
 

 

 
Abstract—The demand for power supply increases day by day in 

developing countries like India henceforth demand of reactive power 
support in the form of ancillary services provider also has been 
increased. The multi-line and multi-type Flexible alternating current 
transmission system (FACTS) controllers are playing a vital role to 
regulate power flow through the transmission line. Unified power 
flow controller and interline power flow controller can be utilized to 
control reactive power flow through the transmission line. In a 
restructured power system, the demand of such controller is being 
popular due to their inherent capability. The transmission pricing by 
using reactive power cost allocation through modified matrix 
methodology has been proposed. The FACTS technologies have 
quite costly assembly, so it is very useful to apportion the expenses 
throughout the restructured electricity industry. Therefore, in this 
work, after embedding the FACTS devices into load flow, the impact 
on the costs allocated to users in fraction to the transmission 
framework utilization has been analyzed. From the obtained results, it 
is clear that the total cost recovery is enhanced towards the Reactive 
Power flow through the different transmission line for 5 bus test 
system. The fair pricing policy towards reactive power can be 
achieved by the proposed method incorporating FACTS controller 
towards cost recovery of the transmission network.  
 

Keywords—Inter line power flow controller, Transmission 
Pricing, Unified power flow controller, cost allocation.  

I. INTRODUCTION 

HE electric power exchange across the world experiencing 
change from regulated to deregulated structure. Due to 

competition among utilities and contracts between producer 
and consumer in the inter-connected network, unplanned 
power exchanges increase. The various methods of 
transmission pricing based on the allocation of network 
utilization have become important under such circumstances 
and effect on that with FACTS controller need to be analyzed. 
Congestion in a transmission line may happen if these trades 
are not controlled and very much arranged. Development of 
new lines would turn out to be uneconomical and a repetitive 
procedure. Hence, we have to get an alternative method for 
controlling power in order to permit more productive and 
better utilization of available transmission network by 
employing FACTS. A noteworthy push of FACTS innovation 
is the improvement of the transmission network that gives 
dynamic control of the power exchange like transmission 
voltage, line impedance and load angle. In the transmission 
network, FACTS is turning into a basic part to control power 
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flow nearer to the thermal limits of the transmission line. In 
recent years, the demand for electricity increases day by day 
but the transmission facilities are not installed to fulfill this 
demand due to this, the transmission line is heavily loaded and 
may lead to line outage. Hence, the incorporation of FACTS 
devices in the transmission system can be reliable to deal with 
this situation. By incorporating these devices into the system 
reactive power support and power flow through the line can be 
controlled so the stability of the transmission system can be 
enhanced. There are two ways to employ FACTS devices in 
the transmission system; one way is to install voltage source 
converter operating in the self-commutation principle and 
another way is to use a Thyristor controlled reactor or 
capacitor. For the series compensation scheme, TCSC can be 
used while for shunt compensation either STATCOM or 
UPFC can be used. For the mathematical modeling of FACTS 
devices voltage source modeling concept and power injection 
modeling concept is used. Further according to the need, they 
can be connected in series or shunt manner and combination 
of both.  

Murthy discussed the modeling of voltage-dependent loads 
in Newton Raphson load flow algorithm [1]. From the 
economic point of view, the installation of FACTS devices is 
very costly. Hence, in the restructured power market, this cost 
also recovered from the users. El-Hawary and Dias [2], [4] 
have considered loads (which actually comprise of residential, 
industrial and commercial loads) are not independent of 
voltage variations and have a significant effect on load flow 
results. Dias and El-Hawary also studied the sensitivity of bus 
bars to variations in load model parameters [3]. Dias et al. 
analyzed the behavior of voltage-dependent loads in optimal 
load flow studies [5]. The virtual flow methodology for the 
assessment of the flow of reactive power in transmission 
network due to different sources and particular load 
involvement with consideration of counter and loop flows 
without any difficulty has been addressed [7], [8]. By 
incorporating these models, the power flow solution can be 
achieved. The Newton Raphson algorithm for the large power 
system with FACTS devices and DC load flow model with 
UPFC for restructured power systems are discussed in [9], 
[15], respectively. A method based on tracing of electrical 
power has been reported [10], [11], which has the assumption 
that outflow and inflow on nodes are proportionally shared. 
The actual dimensions of the mismatch vector and Jacobian 
may not be altered. This is the fundamental advantage of the 
power injection model; however, due to lack of information 
about the active power line losses this model is less accessible 
[12], [20]. The controllable voltage over an indistinguishable 
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capacitive or inductive range autonomous of the line current 
can be obtained practically by using GTO based voltage 
source inverter. The power injection model concept is based 
on the conversion of the voltage source in terms of active and 
reactive power injected at nodes [14]. The reactive power 
transacted through transmission line [16] needs to be traced 
for apportioned the wheeling charges. A tracing based reactive 
power flow is reported by Bialek and Kattuman [17] with 
upward and downward looking principle. This can be utilized 
for cost allocation [18]. The network configuration to 
incorporate FACTS Controller based on voltage source 
modeling has been presented by Acha et al. [19]. The 
application of particle swarm optimization (PSO) technique to 
find the optimal location and minimum cost of installation of 
FACTS devices and to improve system loadability (SL). 
While finding the optimal location, the thermal limit for the 
lines and voltage limit for the buses are taken as constraints 
has been presented by Saravanan et al. [21]. The Z-bus matrix 
and modified Y-bus matrix methods treated as circuit-based 
allocation methods, all the computation in these methods are 
based on the admittance matrix to solved power flow [22], 
[24]-[26]. A differential evolution algorithm (DEA) based 
allocation of FACTS devices considering cost function and 
power system losses to improve security margin has been 
presented by Baghaee et al. [23]. The corrective solution for 
congestion management by using TCSC has been reviewed 
along with genetic algorithm-based approach for finding the 
optimal location and size of FACTS device for congestion 
management with the aim of increasing social welfare while 
the cost of TCSC was incorporated by Hosseinipoor et al. 
[27]. Determination of generator contribution can be used for 
congestion management [29], [30]. An enhanced PSO based 
optimization for optimizing the power system losses and 
voltage profiles has been proposed by Ravi et al. [31]. The 
investigation towards the implementation of integrated 
evolutionary algorithms for solving the capacitor placement 
optimization problem with reduced annual operating cost has 
been presented by El-Fergany [32]. Almost all of these 
solutions [33], [35] suggest that transmission utilization wage 
seems to have the power transmission loss charge as being an 
essential component of the transmission system, so it really 
does not require an additional computation. Bhattacharyya et 
al. offered the Differential Evolution Approach to apportion 
and facilitate its implementation with various FACTS 
technologies to an interconnected energy system [34]. Voltage 
saddle-node points with facts device along with Static Var 
Compensator (SVC) to enhance the voltage profile with the 
most appropriate placement of SVC and sizing of SVC using 
an evolutionary approach like Genetic algorithm (GA) has 
been inspecting by Srikanth et al. [36]. 

II. FACT CONTROLLER MATHEMATICAL MODELING 

A. Modeling of IPFC 

The problem of low reactance to resistive ratio can be 
overcome by incorporating the interline power flow controller 
scheme. The capability of the scheme is to manage power 

transmission in multi-line of a substation. 
By joining at least two or more arrangement of series-

connected converters functioning collectively, the IPFC 
extend the ideas of voltage and power flow control ahead of 
that attainable by the one-converter of the FACTS controller, 
the Static Synchronous Series Compensator (SSSC) as shown 
in Fig. 1. In the IPFC arrangement, various converters are 
connected to together at their DC terminals. Every converter 
can give series reactive compensation, as an SSSC, for its own 
particular line. However, the inverters can exchange real 
power between them through their ordinary DC terminal. This 
ability enables the IPFC to offer both reactive and real 
compensation for a portion of the lines and, consequently, 
enhance the usage of general transmission frameworks. Real 
power can be extracted from one line and injected into 
another. Thusly, dissimilar to the SSSC, the injected voltage 
does not need to be in quadrature with the line current.  
This inferred that magnitude of voltage and phase angle 
together regulate injected voltage of the one line. However,  

For proper operation of the device, the DC bus voltage must 
be held constant and the real power, injected to one line by the 
Voltage Source Converter (VSC), must be equal to the real 
power extracted from the other line. Hence, only one of the 
variables of the injected voltage of the other line can be 
independently controlled. Like other FACTS elements, IPFC 
can be used for increasing power system stability against large 
and small disturbances. 

 

 

Fig. 1 Schematic diagram of IPFC 

B. Modeling of UPFC 

The unified power flow controller is a combination of two 
voltage source converters in which one converter connected in 
series and another converter connected in shunt with 
transmission line through the transformer at both side and a 
D.C. link capacitor in between. This arrangement 
simultaneously and selectively able to control parameters such 
as voltage magnitude, line impedance and phase angle etc. so 
the capability of multifunctional makes this device unified. 
The set of synchronous voltages of magnitude Vse and their 
angle inject in the transmission line is fully controllable by 
converter connected in series with the line [14, 19]. 

World Academy of Science, Engineering and Technology
International Journal of Energy and Power Engineering

 Vol:13, No:8, 2019 

593International Scholarly and Scientific Research & Innovation 13(8) 2019 ISNI:0000000091950263

O
pe

n 
Sc

ie
nc

e 
In

de
x,

 E
ne

rg
y 

an
d 

Po
w

er
 E

ng
in

ee
ri

ng
 V

ol
:1

3,
 N

o:
8,

 2
01

9 
pu

bl
ic

at
io

ns
.w

as
et

.o
rg

/1
00

10
68

7.
pd

f



 

 

SERIES CONVERTERSHUNT CONVERTER

Vk Vm

Vdc

Vse

Vsh

0V

 

Fig. 2 Schematic diagram of UPFC 
 
The active power required by the series converter at 

common DC link is given through by means of converter 
connected in shunt in the transmission line. Shunt converter 
also has the capability to independently regulate reactive 
power demanded or absorb by the line [19]. 

The converters connected in series with the line can be 
represented by an ideal voltage source with the magnitude Vse 

at an angle θse between buses k and m and another converter 
connected in shunt with the line injected voltage Vsh at an 
angle θsh as shown in Fig. 3. The impedances in series with the 
voltage source represent the losses caused by the coupling 
transformer. The mathematical equations for the ideal voltage 
source converter upfc equivalent circuit are [14], [19]. 

 

k kP + jQ m mP + jQ

sh shP + jQ

se seP + jQ

seV

shV

seZ

shZ

se shP + P

Busk Busm

kV mV

 
Fig. 3 UPFC Equivalent Circuit 

 

V = V (cosθ + jsin θ )se se se se                         (1) 
 

V = V (cosθ + jsin  θ )sh sh sh sh     (2)                                                                                 
 

The power flow equation with UPFC between buses k and 
m are given by 

 
2P = V G + V V G cos(θ - θ )m mkm kk k km kk

 + 

V V G cos(θ -θ )se sek km k +V V G cos(θ -θ )k sh sh k sh
V V B sin(θ -θ )+V V B sin(θ -θ ) m m se sek km k k km k

 

+V V B sin(θ -θ ) k sh sh k sh
                          (3) 

 
2Q =-V B +V V B cos(θ -θ )+V V B cos(θ -θ )m m se sekm kk k km k k km kk

+V V B cos(θ -θ )+V V G sin(θ -θ )m mk sh sh k sh k km k

+V V G sin(θ -θ ) +V V G sin(θ -θ )se sek km k k sh sh k sh
         (4) 

  
2P =V G +V V G cos(θ -θ )+V V G cos(θ -θ )m mm m m m se mm m semk k mk k          

+V V B sin(θ -θ )+V V B sin(θ -θ )m m m se mm m sek mk k  (5) 

 
2Q = -V B -V V B cos(θ -θ )-V V B cos(θ -θ )m mm m m m se mm m semk k mk k

+V V G sin(θ -θ )+V V G sin(θ -θ )m m m se mm m sek mk k
                 (6) 

 
where 

1y =se Zse
, 1y =s h Z s h

 

 
and            

G + jB = y + y = Ysekk kk sh kk  

 

G + jB y = Ymm mm= se mm 
 

G + jB = -y = Y = Ysekm km km mk
 

 
G + jB = -y = Ysh sh sh sh

 

 
The modeling of UPFC with voltage source model carried 

out here with the assumption that converters are lossless. 
Hence the voltage across DC link capacitor remains constant 
and power demanded by series converter Pse is equal to power 
supplied through shunt converter Psh so relation for equality 
constant can be represented by the following equation. 

 
P + P = 0se sh                                        (7) 

  
where 

2P =V G +V V (G cos(θ -θ )se se mm se sek km k
  

+B sin(θ -θ )+V V (G cos(θ -θ )+B sin(θ -θ )se se m mm se mm se mkm k k    (8) 

 
2P =-V G +V V (G cos(θ -θ )+B sin(θ -θ )sh sh sh k sh sh k sh sh ksh

        (9) 

 
To carry out power flow analysis, the Newton-Raphson 

method is adapted with UPFC. For that, the power equation is 
modified with a combination of the network equation. The 
voltage magnitude at bus k can be used as a parameter to 
regulate power flow from bus m to k, the mathematical 
equation for both the buses are as [14], [19]. 

 
n

P + jQ = V V Y (θ -δ +δj)+P + jQk k k j kj kj k km km
j=1

 (10) 

 
n

P + jQ = V V Y (θ -δ +δj)+P + jQmkm m m j kj kj k mk
j=1

 (11) 
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n
P = B (δ -δ )+B (θ -θ ) +B (θ -θ ) +B (θ -θ )m se sek kj k j km k mk k sh k

j=1
 (12) 

 
Equations (10) and (11) can be linearised with respect to the 

parameter of the system and UPFC. By regulating the 
parameter Vse and θse simultaneously with inclusion in 
Jacobian targeted value of power flow between buses m and k 
(Pmk and Qmk) can be achieved. Power flow convergence is 
achieved when the equation of power does not mismatch. 

III. TRANSMISSION PRICING MODELLING 

C. Model for Tracing of Reactive Power Flow and 
Allocation  

Let ln =  1……….e show the entire transmission line in the 

power system structured, Gn
 = 1……….g is the entire quantity 

of generating units and D = 1………d is the entire quantity of 
users in the structure. Again, generation in diagonal form can 
be represented as PGG =diag (PG1, PG2, ……. PGn). Thus, from 
[13], [28] 

 
-1

m LU = K P                                     (13) 

                                                                                                                                           
T T

G G G G G GU P =(P ) orP =P U                (14) 

                               
By combining (13) and (14) 
 

-1
G G G m LP =P K P                                (15)  

                                                                                                                                                                                                         

Obtained matrix -1
GG mP K is called generation production 

matrix. The generation production matrix is indicated by GPM 
= (tij), i.e., where, 

 

GPM = -1
GG mP K                            (16) 

                                                                                                                                         

i j ij LjR =t R                                    (17)                                                                                                                              

 

Here ij Ljt R represents the reactive flow contribution of 

generator situated at bus i to the load at bus j. Reactive power 
allocated to generator placed at bus i share the line s – b can 
be calculated by, 
 

i s-b is s-bRP =t  rf                                    (18)                     

 
To obtain the contribution of reactive power by loads, 

similar procedure is repeated. To Determine the power 
extracted by individual load from the line flow, extraction 
factor matrix of loads to generators has been utilized which 
expressed by EFM 

 
-1 T

LL mEFM = (P K )                                   (19)  

 
where the diagonal matrix PLL = diag (PL1, PL2, ……. PLd) [6]. 

In this paper, the author assumed that the expense occurred for 
the transaction of reactive power should be recovered from the 
consumer or load participant. By using extraction factor 
matrix reactive power allocated to load is obtained for 5 bus 
test system.  

D. Cost Allocation Model for Reactive Flows 

For allocation of reactive power cost, the following 
algorithm is developed. For this purpose, the MVAr-mile 
method is used. In this model, the reactive power charge is 
allocated with respect to the reactive power base capacity of 
the transmission line [6], [28]. 
If the cost of the line is denoted as TCs-b (in Rs/hr), then 
reactive power cost allocated to users is given by:                                        

For Load Lh full transmission usage cost allocation is given 
by,  

 

h j s-bL
s-b s-b

base s-b

R P
FT R C = ×T C

rf


            (20) 

 
Total transmission Usage cost hL

fT R C allocated to Load Lh 

 

h h
eL L

f lnln=1
TRC = FTRC              (21) 

IV. RESULT AND DISCUSSION 

The 5 bus system has two generators and three loads with 
seven transmission line. For cost allocation, it is assumed that 
the cost of the transmission lines is proportional to the length 
of the lines.  

E. 5 Bus System 

Reactive power flow through the different transmission line 
and cost allocation towards the reactive power wheeling 
charges from the different load participants for 5-bus system 
without FACT controller are given in Table I and with UPFC 
is given in Table II. 

From Fig. 4, it is clear that the total cost recovery is 
enhanced by 26% towards the reactive power flow through the 
different transmission line for 5-bus test system. 

V. CONCLUSION 

The demand for power supply increases day by day in 
developing countries like India, so the demand for reactive 
power support in the form of ancillary services provider also 
has been increased. The fair pricing policy towards reactive 
power can be achieved by the proposed method incorporating 
FACTS controller towards cost recovery of the transmission 
network. From the result shown in Tables I and II for 5-bus 
system, it is clear that the reactive power flow through the 
transmission line can be regulated effectively. The influence 
of the FACT controller on the transaction cost of reactive 
power which will be recovered from the different load 
participant in the network has been analyzed. The 
implementation of the proposed method on the 5-bus system 
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shows the impact of FACTS controllers in terms of cost 
recovery enhancement.  

 

 
TABLE I 

REACTIVE POWER AND COST ALLOCATION WITHOUT FACT CONTROLLER 
Line  
No. 

Reactive Power 

Flows in P.U. 
MVAR to 

L3 
MVAR to 

L4 
MVAR to 

L5 
MVAR Transaction Cost 

in Rs/hr 
Cost Allocated to 

L3 
Cost Allocated to 

L4 
Cost Allocated to 

L5 
1-2 0.7916 0.2757 0.2072 0.2794 63.25 17.44 13.11 17.67 

1-3 0.1757 0.0612 0.0460 0.0620 252.98 15.48 11.64 15.69 

2-3 0.0297 0.0048 0.0082 0.0156 189.74 0.91 1.55 2.95 

2-4 0.0207 0.0033 0.0057 0.0108 189.74 0.63 1.08 2.06 

2-5 0.0541 0.0087 0.0149 0.0283 126.49 1.10 1.89 3.58 

3-4 0.0351 0.0245 0.0083 0.0012 31.62 0.77 0.26 0.04 

4-5 0.0072 0 0.0062 0.0009 252.98 0.00 1.56 0.23 

Total 36.33 31.09 42.22 

 
TABLE II 

REACTIVE POWER AND COST ALLOCATION WITH FACT CONTROLLER 
Line 
No. 

Reactive Power 

Flows in P.U. 
MVAR to 

L3 
MVAR to 

L4 
MVAR to 

L5 
MVAR Transaction Cost

in Rs/hr 
Cost Allocated to 

L3 
Cost Allocated to 

L4 
Cost Allocated to 

L5 
1-2 0.8258 0.2876 0.2164 0.2915 63.25 18.19 18.43 18.47 

1-3 0.1488 0.0518 0.0390 0.0525 252.98 13.11 9.86 13.28 

2-3 0.0791 0.0128 0.0218 0.0414 189.74 2.42 4.13 7.86 

2-4 0.0473 0.0076 0.013 0.0248 189.74 1.45 2.47 4.7 

2-5 0.0716 0.0115 0.0197 0.0375 126.49 1.46 2.49 4.74 

3-4 0.182 0.1266 0.0433 0.0066 31.62 4 1.37 0.21 

4-5 0.0674 0 0.0576 0.0088 252.98 0.00 1.457 2.23 

Total 40.63 54.88 53.69 

 

 

Fig. 4 Comparative Cost Allocation 
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