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ABSTRACT: Consistent increase in the demand for electrical energy often leads to heavy loading of 

transmission lines. One of the consequences of this is that such transmission systems are subjected to imbalance 

in the reactive power and hence voltage instability and reduction in real power of the system. Conventional 

methods of enhancing voltage stability and improving efficiency have proven to be slow and difficult to control. 

A new approach, however, is the use of Flexible AC Transmission System (FACTS) controllers. This paper 

applied Unified Power Flow Controller (UPFC), a member of this class of devices to Nigeria’s 330kV 

transmission system using MATLAB. Obtained results showed an improvement in the voltage magnitude of bus 

9 and bus 13 from 0.9896 and 0.9765 to 1.02 and 1.0199 respectively. Also, the active power loss was reduced 

by 2.53% from 85.177MW to 83.025MW when UPFC was applied. Incorporation of UPFC improved the 

system’s voltage stability and reduced active power losses. The UPFC could therefore be deployed to minimize 

prolonged and frequent voltage instability in transmission networks and enhance system efficiency. 

Keywords: Transmission system, voltage instability, FACTS devices, UPFC, MATLAB 

 

I. INTRODUCTION 
Transmission systems are part of the overall electrical power supply systems. Transmission system 

consists of conductors carried on steel towers linking generation stations to users through the distribution 

system. They deliver bulk power from power stations to the load centers and large industrial consumers beyond 

the economical service range of the regular primary distribution lines [1]. Like many transmission systems in 

the world, Nigeria’s transmission system is characterized by high technical and non-technical losses, 

overloading, voltage instability, radial lines having no redundancy, results of de-regularization of the electricity 

market and obsolete substation equipment [2],[3],[4]. 

Increase in population leads to increase in economic activities and hence increase in electrical energy 

demand, thereby causing burdens on existing transmission lines also to increase. This has caused the loading of 

the transmission lines beyond their design limits with consequent reduction in power quality [5][6]. 

A major consequence of overstretching transmission lines is voltage instability. Voltage instability is 

defined as the inability of a power system to maintain steady voltages at all buses in the system under normal 

operating conditions and after being subjected to a disturbance. Instability may result in the form of a 

progressive fall or rise of voltage of some buses. The possible outcome of voltage instability is loss of load in 

the area where voltages reach unacceptably low values or a loss of integrity of the power system. Voltage 

instability could be due to large disturbance or small disturbance [7][8][9]. 

The proximity of a given system to voltage instability is typically assessed by indices that measure one 

or a combination of: 

• Sensitivity of load bus voltage to variations in active power of the load. 

• Sensitivity of load bus voltage to variations in injected reactive power at the load bus. 

• Sensitivity of the receiving end voltage to variations in sending end voltage. 

• Sensitivity of the total reactive power generated by generators, synchronous condensers, and SVS to 

variations in load bus reactive power [10] 
 

Conventional Methods Of Improving Voltage Stability 

There are various conventional methods of improving the voltage stability of power systems. Some of these are: 

(a) Reactive Power Compensation  

Reactive power compensation is an important issue in electric power systems being an effective 

measure to improve voltage stability. Reactive power must be compensated to guarantee an efficient delivery of 
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active power to loads, thus releasing system capacity, reducing system losses, and improving system power 

factor and bus voltage profile [11]. Through controlling the production, absorption, and flow of reactive power 

at all levels in the system, voltage/Var control can maintain the voltage profile within acceptable limit and 

reduce the transmission losses [9]. 

Compensation could be shunt whereby the compensating device is connected in parallel with the 

circuit to be compensated. It can be capacitive (leading) or inductive (lagging) reactive power, although in most 

cases, compensation is capacitive. Shunt compensation is successful in reducing voltage drop and power loss 

problems in the network under steady load conditions as it reduces the current flow in areas of installation 

[12][13]. It could also be series whereby the compensating device is connected in series with the circuit to be 

compensated. Whereas shunt compensation reduces the current flow in areas of installation, series 

compensation acts directly on the series reactance of the line. It reduces the transfer reactance between supply 

point and the load and thereby reduces the voltage drop [14]. 
 

(b) Synchronous Condensers 

Synchronous condenser is simply a synchronous machine without any load attached to it. Like 

generators, they can be over-exited or under-exited by varying their field current in order to generate or absorb 

reactive power. Synchronous condensers can continuously regulate reactive power to ensure steady 

transmission voltage, under varying load conditions. They are especially suited for emergency voltage control 

under loss of load, generation or transmission, because of their fast, short-time response. Synchronous 

condensers provide necessary reactive power even exceeding their rating for short duration, to arrest voltage 

collapse and to improve system stability [15][16]. 
 

(c) Excitation Control 

When the load on the supply system changes, the terminal voltage of the alternator also varies due to 

the changes in voltage drop in the synchronous reactance of the armature. Since the alternators have to be run at 

a constant speed, the induced emfs, therefore, cannot be controlled by adjustment of speed. The voltage of the 

alternator can be kept constant by changing the field current of the alternator in accordance with the load. This 

is known as EXCITATION CONTROL METHOD. The excitation control method is satisfactory only for 

relatively short transmission lines [1][16]. 
 

(d) Tap-Changing Transformers 

Tap-changing transformer method is a method of voltage control for long transmission lines where 

main transformer is necessary. The principle of regulating the secondary voltage is based on changing the 

number of turns on the primary or secondary i.e. on changing the ratio of transformation. Decrease in primary 

turns causes increase in emf per turn, and so in secondary output voltage. Secondary output voltage can also be 

increased by increasing secondary turns and keeping primary turns fixed. In other words, decrease in primary 

turns has the same effect as that of increase in secondary turns [17]. 
 

(e) Booster Transformer 

Sometimes, it is desired to control the voltage of a transmission line at a point far away from the main 

transformer. This can be conveniently achieved by the use of a booster transformer. The secondary of the 

booster transformer is connected in series with the line whose voltage is to be controlled. The primary of this 

transformer is supplied from a regulating transformer fitted with on-load tap-changing gear. The booster 

transformer is connected in such a way that its secondary injects a voltage in phase with the line [16] 
 

(f) Phase-Shifting Transformers 

This is based on the concept that modification of voltage magnitudes and / or their phase can be 

achieved by adding a control voltage. A special form of a 3-phase–regulating transformer is realized by 

combining a transformer that is connected in series with a line to a voltage transformer equipped with a tap 

changer. The windings of the voltage transformer are so connected that on its secondary side, phase-quadrature 

voltages are generated and fed into the secondary windings of the series transformer. Thus the addition of small, 

phase-quadrature voltage components to the phase voltages of the line creates phase-shifted output voltages 

without any appreciable change in magnitude. A phase-shifting transformer is therefore able to introduce a 

phase shift in a line [18]. 

 

II. UNIFIED POWER FLOW CONTROLLER (UPFC) 
This device is a member high power-electronic based controllers (FACTS devices) that enhances 

controllability and increases power transfer capability of power systems.FACTS is a recent technological 

development in electrical power systems that is aimed at replacing the static, conventional methods mentioned 

above [19][20][21]. 
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The Unified Power Flow Controller (or UPFC) is an electrical device for providing fast-acting reactive 

power compensation on high-voltage electricity transmission networks. The UPFC uses solid state devices, 

which provide functional flexibility, generally not attainable by conventional Thyristor controlled systems. The 

UPFC is a combination of a static synchronous compensator (STATCOM – shunt converter) and a static 

synchronous series compensator (SSSC – series converter) coupled via a common DC voltage link as seen 

below [22][23][24]. 

 
Figure 1: Schematic diagram of the Unified power flow controller (UPFC) system showing two back-to-back 

voltage source converters (VSCs)[25]. 

 

III. UPFC POWER FLOW MODEL 
 The equivalent circuit diagram of the UPFC is shown in Figure 2, 

 
Figure 2: Equivalent circuit diagram of UPFC [25] 

 

The UPFC voltage sources are [21]:    𝑉𝑠ℎ =  𝑉𝑠ℎ (cos 𝛿𝑠ℎ +  𝑗 sin 𝛿𝑠ℎ)   (1) 

𝑉𝑠𝑒 =  𝑉𝑠𝑒(cos 𝛿𝑠𝑒 +  𝑗 sin 𝛿𝑠𝑒)           (2) 

whereVsh and δsh are the controllable magnitude (Vsh min ≤ Vsh≤ Vsh max) and phase angle (0 ≤ δsh ≤ 2π) 

of the voltage source representing the shunt converter. The magnitude Vse and phase angle δse of the voltage 

source representing the series converter are controlled between limits (Vse min ≤ Vse≤ Vse max) and (0 ≤ δse ≤ 2π) 

respectively 

The power flow equations for the UPFC are obtained as follows [21][26]: 

At the sending-end node i, 

𝑆𝑖 =  𝑃𝑖 + 𝑗𝑄𝑖 =   𝑉𝑖
2 − 𝑉𝑖𝑉𝑠𝑒

∗ − 𝑉𝑖𝑉𝑘
∗ 𝑌𝑠𝑒

∗ +  𝑉𝑖
2 − 𝑉𝑖𝑉𝑠ℎ

∗  𝑌𝑠ℎ   (3) 

At the sending-end node k, 

𝑆𝑘 =  𝑃𝑘 + 𝑗𝑄𝑘 =  𝑉𝑘 𝑉𝑘
∗ + 𝑉𝑠𝑒

∗ − 𝑉𝑖
∗ 𝑌𝑠𝑒

∗     (4) 
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The series converter power is: 

𝑆𝑠𝑒 =  𝑉𝑠𝑒𝐼𝑠𝑒
∗ =  𝑃𝑠𝑒 + 𝑗𝑄𝑠𝑒 =  𝑉𝑠𝑒(𝑉𝑘

∗ − 𝑉𝑠𝑒
∗ − 𝑉𝑖

∗)𝑌𝑠𝑒
∗    (5) 

Shunt converter power: 

𝑆𝑠ℎ =  𝑉𝑠ℎ 𝐼𝑠ℎ
∗ =  𝑃𝑠ℎ + 𝑗𝑄𝑠ℎ =  𝑉𝑠ℎ (𝑉𝑖

∗ − 𝑉𝑠ℎ )𝑌𝑠ℎ
∗    (6) 

 

For the case when the UPFC controls the following parameters [16]: 

(1) Voltage magnitude at the shunt converter terminal (bus i), 

(2) Active power flow from bus k to bus i, and  

(3) Reactive power injected at bus k, and taking bus k to be a PQ bus,  

The linearised system of equations is as follows [16]: 
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IV. THE NIGERIAN TRANSMISSION SYSTEM – TEST CASE 
The test case for this work is the 28-bus Nigerian transmission system made up of nine (9) generating 

stations/PV buses (which are either thermal or hydro and exluding the Nigerian Integrated Power Projects 

(NIPPs) and the Independent Power Projects (IPPs)) and fifty-two (52) transmission lines. 

Some of the predominant features of this system are: 

1. There is an installed capacity of 8,644MW of generated power of which 6,905MW is government owned 

[27]. 

2. The system is characterised by high power losses and frequent voltage instability [28]. The transmission 

grid system is also characterised by radial, fragile and long transmission lines, some of which risk total or 

partial system collapse in the event of major fault occurrence and make voltage control difficult [29][30].  

3. The existing system comprises over 11,000km of transmission lines (about 5,523km for 330kV lines and 

about 6,889km for 132 kV lines) [31]. There are 32 No of 330/132 kV substations with total installed 

transformation capacity of 7,688MVA (equivalent to 6,534.8MW) [31][32]. 

Bus and line data of the Nigerian 28-bus system are presented in the tables that follow. 

 

Table 1: Bus data of the Nigerian 330kV 28-Bus transmission System [31]. 
   LOAD GENERATION 

BUS NO VOLT MAG (|V|)pu PHASE ANGLE (DEG) PD QD PG QG QMIN QMAX 

1 1.05 0 68.9 51.7 0.0 0 -1006 1006 

2 1.05 0 0.0 0.0 670.0 0 -1030 1000 

3 1.00 0 274.4 205.8 0.0 0 0 0 

4 1.00 0 344.7 258.5 0.0 0 0 0 

5 1.00 0 633.2 474.9 0.0 0 0 0 

6 1.00 0 13.8 10.3 0.0 0 0 0 

7 1.00 0 96.5 72.4 0.0 0 0 0 

8 1.00 0 383.3 287.5 0.0 0 0 0 

9 1.00 0 275.8 206.8 0.0 0 0 0 

10 1.00 0 201.2 150.9 0.0 0 0 0 

11 1.05 0 52.5 39.4 431.0 0 -1000 1000 

12 1.00 0 427.0 320.2 0.0 0 0 0 

13 1.00 0 177.9 133.4 0.0 0 0 0 

14 1.00 0 184.6 138.4 0.0 0 0 0 

15 1.00 0 114.5 85.9 0.0 0 0 0 

16 1.00 0 130.6 97.9 0.0 0 0 0 
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17 1.00 0 11.0 8.2 0.0 0 0 0 

18 1.05 0 0.0 0.0 495.0 0 -1050 1050 

19 1.00 0 70.3 52.7 0.0 0 0 0 

20 1.00 0 193.0 144.7 0.0 0 0 0 

21 1.05 0 7.0 5.2 624.7 0 -1010 1010 

22 1.00 0 199.8 149.9 0.0 0 0 0 

23 1.05 0 320.1 256.1 388.9 0 -1000 1000 

24 1.05 0 20.6 15.4 190.3 0 -1000 1000 

25 1.00 0 110.0 89.0 0.0 0 0 0 

26 1.00 0 290.1 145.0 0.0 0 0 0 

27 1.05 0 0.0 0.0 750.0 0 -1000 1000 

28 1.05 0 0.0 0.0 750.0 0 -1000 1000 

 

Table 2: Line Data of Nigerian 330kV 28-Bus transmission System [31]. 
FROM BUS TO BUS RESISTANCE [R] pu REACTANCE [X] pu 1/2 B (SUSCEPTANCE) 

3 1 0.0006 0.0044 0.2950 

3 1 0.0006 0.0044 0.2950 

4 5 0.0007 0.0050 0.0333 

4 5 0.0007 0.0050 0.0333 

1 5 0.0023 0.0176 0.1176 
1 5 0.0023 0.0176 0.1176 
5 8 0.0110 0.0828 0.5500 
5 8 0.0110 0.0828 0.5500 
5 9 0.0054 0.0405 0.2669 
5 10 0.0099 0.0745 0.4949 
6 8 0.0077 0.0576 0.3830 
6 8 0.0077 0.0576 0.3830 
2 8 0.0043 0.0317 0.2101 
2 7 0.0012 0.0089 0.0589 
7 24 0.0025 0.0186 0.1237 
8 14 0.0054 0.0405 0.2691 
8 10 0.0098 0.0742 0.4930 
8 24 0.0020 0.0148 0.0982 
8 24 0.0020 0.0148 0.0982 
9 10 0.0045 0.0340 0.2257 
15 21 0.0122 0.0916 0.6089 
15 21 0.0122 0.0916 0.6089 
10 17 0.0061 0.0461 0.3064 
10 17 0.0061 0.0461 0.3064 
10 17 0.0061 0.0461 0.3064 
11 12 0.0010 0.0074 0.0491 
11 12 0.0010 0.0074 0.0491 
12 14 0.0060 0.0455 0.3025 
13 14 0.0036 0.0272 0.1807 
13 14 0.0036 0.0272 0.1807 
16 19 0.0118 0.0887 0.5892 
17 18 0.0002 0.0020 0.0098 
17 18 0.0002 0.0020 0.0098 
17 23 0.0096 0.0721 0.4793 
17 23 0.0096 0.0271 0.4793 
17 21 0.0032 0.0239 0.1589 
17 21 0.0032 0.0239 0.1589 
19 20 0.0081 0.0609 0.4046 
20 22 0.0090 0.0680 0.4516 
20 22 0.0090 0.0680 0.4516 
20 23 0.0038 0.0284 0.1886 
20 23 0.0038 0.0284 0.1886 
23 26 0.0038 0.0284 0.1886 
23 26 0.0038 0.0284 0.1886 
12 25 0.0071 0.0532 0.3800 
12 25 0.0071 0.0532 0.3800 
19 25 0.0059 0.0443 0.3060 
19 25 0.0059 0.0443 0.3060 
25 27 0.0079 0.0591 0.3900 
25 27 0.0079 0.0591 0.3900 
5 28 0.0016 0.0118 0.0932 

5 28 0.0016 0.0118 0.0932 

 

V. RESULTS AND DISCUSSION 
Newton-Raphson Power flow analysis was carried out on the test case with and without the UPFC using 

MATLAB because of the number of buses involved – 28. The result of the voltage magnitudes only of the 

Nigerian 330kV, 28-Bus transmission system with and without the UPFC is summarized below: 
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Table 3: Summarized results and Comparison of Voltage Magnitudes with and without the UPFC for  

 28-Bus Nigerian System 
BUS NO Vm Without UPFC (pu) Vm With UPFC (pu) 

1 1.0500 1.0500 

2 1.0500 1.0500 

3 1.0450 1.0450 

4 1.0186 1.0211 

5 1.0260 1.0285 

6 1.0615 1.0645 

7 1.0457 1.0457 

8 1.0414 1.0443 

9 0.9896 1.0200 

10 1.0313 1.0327 

11 1.0500 1.0500 

12 1.0381 1.0397 

13 0.9765 1.0199 

14 0.9939 1.0166 

15 1.0646 1.0646 

16 0.9937 0.9945 

17 1.0505 1.0506 

18 1.0500 1.0500 

19 1.0507 1.0513 

20 1.0395 1.0397 

21 1.0500 1.0500 

22 1.0101 1.0103 

23 1.0500 1.0500 

24 1.0500 1.0500 

25 1.0493 1.0501 

26 1.0295 1.0295 

27 1.0500 1.0500 

28 1.0500 1.0500 

 

Without the UPFC, voltages at buses 9 (0.9896 p.u) and 13 (0.9765 p.u) were seen to be the least. For 

the developed MATLAB program, convergence occurred after six (6) iterations and the maximum power 

mismatch = 5.62078e-013. The generated reactive power is 844.8101Mvar. The base MVA is 100MVA while 

the base voltage is 330kV. With the inclusion of UPFC, convergence occurred after seventeen (17) iterations 

and the maximum power mismatch was found to be 1.6942e-013 while the reactive power has changed from 

844.8101Mvar to 639.117Mvar. 

In terms of power losses, these reduced paving the way for better efficiency. Without the UPFC 

installed, the total losses in the lines are 85.177MW. The highest losses were experienced on the lines between 

buses 25 and 27 with the value put at 10.28MW.  When UPFC was installed, the losses reduced by 2.53% to 

83.025 MW. 

 

VI. CONCLUSION 
This work has been able to establish the importance derivable from the application of FACTS devices 

on transmission systems using the Nigerian 330kV, 28-Bus transmission system as a case study. It could be 

seen how the class of device can improve voltage profiles and reduce transmission losses. They could therefore 

be deployed to minimize prolonged and frequent voltage instability in transmission networks and enhance 

system efficiency. 
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