Pareto solutions of case 5 with GUPFC 
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8. Conclusions 
 
 In this paper, we presented a power injection model for a GUPFC and determined the opti-
mal location to enhance the system security by minimizing system severity function. A novel 
generation cost function was formulated using the multi-fuel costs of active and reactive 
power generation, along with the costs of shunt compensation and total transmission power 
losses. A novel optimization algorithm based on uniform distribution of control variables and 
two stage initialization processes has been presented to solve single objective OPF problems 
with social welfare, total power losses and voltage deviations as objective functions. The for-
mulated OPF problem has been solved while satisfying system equality, in-equality, practical 
constraints and device limits. And also, the formulated multi-objective OPF problem to maxi-
mize the social welfare by optimally re-dispatching reactive power has been implemented 
using the proposed non-dominated sorting based UDTPSO algorithm. The obtained results are 
encouraging and the proposed methodology works independent of the nature of the problem 
and can be implemented to solve any size of the system for any number of objectives. The 
complete methodology has been tested on standard IEEE-30 bus system with supporting 
numerical and as well as graphical results. 
 

Appendix 
Table A1. Generator’s active power cost coefficients 

S. No Gen. No a  b c d e min
GP max

GP  

0.005 0.7 55 0.35 0.0032 50 140 
1 1 

0.0075 1.05 82 0.254 0.00153 140 200 
0.01 0.3 40 0.294 0.0029 20 55 

2 2 
0.02 0.6 80 0.241 0.00165 55 80 

3 5 0.0625 1 0 0 0 15 50 
4 8 0.00834 3.25 0 0 0 10 35 
5 11 0.025 3 0 0 0 10 30 
6 13 0.025 3 0 0 0 12 40 

 
Table A2. Generator’s reactive power cost coefficients 

S. No Gen. No ar  br cr dr er min
GQ max

GQ  

0.0005 0.07 5.5 0.035 0.00032 !20 100 
1 1 

0.00075 0.105 8.2 0.0254 0.000153 100 200 
0.001 0.03 4.0 0.0294 0.00029 !20 55 

2 2 
0.002 0.06 8.0 0.0241 0.000165 55 100 

3 5 0.00625 0.1 0 0 0 !15 80 
4 8 0.000834 0.325 0 0 0 !15 60 
5 11 0.0025 0.3 0 0 0 !10 50 
6 13 0.0025 0.3 0 0 0 !15 60 
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