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Abstract— This paper presented power flow 
analysis using Interline Power Flow Controller 
(IPFC) , a case study of Afam-Alaoji, Sapele-Benin, 
Sapele-Aladja, Delta-Aladja and Delta-Benin 
transmission lines in Nigeria. It is aimed at 
minimizing high power losses and normalizing 
voltages in the transmission lines. The IPFC 
device was inserted in the first and the second 
buses (Afam and Alaoji). The buses and lines data 
were the input along with the IPFC parameters 
which were used to obtain the Jacobian Matrix 
and to determine the power mismatches in the 
transmission lines. The power flow analysis was 
conducted using the Newton-Raphson algorithm 
which was simulated in MATLAB program. The 
simulation was conducted with and without the 
IPFC. The results showed that the total real and 
reactive power losses obtained when the power 
flow simulation was done  without and with IPFC  
were  245.90 MW and 217.25 MVar (without the 
IPFC)  and  186.28 MW and 38.163 MVar (with the 
IPFC) respectively. The use of IPFC improved the 
voltage profile by 90%. Hence, the study shows 
that the IPFC was effective in optimizing power 
losses and normalizing the voltages in the cases 
study transmission lines. However, further works 
is required for the determination of the optimal 
location of the IPFC in the transmission lines. 

Keywords— Interline Power Flow Controller 
(IPFC), Power Flow Analysis, Power Losses, 
Transmission Lines, Jacobian Matrix, Power 
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I. INTRODUCTION 
The evolution of power industry in recent years has 
imposed many challenges due to the radical changes 
in the energy market as power demand, in many 
cases, is more than the available power. Due to the 
heavy demand for power, distribution networks are 
always stressed which results in reduced voltage 
across the load and this affects the performance of 
the power system [1,2,3]. It is therefore necessary to 
improve the performance of the power system in order 

to deliver acceptable quality power at the consumer 
end.  
Notably, the reactive power compensation is the main 
measure to keep power network running with high 
voltage stability, high power quality and minimum 
system loss [4,5,6,7,8]. Also, over the years, the 
flexible alternating current transmission system 
(FACTS) devices have been found to be very effective 
controller for enhancing the power system 
performance [9,10,11,12,13,14]. The FACTS 
controllers use thyristor-switched-capacitors or 
reactors to provide reactive shunt and series 
compensation [15,16,17,18,19,20]. FACTS controllers 
are broadly classified as series or shunt, and both 
categories are used to modify the natural electrical 
characteristics of ac power system. The series 
compensation modifies the transmission or 
distribution system parameters, while the shunt 
compensation changes the equivalent impedance of 
the load. In both cases, the reactive power that flows 
through the system can be effectively controlled by 
FACTS, which improves the overall performance of ac 
power system.  
Furthermore, presently, there is a number of FACTS 
device controllers, the shunt controller like static VAR 
compensator (SVC) [21,22], the static synchronous 
compensator (STATCOM) [23,24],  the series 
controller like thyristor controlled series capacitor 
(TCSC) [25,26] and the static synchronous series 
compensator (SSSC) [27,28]. There is a third 
classification which is a combination of both series 
and shunt controllers like thyristor-controlled phase 
shift transformer (TCPST), interline power flow 
controller (IPFC), unified power flow controller (UFPC) 
and dynamic flow controller (DFC) [29,30].  The IPFC 
is among the FACTS devices aimed at simultaneously 
providing dynamic compensation and effective power 
flow management in transmission lines [31,32,33]. 
Therefore, the main objective of this paper is to use 
IPFC to minimize power losses in a transmission line. 
The study is based on data collected from a case 
study 330kV transmission line in Nigeria. In the study, 
the IPFC controller is modeled and used along with 
the Newton-Raphson power flow method to determine 
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the voltage profile of the generator and the load buses 
with and without using the IPFC. Finally, the models 
are simulated and the performance of the IPFC model 
is also determined using a program written in the 
matrix laboratory (MATLAB) software. 
II.  METHODOLOGY 
The power injection model for the interline power flow 
controller (IPFC) is derived based on the equivalent 
circuit of IPFC shown in Figure 1. 

 
Figure 1  Equivalent circuit of two converter IPFC 
[34,35] 
In Figure 1, Vi, Vj and Vk are the complex bus voltages 
at the buses i, j and k respectively, and they are 
defined as; 

 𝑉𝑥 = 𝑉𝑥 𝜃𝑥      𝑓𝑜𝑟 𝑥 = 𝑖, 𝑗𝑎𝑛𝑑 𝑘   (1) 
Where Vsein is the controllable series injected voltage 
source, defined as; 

 𝑉𝑠𝑒𝑖𝑛 = 𝑉𝑠𝑒𝑖𝑛 <  𝜃𝑠𝑒𝑖𝑛 (𝑛 = 𝑗, 𝑘)        (2) 
Where 𝑍𝑠𝑒𝑖𝑛 (𝑛 = 𝑗, 𝑘)  is the series coupling 
transformer impedance. 
The active and reactive power injections at each bus 
is determined as follows [34,35]; 

 𝑃𝑖𝑛𝑗,𝑖 = ∑ 𝑉𝑖𝑉𝑠𝑒𝑖𝑛𝑏𝑖𝑛sin (𝜃𝑖 − 𝜃𝑠𝑒𝑖𝑛)𝑛=𝑗,𝑘  (3) 

 𝑄𝑖𝑛𝑗,𝑖 = −∑ 𝑉𝑖𝑉𝑠𝑒𝑖𝑛𝑏𝑖𝑛cos (𝜃𝑖 − 𝜃𝑠𝑒𝑖𝑛)𝑛=𝑗,𝑘   (4) 

 𝑃𝑖𝑛𝑗,𝑛 = − 𝑉𝑛𝑉𝑠𝑒𝑖𝑛𝑏𝑖𝑛sin (𝜃𝑛 − 𝜃𝑠𝑒𝑖𝑛)    (5) 

 𝑄𝑖𝑛𝑗,𝑛 = 𝑉𝑛𝑉𝑠𝑒𝑖𝑛𝑏𝑖𝑛sin (𝜃𝑛 − 𝜃𝑠𝑒𝑖𝑛) ( 6) 

Where n = j,k 

 
Figure 2: Power injection model of two converter 

IPFC 
(Source :[34] 

The equivalent power injection model of an IPFC is 
shown in Figure 2.   The active and reactive power 
flow control constraints are given as[34,35]; 

 𝑃𝑛𝑖 − 𝑃𝑛𝑖
𝑠𝑝𝑒𝑐

= 0    (7) 

 𝑄𝑛𝑖 − 𝑄𝑛𝑖
𝑠𝑝𝑒𝑐

= 0                   (8) 

Where n=j,k and 𝑃𝑛𝑖
𝑠𝑝𝑒𝑐

and 𝑄𝑛𝑖
𝑠𝑝𝑒𝑐

are the specified 

active and reactive power flow control references 
respectively, which are given as; 

 𝑃𝑛𝑖 = 𝑅𝑒 (𝑉𝑛𝐼𝑛𝑖
∗ )         (9) 

 𝑄𝑛𝑖 = 𝑅𝑒 (𝑉𝑛𝐼𝑛𝑖
∗ )         (10) 

The power balance equations are as follows [34,35]; 

 𝑃𝑔𝑚 + 𝑃𝑖𝑛𝑗,𝑚 − 𝑃𝑙𝑚 − 𝑃𝑙𝑖𝑛𝑒,𝑚 = 0  (11) 

 𝑄𝑔𝑚 + 𝑄𝑖𝑛𝑗,𝑚 − 𝑄𝑙𝑚 − 𝑄𝑙𝑖𝑛𝑒,𝑚 = 0       (12) 

 
The IPFC model used is given as follows [34,35]; 

 𝑃𝑖𝑛𝑗,𝑖 =  ∑ 𝑉𝑖𝑉𝑠𝑒𝑖𝑛𝑏𝑖𝑛𝑠𝑖𝑛 (𝜃𝑖 − 𝜃𝑠𝑒𝑖𝑛)𝑛=𝑗,𝑘   (13) 

 𝑄𝑖𝑛𝑗,𝑖 =  − ∑ 𝑉𝑖𝑉𝑠𝑒𝑖𝑛𝑏𝑖𝑛cos(𝜃𝑖 − 𝜃𝑠𝑒𝑖𝑛)𝑛=𝑗,𝑘  (14) 

 𝑃𝑖𝑛𝑗,𝑛 =  − 𝑉𝑛𝑉𝑠𝑒𝑖𝑛𝑏𝑖𝑛 sin(𝜃𝑛 − 𝜃𝑠𝑒𝑖𝑛)   (15) 

 𝑄𝑖𝑛𝑗,𝑛 =  𝑉𝑛𝑉𝑠𝑒𝑖𝑛𝑏𝑖𝑛sin(𝜃𝑛 − 𝜃𝑠𝑒𝑖𝑛)    (16) 

Where n = j,k 

𝑃𝑔𝑚 +  𝑃𝑖𝑛𝑗,𝑚 −  𝑃𝑙𝑚 −  𝑃𝑙𝑖𝑛𝑒,𝑚  = 0              (17) 

𝑄𝑔𝑚 +  𝑄𝑖𝑛𝑗,𝑚 −  𝑄𝑙𝑚 −  𝑄𝑙𝑖𝑛𝑒,𝑚 = 0                 (18) 

where Pgm and Qgm are the generator active and 
reactive powers, Plm are load active and reactive 
powers, Pline ,m and Qline,m are conventional 
transmitted active and reactive powers. The load flow 
equations for the PQ  busbar are given as; 

∆𝑃𝑖 = 𝑃𝑖
𝑠𝑝

− 𝑉𝑖 ∑ 𝑉𝑘
𝑛
𝑘=1 (𝐺𝑖𝑘 cos 𝜃𝑖𝑘 + 𝐵𝑖𝑘 sin 𝜃𝑖𝑘)     (19) 

 ∆𝑄𝑖 = 𝑄𝑖
𝑠𝑝

− 𝑉𝑖 ∑ 𝑉𝑘(𝐺𝑖𝑘sin 𝜃𝑖𝑘 −𝑛
𝑘=1

𝐵𝑖𝑘cos 𝜃𝑖𝑘)                                 (20) 
Where ∆𝑃𝑖 𝑎𝑛𝑑 ∆𝑄𝑖 are called the active and reactive 
power mismatches at busbari.   
The Jacobian matrix used in the Newton Raphson 
iterative solution in Figure 3 is given as; 

 0 = [

∆𝑃𝑝

⋯
∆𝑄𝑝

] − [

𝐻𝑝 ⋮ 𝑁𝑝

⋯ ⋯ ⋯
𝐽𝑝 ⋮ 𝐿𝑝

] [

∆𝜃𝑝

⋯
∆𝑉𝑝

𝑉𝑝

]     (21) 

Where ∆𝑃𝑝 are the real power mismatches at all PQ 

and PV buses, ∆𝑄𝑝are the reactive power mismatches 

at all PQ buses, ∆𝜃𝑝are the 𝜃 corrections for all PQ 

and PV buses, and 
∆𝑉𝑝

𝑉𝑝 provide the V corrections for all 

PQ buses. The division of each ∆𝑉𝑙
𝑝
by 𝑉𝑙

𝑝
 does not 

numerically affect the algorithm, but simplifies some of 
the Jacobian matrix terms. For busbars i and k (not 
row i and column k in the matrix), the following 
expressions applies; 

 𝐻𝑖𝑘 = −
𝜕∆𝑃𝑖

𝜕𝜃𝑘
        (22) 

 𝑁𝑖𝑘 = −𝑉𝑘
𝜕∆𝑃𝑖

𝜕𝑉𝑘
        (23) 

 𝐽𝑖𝑘 = −
𝜕∆𝑄𝑖

𝜕𝜃𝑘
        (24) 

 𝐻𝑖𝑘 = −𝑉𝑘
𝜕∆𝑄𝑖

𝜕𝑉𝑘
        (25) 

 0 =

[
 
 
 
 
 
∆𝑃1

∆𝑃3

∆𝑃4
⋯

∆𝑄1

∆𝑄4]
 
 
 
 
 

−

[
 
 
 
 
 
𝐻11 0 𝐻14 ⋮ 𝑁11 𝑁14

0 𝐻34 𝑁34 ⋮ 0 𝑁34

𝐻41

⋯
𝐽11

𝐽41

𝐻43

⋯
0
𝐽43

𝐻44

⋯
𝐽14

𝐽44

⋮
⋯
⋮
⋮

𝑁41 𝑁44

⋯ ⋯
𝐿11 𝐿14

𝐿41 𝐿44 ]
 
 
 
 
 

[
 
 
 
 
 

∆𝜃1

∆𝜃3

∆𝜃4
⋯

∆𝑉1/𝑉1

∆𝑉4/𝑉4]
 
 
 
 
 

   (26) 

 The expressions for the calculation of the elements 
of H, N, J, and L are obtained by partial differentiation 
and the expressions are as follows;  

𝐻𝑖𝑘 = 𝐿𝑖𝑘 = 𝑉𝑖𝑉𝑘(𝐺𝑖𝑘sin 𝜃𝑖𝑘 − 𝐵𝑖𝑘cos 𝜃𝑖𝑘)𝑖 ≠ 𝑘   (27) 

𝐻𝑖𝑘 = −𝐽𝑖𝑘 = 𝑉𝑖𝑉𝑘(𝐺𝑖𝑘 cos 𝜃𝑖𝑘 + 𝐵𝑖𝑘 sin 𝜃𝑖𝑘)𝑖 ≠ 𝑘  (28) 

 𝐻𝑖𝑖 = −𝐵𝑖𝑖𝑉𝑖
2 − 𝑄𝑖        (29) 

 𝑁𝑖𝑖 = 𝐺𝑖𝑖𝑉𝑖
2 + 𝑃𝑖        (30) 

 𝐽𝑖𝑖 = −𝐺𝑖𝑖𝑉𝑖
2 + 𝑃𝑖        (31) 

 𝐿𝑖𝑖 = −𝐵𝑖𝑖𝑉𝑖
2 + 𝑄𝑖        (32) 
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Journal of Multidisciplinary Engineering Science and Technology (JMEST) 

ISSN: 2458-9403 

Vol. 7 Issue 5, May - 2020 

www.jmest.org 

JMESTN42353801 13873 

Where Pi and Qi are the calculated net  busbar active 
and reactive powers given by the summation terms in 
Equation (19) and Equation (20). The flowchart for 

Newton-Raphson method with IPFC model is given in 
Figure 3.  

 
Figure 3  The flowchart for Newton-Raphson method with IPFC model 

The case study is the existing Nigerian South-South 
330 KV transmission system. The study seeks to 
determine the effect of the FACTS device on the 
transmission system. The selected case study 

transmission system comprises of six buses (with one 
generation bus) and five transmission lines. The 
relevant data concerning the case study buses and 
transmission lines are given in Table 1 and Table 2. 

Table : The per unit voltages and phase angle of the existing 330KV network 

Bus Number Per Unit Voltage Voltage Angle in degree 

1 1. 0000 330.00 -4.73 

2 0.9699 320.07 -7.28 

3 1.0030 330.99 -3.49 

4 1.0212 336.99 -4.64 

5 1.0000 330.00 0.63 

6 1.0000 330.00 -3.69 

 
 
 

 
 
 

Start 

Step 1:Input the IPFC parameters and load flow data  ; Set tolerance value  

Step 2:Initialize iteration counter K=0; voltage profile is flat set 

Step 3:Compute the active and reactive power mismatch       

Step 5:Modify power mismatch and Jacobian using IPFC mathematical model 

Step 7:Maximal Absolute 

Mismatch < Tolerance 

Step 8:Solve the NR equations;  

Obtain the voltage angle and magnitude correction vector, 

dx 

Step 9:Update the Newton Raphson solution by x = x+ dx 

Step 10:K=K+1 

Step 11:Output results 

Stop 

Step 4:Compute the Jacobian matrix using Newton Raphson method   

 

YES 

NO 
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Table 2: The transmission line parameters for the 

330KV Network 
Transmission 
Line  Number 

Circuit 
type 

Length 
of line 
(Km) 

Line 
Impedance 
: X(pu) 

Line 
Impedance 
: 
R (pu) 

1 Double 25 0.0006 0.0043 

2 Double 50 0.0009 0.0070 

3 Single 63 0.0025 0.0186 

4 Single 32 0.0009 0.0072 

5 Single 107 0.0042 0.0316 

 
III.  RESULTS AND DISCUSSION 
A. VOLTAGE PROFILE RESULTS 
Table 3 shows the result results of the simulation with 
and without IPFC on the voltage profile of the 
transmission lines using MATLAB. 
 
Table 3; Voltage profile of buses with and without the 

IPFC devices 

Bus 
Number 

Simulated Voltage   
without IPFC 

           Simulated 
Voltage with IPFC 

1                            -
.2088    

                             
1.0000 

2                       1.0005                                 
0.9841 

3                       1.0052                                 
1.0000 

4                         1.0019                                 
1.0000 

5                      0.1158                                 
1.0000 

6                       1.0000                                 
1.0000 

 
Figure 4 is the comparison of the voltage profile of the 
buses with IPFC and without IPFC; it is plotted from 
the voltage without the IPFC data of Table 3, the x-
axis represents the locations of buses with their serial 
numbers. From  Figure 4 the bus with the least 
voltage is located at bus number 1, but the voltage 
from the second bus to the fourth bus were 
normalized with just Newton-Raphson models without 
applying the IPFC device.  
Also, apart from the bus number 2 with voltage of 
0.9841 pu, the other buses were normalized at 1pu. 
This shows that the IPFC is very effective and 
achieved a 90% voltage improvement if inserted on 
the transmission line. In all, the spikes seen at the plot 
without IPFC were totally normalized when an IPFC 
device was introduced into the modeling system.  

 
Figure 4, Voltage profile of buses with and without 

IPFC device 
 
B. POWER LOSSES 
The results of the comparison between the power loss 
with the IPFC device and without the IPFC device are 
shown in Table 4 and Figure 5. Without the IPFC 
device, the transmission line with the highest power 
loss in Table 4 and Figure 5 is transmission line 2 with 
a real power loss and reactive power loss of 66.3794 
MW and 71.57289 MVar respectively. The total real 
power loss and reactive power loss without using the 
IPFC is 245.90 MW and 217.25MVar respectively. 
The loss incurred is very excessive which needs to be 
controlled to maximize profit. When the IPFC devices 
are used, the power losses are minimized with the 
highest power loss at transmission lines 3 having an 
active and reactive power loss of 37.0115 MW and 
16.9210 Mvar respectively with a total active and 
reactive power loss of 186.28 MW and 38.1632MVar 
respectively. The power loss was minimized which 
shows that the IPFC device is also very effective in 
optimizing the power losses as well. The device was 
able to minimize the power loss up to 80.9% for the 
active power loss and 75.5% for the reactive power 
loss. 
 
 
Table 4: Transmission lines with and without IPFC 

Transmission 
line number 

Simulated Power  
Loss without 
IPFC     (MW)          

Simulated Power  
Loss with  IPFC   (x 
100) (MW)          

1 38.1112-33.5055i          6.4085 + 9.4442i 

2 66.3794-71.5728i         6.4940 + 3.8910i 

3 66.2287-39.5037i        9.6150 +16.1290i 

4 40.7958-33.3982i        6.4940 + 3.8910i 

5 34.3805-39.2703i        8.0000 + 4.8080i 

Total:                     245.90-217.25i           9.6150 +16.1290i 
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Figure 5:  Plot of Power loss with and Without IPFC 

device. 
IV.  CONCLUSIONS 
The interline power flow controller (IPFC) was used to 
optimize the power losses in the transmission lines of 
the South-southern part of Nigeria. It was also used to 
improve the voltage profile of the transmission system 
comprising of six buses and five transmission lines. 
The results of the system power flow without the IPFC 
and with the IPFC were compared. The total power 
loss obtained after inserting the IPFC was lower than 
the system without the IPFC. This meant that the 
IPFC was very effective in minimizing (optimizing) the 
power losses. Also the voltage profile of the system 
was also improved up to the required voltage of 
330KV.  
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